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Abstract
Introduction:
Light microscopy has remained the primary tool for the assessment of embryo quality and the
selection of embryos for transfer in clinical IVF practice. Recent studies have suggested that
metabolomic profiling of embryo culture media can distinguish human embryos with better
implantation potential. We therefore undertook the following study to further assess the
usefulness of metabolomic profiling “spent” embryo culture medium using Raman spectroscopy.
Methods:
Patients undergoing IVF+/-ICSI treatment from the UBC Centre for Reproductive Health were
recruited for study. Demographic and clinical information was collected. As part of routine
clinical procedures, embryos were individually cultured in G1 media from Day 1-3 and in G2
media from Day 4-6. G1 and G2 culture medium (vitrolife, Englewood, CO) introduced
specifically for cleavage embryo and blastocyst culture respectively. Embryo-free G1 and G2
droplets were placed alongside the embryo-containing ones as controls. For the study, fresh
droplets of spent and control culture media were individually collected on Day 3 and 6 and
prepared for assessment by Raman spectroscopy. The assessment score under light microscopy
of the corresponding embryo and its fate were recorded for comparison and correlation. To
validate the detection limits of Raman spectroscopy a wide range of glucose and glycine
concentrations between 0 and 500 mM in distilled water were analyzed.
Results:
A total of 300 embryos/spent media droplets from 54 patients aged 27-43 years (mean age ± SD:
36.33 ± 3.26) were evaluated. Of 111 embryos transferred, 19 implanted and led to a pregnancy:
7 (12.96%) single and 6 (11.1%) twin pregnancies. Irrespective of pregnancy, there were no
systematic differences between the Raman spectra generated from spent media of Day 3 and Day
6 embryos, or between spent media and control media.
Conclusions:
In contrast to published reports, our study does not show that metabolomic profiling of spent
embryo culture media by Raman spectroscopy can differentiate embryos with better implantation
potential or add value to light microscopic assessment as in clinical practice.
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Preface

Chapter 3 is based on work conducted in both the IVF laboratory at the Children's &
Women's Health Centre of British Columbia and the Department of Chemistry at the University
of British Columbia by Dr. Anthony P. Cheung, Dr. Ed Grant, Zhiwen Chen and Alaleh Asghari
Roodsari. I was responsible for collecting the “spent” embryo culture media and transferring
them to the Department of Chemistry. Both Zhiwen Chen and I have applied Raman
spectroscopy to samples. Most of the Raman analysis was done by Zhiwen Chen. I was
responsible for making different glucose and glycine concentrations and for measuring their
signals by Raman spectroscopy.
The Human Ethics with the Certificate Number H09-00420 was obtained from UBC
Research Ethics Board for this study.
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1 Background

1.1 General Concept
Infertility is defined as the inability to become pregnant after 1 year of unprotected
intercourse. It is a multifactorial disorder that is estimated to affect 8-15% of reproductive-age
couples with significant medical and economic ramifications (1,2,3). In the United States, the
prevalence of infertility has remained stable over the last several decades; in spite of this fact, the
number of women undergoing infertility treatment has been increasing (4).
Of all the available treatments for infertile couples, assisted reproductive technologies
(ART) offer the highest success rates to infertile couples (1,3). ART refers to in vitro fertilization
(IVF), a process by which eggs are fertilized by sperm outside the body, and intracytoplasmic
sperm injection (ICSI) in which a single sperm is injected directly into a mature egg
microscopically. It has been estimated that over 3 million children worldwide have been
conceived through assisted reproductive technology (ART) since the birth of Louise Brown in
1978 (5,6). Currently, approximately 1% of all children born in the United States are from ARTrelated conception (7). Intra-cytoplasmic sperm injection (ICSI) represents 52% of all IVF
treatment in the UK in 2009. The remainder is conventional IVF. Despite wide application and
increased improvements during the last decades, only 25.2% of non-donor egg, fresh IVF cycles
resulted in live births in the UK in 2009, andtwo out of three IVF cycles fail to result in clinical
pregnancy, causing significant physical, emotional and financial burdens for infertile couples
(8,9).
One of the most pressing concerns in human IVF is how to increase implantation
potential—in other words, how to improve the likelihood of a live birth for an infertile couple.
The preferred choice in many clinics has been to transfer an increased number of embryos, and
in this way to increase the infertile couple’s chances of achieving pregnancy. This has led to an
unacceptable major disadvantage of IVF treatment, resulting in a recognized level of high-order
multiple pregnancies (8,10,11,12). In the United States, a 77% increase in the number of twin
deliveries was observed and the number of higher order multiple births increased by 45%
between 1980 and 2001 (13). Multiple pregnancies, in turn, are responsible for a high proportion
of public health consequences such as preterm (<37 weeks) birth(one in eight), very low birth
weight (<2000g) infants(1 in 4), cerebral palsy (8-fold increases in twins and 47-fold increases in
1

triplets), infant deaths in the first year of life (6-fold increases in twins and 17-fold increases in
triplets and higher order gestations), and pregnancy-induced hypertension and postpartum
hemorrhage (1,7,14,15,16). To overcome this problem, many countries legally restrict the
number of transferrable embryos, in some instances limiting this number to one within a certain
age group (7,17,18). Many centers have decreased the number of embryos transferred to two,
known as double embryo transfer (DET) and even one which is called elective single embryo
transfer (eSET). The practice of DET has markedly reduced the rates of triplets and higher-order
multiple pregnancies, however twin pregnancy rates have remained high at around 36% after
DET in women under the age of 35. The mean pregnancy rate is around 35% after eSET in all
age group (CARTR 2010). Although eSET will reduces the twin pregnancy rate, it also reduces
the pregnancy rate. The most significant contemporary goal of infertility research is to decrease
the prevalence of multiple gestations while maintaining or improving overall pregnancy rates.
One approach is to identify

reliable methods that can select the embryo with maximum

development for replacement in the uterus, thus reducing the number of embryos needed without
compromising the prognosis for successful birth.

1.2 Morphological Assessment of Embryo
A key step in ART is the assessment of oocyte embryo quality, which helps determine the
embryo(s) with the highest likelihood of implantation and the greatest pregnancy potential. Many
methods have been proposed to assess the quality of embryos in IVF programs. Traditionally, the
embryos selected for transfer are chosen according to morphological criteria and rate of
development in culture on microscopic assessment, which serves as a relatively simple and
reliable method for this purpose (1,7,19). Numerous systems have been used to grade embryos.
A simple grading system assesses the overall appearance of the cleavage stage embryo, cell
symmetry, number, size, position of the nucleoli and fragmentation between day 1 and 3. For the
embryos at the blastocyst stage—a structure formed in the early embryogenesis of mammals
after the formation of the morula, which consists of the inner cell mass (ICM) and the
trophoectoderm (TE),grading takes into account the appearance of these two cell thypes, as well
as the degree of blastocyst cavity expansion 5 to6 day after fertilization (20,21,22).
In 2005, the Society for Assisted Reproductive Technology (SART) charged one of its
subcommittees with developing the standardized embryo grading system. A three point grading
2

system (Good, Fair and Poor) was developed for staging embryos using morphological features
(22) summarized in Table 1.
Table 1: SART grading system
Growth Phase

Overall grade

Stage

Cleavage

Good, Fair, Poor

Cell #: 1 through >8
Fragmentation: 0%, < 10%, 11-25%, >25%
Symmetry: Perfect, Moderately
Asymmetric, severely Asymmetric

Morula

Good, Fair, Poor

Compaction: Complete, Incomplete
Fragmentation: 0%, < 10%, 11-25%, >25%

Blastocyst

Good, Fair, Poor

Expansion: Early, Expanding, Expanded,
Hatched
Inner Cell Mass: Good, Fair, Poor
Trophoectoderm: Good, Fair, Poor

Adapted from article 22

The visual assessment of oocyte/embryo quality with light microscopy is by far the least
technically challenging and the most practical of all the methods for scoring the oocytes and
embryos. While morphological evaluation is noninvasive and has been an integral part of ART
practice, its accuracy is far from ideal and there are problems with relying solely on static
morphology assessment of embryo quality. For example, a good scoring system on day 3 may
not accurately predict an embryo’s ability to implant. Two 8-cell embryos that look identical do
not necessarily have the same implantation potential, as evidenced by the low implantation rates
of transferred embryos - in other words, good embryo appearance cannot guarantee pregnancy
success (23). In 2010, a mean number of 2.4 embryos from fresh oocytes were transferred in
ART cycles leading to a 32.77% live birth rate. (24). Only one out of three IVF cycles resulted in
pregnancy and less than two out of ten embryos implanted according to Society for Assisted
Reproductive Technology (SART) statistics for 2005. Furthermore, cleavage embryos with
fragmentation can develop to the blastocyst stage in vitro (25,26). There are numerous factors
contributing to oocyte and embryo quality which are not necessarily reflected by morphology.
Additionally, twenty-nine percent of embryos with good morphological appearance present
chromosomal abnormalities (ref). Furthermore, embryo assessment under light microscopy also
requires specialized training and can be difficult to standardize (1,7,8,27).
3

Taken together, these facts suggest that embryos with proper morphological appearance
alone are not sufficient to predict a pregnancy and more reliable indices of embryo health are
required. Therefore, many investigators have been pursuing adjunctive technologies for the
assessment of the reproductive potential of a given embryo.

Figure 1: Morphological appearance of embryo on Day 3
and 6
Upper Left, “Perfect” looking Day 3 Embryo. The cells are
very even, regular, and similarly sized. Upper Right, Poor
quality Day 3 embryo, severely fragmented and has unevenly
sized cells. Lower Right, Well expanded blastocyst, inner cell
mass at 6 o’clock surrounded by trophectoderm cells
Adapted from Ref. 28

1.3 Embryo Metabolism
The changes in the metabolism of the embryo start in the pronuclear stage, in which a
relatively quiescent oocyte is under the genetic control of maternally derived genes. The oocyte
evolves to a metabolically and biosynthetically active group of cells that grow predominantly
under their own genetic control by the blastocyst stage (29,30). Fertilization is a complex process
of cell-cell interaction which starts with the recognition and binding of spermatozoa to oocytes.
After sperm-oocyte fusion, the sperm derived calcium wave initiates oocyte activation. This cell,
the zygote, starts to divide by mitosis into a number of smaller cells. This process of division,
known as cleavage, starts some 21 h later; subsequently, cleavage divisions occur every 12-15h,
while there is gradual activation of embryonic genome. At about the third cleavage division, the
4

embryo undergoes the process of compaction to form the morula. At the 32-cell stage, a second
morphological change occurs which gives rise to the blastocyst which consists of the inner cell
mass (ICM) and the throphoectoderm (29). The best known metabolic change in an embryo is
the switch in ATP synthesis from the carboxylic acids pyruvate and lactate as primary energy
sources to a glucose-based metabolism around the compaction time. At the blastocyst stage,
glucose has become a key metabolite which is metabolized by both the TCA cycle and by
aerobic glycolysis (3,8,19,29). The complex, stage-specific metabolic and nutritional
requirements of mammalian embryos require precise regulation of many cell functions such as
cellular homeostasis and gene expression. Table 2 shows the physiologic changes of the
mammalian embryo from the zygote to the blastocyst stage (29).
Similar results with regard to the uptake and utilization of carbohydrates during the
embryonic development of other animals such as mouse, hamster, sheep and cow show a limited
capacity for glucose utilization until compaction. Instead, pyruvate, lactate and amino acids are
the preferred energy substrates of the cleavage stage embryo (31,32,33,34,35). Significantly, the
nutrients available within the human female reproductive tract mirror the changing nutrient
preference of the developing embryo. Therefore, at the time when the embryo is in the female
reproductive tract, a decline in pyruvate and lactate gradients from the oviduct to the uterus is
observed, while the opposite is true for glucose. These changing levels of carbohydrates reflect
the switch from a carboxylic-acid-based metabolism to a glucose-based metabolism in the
embryo (36,37).
Table 2: Physiology of the mammalian embryo from the zygote to the blastocyst stage
Precompaction stage

Postcompaction stage

Low biosynthetic activity

High biosynthetic activity

Low QO2 (Metabolic Quotient) High QO2 (Metabolic Quotient)
Pyruvate-based metabolism

Glucose-based metabolism

Maternal genome

Embryonic genome

Single cell

Transporting epithelium

Totipotent

Differentiation into inner cell mass and trophectoderm

Adapted from article 29
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1.4 Development of Embryo Culture Media
Years of studying these metabolic processes have equipped scientists to develop embryo
culture media which successfully support the growth and development of human embryos.
Historically, human embryos were cultured in simple salt solutions such as Earle’s, T6 and HTF
medium, which contained balanced salt solutions with added carbohydrates glucose, pyruvate
and lactate and which were supplemented with the patient’s serum. But they lacked many
important components which are essential for embryo physiology and health. Alternatively,
complex tissue culture media were designed which supplemented with carbohydrates, amino
acids, vitamins, nucleotides and metal ions. Although these media were supportive for human
embryo development through the first three cleavage divisions, they were not able to support
acceptable levels of blastocyst development (29,30). Over the last decade, a significant change
has occurred: commercially produced sequential culture systems specifically for use in clinical
IVF are widely used. These media mirror oviduct and uterus components to prevent intracellular
stress to the embryo, thereby maintaining embryo viability; additionally, they are able to support
high rates of blastocyst development in cultures of embryos from many species (30,38). Among
the sequential serum-free culture systems are the G1 and G2 (vitrolife, Englewood, CO) systems.
The composition of these culture systems mirrors the oviduct and uterus components except for
some nutrients such as glycine which is 0.1 mM in both G1 and G2 media (39).

Table 3: Comparison of nutrients in mammalian oviduct and uterus
Component

Oviduct Uterus

Glucose concentration

0.5 mM 3.15 mM

Pyruvate concentration

0.32 mM 0.10 mM

Lactate concentration

10.5 mM 5.2 mM

Oxygen concentration

8%

1.5%

Carbon dioxide concentration 12%

10%

pH

7.5

7.1

Glycine concentration

2.77

19.33

Alanine concentration

0.5

1.24

Serine concentration

0.32

0.80

Adapted from article 29
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1.5 Measurement of Single or Specific Molecules in the Culture Media for
Oocyte/Embryo Quality Assessment
Metabolic pathways in cells require the uptake of certain substances from the surrounding
environment and secretion many products into the extracellular space. This holds true for oocyte
complexes in culture as well. Hence, collection and measurement of the culture media may
provide information reflecting cellular activities and overall developmental potential during the
culture period. More recently, a number of noninvasive tests for embryo viability have been
under investigation. These techniques are capable of measuring both nutrient consumption and
metabolite release in real time and can measure the movement of ions and molecules between the
cell and the surrounding media.

1.5.1 Pyruvate Metabolism
As stated previously, the embryo’s capacity for glucose utilization is limited to the period
after compaction or at the blastocyst stage. In the early stage, the carboxylic acids pyruvate and
lactate, together with amino acids, are the dominant energy substrates of embryos. Therefore, at
cleavage stage, ATP generation is completely reliant on mitochondrial-based metabolism via
tricarboxylic acid (Krebs) cycle (3,8,19,39). The same results were obtained in animal studies,
which showed that pyruvate consumption declines after 2-3 days, to be replaced largely by
glucose (40,41). Consequently, pyruvate uptake has been investigated as a feasible marker of
human embryo viability and developmental potential. Table 4 shows pyruvate metabolism as a
predictor of embryo development and viability in human studies.
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Table 4: Pyruvate metabolism as a predictor of embryo development in human studies
Year

Author

Media

Pyruvate

Technology Used

Embryo

Consumption rate (pmol/embryo/h)

type

in media

stage

Development to

(mM)

examined

Blastocyst

Arrested/Unfertilized

stage/implanted
1989

Hardy et al.

T6

0.47

Ultramicrofluorescence

(42)
1990

Gott et al.

Conaghan et al.

28-40

30

36-52.5

30

4.5
T6

0.47

Ultramicrofluorescence

(43)
1993

Day 2.5-

Day 2.54.5

Earl’s

0.47

Ultramicrofluorescence

Day 1-3

22.43-22.9

26.85-27.1

HTF

0.47

Ultramicrofluorescence

Over 20-

21.5

23.5

(44)
1994

Turner et al.
(39)

2000

Devreker et al.

24h
EBSS

0.47

Ultramicrofluorescence

Day 1-2

13.3-15.6

14-15.5

G2.2

0.1

Ultramicrofluorescence

Day 4-6

33.4

25.8

(45)
2001

Gardner et al.
(46)

As shown in table 4, the investigation into pyruvate metabolism in all human embryo
studies has displayed a wide range of uptake values. Hence, whether pyruvate uptake is
predictive of embryo development potential and viability appears to be inconclusive.

1.5.2 Glucose Metabolism
Upon compaction—the moment of transition from morula to blastocyst stage—uptaking
and utilization of glucose by the embryo increases significantly, and glucose becomes a key
metabolite for lipid, amino acid and nucleic acid synthesis and blastocyst hatching (2,8,47).
Reports from bovine and mouse studies have shown that blastocysts with higher glucose uptake
develop more successfully and result in more term pregnancies compared with those with lower
glucose uptake (48,49). However, the work of Lane and Gardner (50) had a considerable effect
on blastocyst development and selection. They have found that increased glucose uptake together
with decreased lactate production was predictable for the healthiest mouse blastocysts before
transfer, thereby directed to a significant increase in implantation rate. In contrast to animal
8

studies, several human studies failed to demonstrate a relationship between glucose uptake and
positive blastocyst development (42,43,51). But in these studies, the media lacked pyruvate,
lactate, amino acids and vitamins, which could potentially put significant stress on the embryos;
therefore, the conclusion drawn was problematic. In a follow-up study, Gardner et al. (52)
utilized sequential culture media and reported that, on Day 4, human embryos that formed
blastocysts had higher glucose consumption, which could be consistently correlated with
viability. Most recently, Gardner et al. 2011 presented a plausible relationship between increased
glucose uptake from Day 3 onwards in individually cultured and transferred human embryos, and
the embryos’ subsequent viability and sex post-transfer. They also reported that this relationship
appeared to be independent of morphological grade. Furthermore, on Day 4 of development,
female human embryos consumed significantly more glucose than their male counterparts. They
indicated that metabolic activity could serve as a valuable independent marker of developmental
potential (53).

1.5.3 Amino Acids Uptake
Amino acids maintain the well-being of the embryo and serve a variety of functions.
They are essential to protein and nucleotide synthesis, and they act as sources of energy,
osmolytes, antioxidants, PH regulators, chelators and precursors of signaling molecules such as
nitric oxide (19,54). The mixtures of amino acids during cleavage and blastocyst stage are added
to human embryo culture media to improve blastocyst formation rates (54). Reverse-phase high
performance liquid chromatography (HPLC) and proton nuclear magnetic resonance have been
used to investigate the consumption and secretion of specific amino acids by human embryos at
different stages of preimplantation development and their relation to overall embryo metabolism.
For the first time, Houghton et al. (54) determined changes in the secretion and uptake of amino
acids in human culture media. Their data indicated that preimplantation embryos which arrested
before blastocyst stage had higher amino acid turnover rates than those which developed into
blastocysts, consistent with the “quiet embryo” hypothesis - preimplantation embryo survival is
best served by a relatively low level of metabolism (55). An interesting observation in the
Houghton et al. study was that leucine—an essential amino acid—stimulates protein synthesis in
a variety of cell types, this amino acid is depleted throughout development by those embryos
which formed blastocysts. In a subsequent study from the same group, Brison et al. (56) showed
9

that a decrease in glycine and leucine and an increase in aspargine in the culture medium are
significantly associated with the ability of an embryo to implant, and with clinical pregnancy and
live birth. They also found that this association is largely independent of maternal age, ovarian
reserve, embryo cell number and morphological grade. Using proton nuclear magnetic resonance
(I H NMR), Seli et al. (57) found a correlation between higher glutamate level in culture media
and clinical pregnancy and live birth. The different technology used, as well as the volume and
type of culture medium used, may explain the difference in identified amino acid biomarkers.
Picton et al. (58) went a little further by profiling the level of amino acids with the ploidy status
of the embryo. Based on their results, on Day 2-3, turnover of asparagine, glycine and valine was
significantly higher among normal embryos. The significant differences were observed in
tyrosine and lysine turnover among abnormal embryos. As development progressed, on Day 3-4,
turnover of serine, leucine and lysine was significantly higher among abnormal embryos.
Although the findings regarding measurements of pyruvate, lactate, glucose and amino
acids in human culture media are insightful and have presented some metabolic differences
between embryos with different reproductive potential, the application of these technologies to a
clinical setting has been limited. This is due to the fact that they are expensive, require
significant expertise and time commitment and do not allow the information to be used clinically
in the limited window of time acceptable for embryo transfer. In addition, an important technical
drawback with many existing methodologies is the limited number of metabolites that can be
determined by a single analytical platform.

1.6 Metabolomics
The preimplantation embryo needs proper metabolic turnover to remain viable and
develop into a successful pregnancy. The metabolism of the embryo changes the concentrations
of metabolites in the culture medium that could serve as biomarkers to signify the physiology
and functional phenotype of embryos at a cellular level. As a result, studying nutrients and
metabolites within the culture environment could be a predictor of embryo viability. The entire
collection of metabolic pathway products secreted into the culture medium—which consists of
the complete inventory of small-molecule (< 1 kDa), non-proteinaceous compounds, including
amino acids, nucleotides, lipids, adenosine triphosphate (ATP), hormones, signaling molecules
and secondary metabolites—is called the metabolome(3,19). These ultimate products of
10

metabolism have diverse physical and chemical properties with a wide concentration range.
Metabolomics is the systemic study of unique chemical footprints that particular cellular
processes leave behind. It provides a comprehensive analysis of all measurable metabolites under
a given set of conditions (59). While genomics and proteomics can provide significant
information on more than 25,000 genes in the human genome and 1 million proteins on the
anticipated function, metabolomics provides a snapshot of all the most recent biological
functions, reflecting up-to-the-minute events (3,14,60). Metabolomics provides an opportunity to
investigate the relationship between an organism’s genotype and its resulting phenotype, which
also indicates a relationship between an organism’s physiology and environmental conditions
(8). This assessment can be targeted at the intracellular or extra-cellular metabolites. Intracellular
or “intrametabolome” assessment is invasive and may affect cell viability. Assessment targeted
at extra-cellular metabolites in the “spent” culture media left behind by the cell, or
“exometabolome,” is a noninvasive process and is the focus of this research proposal (61).
Studying the complex metabolic/metabolomic profiles of biological systems is performed
by analytical technologies: spectroscopic/spectrometrics and chromatographic techniques.
“Biospectroscopy” is the term used for the analysis of biological fluids with spectroscopic
technologies. The combination of biospectroscopy with metabolic profiling is known as
biospectriscopy-based metabolomics (BSM). The various techniques that have been applied in
BSM studies include non-optical and optical spectroscopies (3,8,62). Common non-optical
techniques applied in BSM studies include nuclear magnetic resonance (NMR) spectroscopy,
mass spectrometry (MS) and separation methods such as gas chromatography-mass spectrometry
(GC-MS), liquid chromatography-mass spectrometry (LC-MS) and capillary electrophoresismass spectrometry (CE-MS). Fourier transform infrared (FT-IR), near infrared (NIR) and Raman
spectroscopies, with similar physical mechanisms involved in each technique, are all optical
spectroscopies that provide complementary profiles of the various components within biological
fluids (8).
Despite the wide application of NMR and chromatographic MS technologies in
research, their physical size, complexity of operation and cost limit the use of non-optical
spectroscopy in clinical applications. The interaction of a chemical species with electromagnetic
radiation is measured in optical spectroscopy. The main optical spectroscopies employed to
detect vibrations in molecules are based on the processes of infrared absorption and Raman
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scattering. They are widely used to quantitatively or semi-quantitatively determine the amount of
substances in a whole range of physical states, as solids, liquids or vapors, in hot or cold states,
in bulk, as microscopic particles, or as surface layers. Simple instrumentation, fast and highly
reproducible measurements, easy maintenance and operation by minimally trained users are the
advantages of optical spectroscopies in clinical research settings (8,14,63).

1.7 Raman Spectroscopy
Light that is scattered from a molecule is primarily elastically scattered with the similar
energy between the incident and the scattered photons. However, a small probability exists that
a photon is scattered inelastically, resulting in either a net gain or loss of energy of the scattered
photon. The phenomenon of inelastic scattering of light was first postulated by Smekal in 1923
and first observed in practice in 1928 by the Indian scientists Sir C.V. Raman and K.S. Krishnan
(64). This phenomenon allows scientists to measure fundamental molecular vibrational
transitions at a defined excitation wavelength.
Raman Spectroscopy is a spectroscopic technique which finds application in the field of
metabolomics, and which is used to study vibrational, rotational and other low-frequency modes
in a system. Vibrational spectroscopy has long been used for constituent analysis in the chemical
industry—for example, in relation to agricultural products. It is dependent on inelastic scattering
of monochromatic light, typically generated from a laser in the visible, near infrared, or near
ultraviolet range (8).
In a Raman experiment, when monochromatic light interacts with the electron cloud and
the bonds of a molecule, the light can be scattered or absorbed. Most of the scattered light will be
at the same frequency as the incident light. This is called Rayleigh scattering or elastic scattering.
For a fraction of the time, a molecule will scatter a photon inelastically. The energy of the
molecule returns to a different vibrational state. This process of exchanging energy between
scattering molecules and the initial light is the Raman effect (65,66).
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Figure 2: Energy level diagram of vibrational spectroscopic transitions involved in Raman
signals
The line thickness is proportional to the signal strength from the different transitions.
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Typically, a laser is utilized to illuminate a sample for promotion of a vibrational
excitation or relaxation along a molecular vibrational mode. Light from the illuminated spot is
collected with a lens and sent through a monochromator. By filtering out the elastic Rayleight
scattering, the rest of the collected light is dispersed onto a detector (8,66).
Raman spectroscopy has similar levels of analytical sensitivity to other optical
spectroscopy tools, with several added advantages: 1) less expensive to acquire and operate, 2)
analysis requires little or no sample preparation, 3) little chemical bias, 4) smaller instrument
size, 5) gives a low background response to water, and 6) rapid, simultaneous analysis of
multiple biomarkers (3,14).
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Figure 3: Schematic of a common sampling geometry for Raman spectroscopy
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1.8 Human Embryo Culture Media and Metabolomic Profiling
The advent of metabolomics in the field of assisted reproduction is very recent. So far,
there are only a few of studies evaluating spent media samples using optical spectroscopy for
metabolomic profiling. The first report of optical spectroscopy to develop a model for embryo
viability prediction was published in 2007. In this study, Seli et al. (1) analyzed Day 3 spent
culture media of individually cultured embryos with known outcomes using both Raman and
NIR spectroscopies. The authors compared the spectra of embryos that resulted in a pregnancy
and live birth with those that failed to implant. They derived a score for the spectrum reflecting
each embryo viability score using a genetic algorithm based on spectral regions of pregnancy
outcome prediction. This study confirmed that, notwithstanding different culture media and
samples from different IVF centers, the mean viability score (also called viability index) of
embryos that implanted and resulted in a live birth was significantly higher than the score of
those that failed to result in implantation and pregnancy. The authors concluded that Raman and
NIR spectroscopies achieved a sensitivity of 76.5 and 83.3 % and a specificity of 86 and 75%,
respectively. In addition, these tests were rapid (<1 min per sample) and needed a very small
sample volume (<15 μl).
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Figure 4: Signals from Raman and NIR Spectroscopy by Seli et al.
(A) Signals obtained by Raman Spectroscopy (left) and NIR spectroscopy (right). (B) Mean
values for culture media of embryos that implanted and led to delivery (in red) and those that did
not implant (in blue). Represented with permission; Ref. 1

The model developed in the initial study was then tested in a second study conducted by
the same group (7). In a blinded design, they tested Day 3 and Day 5 spent culture media
collected from a different center using Raman spectroscopy. In this study, embryos were cultured
in a different volume (50 μl instead of 30 μl) and type (SAGE versus Vitrolife). The authors
applied the previously developed algorithm to the Raman spectra of embryo culture media and
successfully predicted the outcome of pregnancy for embryos transferred on Day 3 and 5. The
viability indices of Day 3 and Day 5 samples associated with implantation were significantly
higher than those that were not. Moreover, the viability indices on Day 3 were significantly
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higher than those on Day 5 and the overall accuracy of biospectroscopic metabolomic profiling
was 80%.
Subsequently, additional studies were performed from IVF centers where single embryo
transfer (SET) was routinely practiced (67,68,69,70). In these studies, NIR spectroscopy and
bioinformatics were applied to analyze culture media. Then independent regression algorithms
for NIR spectra of embryos that underwent SET on Day 2 (69,70), Day 3 (70) and Day 5 (68)
were obtained. The findings of these more recent studies, in agreement with the findings of the
initial studies, showed that mean viability scores of embryos that resulted in a pregnancy with
fetal heart activity are higher than those that did not (67,68,69,70). Their findings also showed
that metabolomic profiling of embryo culture media was independent of morphology (68,69,70)
and that identification of embryos with higher implantation potential may be improved by
employing a combination of morphology and metabolomic profiling (69).
The data summarized above is encouraging, and also demonstrates rapid, non-invasive
and reliable potentiality of these technologies as an adjunct for embryo assessment that can be
applied on site. In addition, one of the advantages of a spectroscopic approach to assessing spent
culture media is that the whole sample can be monitored simultaneously. However, to date, all
published studies were derived from data using frozen spent culture media. Therefore,
metabolomic profiling on fresh samples at the IVF site needs to be undertaken. Additionally, so
far, metabolomic assessment has been practiced on different types of culture media, using
different volumes and different days of preimplantation development. We assume that all
findings, yet, are not independent of culture media or volume use. Thus, the accuracy affected by
these factors will need to be further investigated. Finally, because of the small patient sample
size, these studies were unable to assess the effects of other predictors such as female age,
duration of infertility, and other treatment parameters that correlate with embryo quality (e.g.,
number of oocytes fertilized and number of embryos for transfer or cryopreservation) that might
have confounded their findings.
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2 Objectives

The objectives of this study were to assess embryo quality using metabolomic profiling
of embryo culture media with Raman spectroscopy as a non-invasive approach to predicting
embryo viability, and consequently, implantation and pregnancy. In addition, to compare
metabolomic profiling with the existing morphological assessment of embryo quality and other
predictors of pregnancy and to further characterize the micromolecules profiled by Raman
spectroscopy in a sample subset as a preliminary approach to probing physiological functions.
Due to insignificant results of first part, comparison of metabolomics profiling with the existing
morphological assessment and characterization of micromolecules by Raman spectroscopy are
not possible.
A secondary objective of this study was to determine the limits of detection of the Raman
spectroscopy for glucose and glycine, corresponding to the main nutrient for Day 3 and Day 5-6
embryos, respectively.
The overall purpose of this study was to examine if Raman could improve our ability to
predict positive outcomes and therefore, potentially modify the number of embryos replaced to
minimize multiple pregnancies.
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3 Materials and Methods
3.1 Patient selection
All patients participating in the study were recruited from the UBC Centre for
Reproductive Health (UBCCRH). The approval of the institutional review board was obtained
before the initiation of the study. UBCCRH performs about 300 IVF cycles annually. From
January 2011 to October 2011 women undergoing IVF+/-ICSI treatment were approached and
consented to be part of this study. Demographic and clinical information – including age,
duration of infertility, prior IVF cycles attempted and ovarian reserve screening (e.g., day 3 FSH
± antral follicle count) - were obtained from each patient. Pregnancy outcomes were recorded for
each patient. Serum pregnancy test (was done about 14 days after embryo transfer. Clinical
pregnancy is defined as the presence of an intrauterine gestational sac on a 6-7 week ultrasound
examination, irrespective of a fetal heart beat.

3.2 Treatment
At UBCCRH, stimulation protocols used were as follows:


Micro-Dose Lupron Flare Protocol

This protocol utilized the initial pituitary stimulation with a small dose of the GnRH
agonist, Lupron, and subsequent pituitary suppression with continuous use. Due to the theoretical
concern of excessive LH release at standard lupron doses, a micro-dose lupron flare protocol was
developed. This protocol as recommended for patients who met the following criteria in their
pre-cycle evaluation:
1. Day 3 FSH ≥ 10 IU/L and/or
2. Day 3 Estradiol ≥ 250 pmol/L and/or
3. Antral follicle count (AFC) ≤ 8 and/or
4. Anti-Müllerian hormone (AMH) ≤ 0.4 ng/ml (US units)
Lupron is a GnRH agonist (leuprolid acetate) which is administrated by subcutaneous, selfadministered injection. The micro-dose lupron was started on the third day after the last OCP
and was continued daily up to and including the day of human chorionic gonadotropin (hCG)
administration. Gonadotropin stimulation commenced on the third day of Lupron
administration and the doses were adjusted according to estradiol levels, and follicle size and
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number on serial blood tests and ultrasound assessments, respectively. hCG was administered
when the three leading follicles were at least 17-18 mm and oocyte retrieval was planned 36
hours later.


Long Luteal Agonist Protocol
This has been the most commonly used protocol for IVF, representing over 50% of

cycles performed in Canada. It describes the appropriate instructions for producing pituitary
down regulation and subsequent suppression of gonadotropin ovarian stimulation. This
protocol was selected for patients with average ovarian reserve who were anticipated to be
good responders.
1. Day 3 FSH ≤ 10 IU/L and day 3 Estradiol ≤ 200 pmol/L and
2. AFC 9-20 and /or
3. AMH 0.4-3 ng/ml (US units)
4. No previous excessive response (≥ 16 eggs) or ovarian hyperstimulation syndrome
(OHSS) in a previous cycle
For the GnRH analogue, Synarel (intranasal), Lupron (subcutaneous) or Superfact
(subcutaneous) is used.


Estrogen Priming Antagonist Protocol

This protocol describes the appropriate instructions for using ovulation monitoring in the
preceding natural cycle with estradiol patch administration starting in the mid-luteal phase to
promote synchronous follicular development in potential poor responders. Gonadotropin
stimulation is administered and monitored as per flow sheet (number), and GnRh antagonist is
initiated to avoid premature ovulation. This protocol was recommended for patients who met two
or more of the following criteria in their pre-cycle evaluation.
1. Day 3 FSH ≥ 10 IU/L and/or
2. Day 3 Estradiol ≥ 200 pmol/L and/or
3. AFC ≤ 8 and/or
4. AMH ≤ 0.4 ng/ml (US units)
5. Poor response in a long agonist protocol
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With the help of staff from hospital, we acquired a set of preliminary samples for Raman
spectroscopic analysis. These samples were acquired over a period of one year and kept at 10 degrees in the hospital with oil removed.

We subjected these samples to Raman

spectroscopic analysis all together during the methods development phase of this project.
Without oil protection, these samples dried out. We reconstituted them for Raman analysis
by adding 30 µl of water to dissolve metabolites. Raman spectra showed that these samples
were contaminated by residual oil. This oil has a very strong Raman signal, which overlaps
with signals from the culture media in some regions, making it impossible to subtract for
classification according to embryo viability. In terms of evaporation, contamination and ease
of sampling, have we found it best to transport fresh samples frozen under oil using dry ice.
We planned the following steps for samples collection and measurement.

3.3 Sample Collection
The following steps summarize the clinical and laboratory procedures and required data
collection in routine practice. Spent culture media otherwise discarded were collected for Raman
spectroscopy and marked with an asterisk:
1. Controlled ovarian stimulation: gonadotropins were administered and ovarian response was
monitored with serial ultrasound and serum estradiol assessment and recorded according to
protocols.
2. Oocyte retrieval was performed with vaginal ultrasound-guided needle aspiration under local
anesthetics and conscious sedation and the oocytes were inseminated or injected (ICSI) with
sperm on the same day (day 0). Afterwards eggs were cultured in 0.8 mL G1 medium
overlaid with oil.
3. On the next day (day 1), each oocyte was examined for evidence of fertilization by the
appearance of two pronuclei.
4. Each of these fertilized oocytes was then mechanically placed into individual fresh droplets
for culture to the cleavage stage (day 1-3).
5. Embryo-free control drops were also incubated alongside the embryo-containing drops.
6. Specifically, each embryo was cultured individually from days 1-3 in “≈30 μl” of G1 media
(VitroLife, Englewood, CO).
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7. Treatment parameters such as number of follicles, number of oocytes obtained and fertilized,
and embryo morphological assessment was recorded as in clinical practice, together with the
relevant demographic and clinical information outlined earlier.
8. After the embryos have been removed on day 3 according to (9) below, the spent media drop
(Day 3 media)* and a control media drop were immediately placed on dry ice box and
transported to t the Department of Chemistry at UBC for Raman spectroscopic analysis on
the same day.
9. On day 3, the destiny of the embryos was recorded:
a. transfer to the patient’s uterine cavity
b. cryopreservation on day 3
c. transfer to fresh G2 media drop (VitroLife, Englewood, CO) for culture to day 6 to
the blastocyst stage before
i. transfer to the patient’s uterine cavity
ii. cryopreservation
iii. discarded due to poor development
10. In any of the three scenarios in (9c) above, the day 6 culture media plate was placed on dry
ice box and then kept the plate temporarily frozen in dry ice for transported to UBC’s
Department of Chemistry for Raman spectroscopic analysis that same day.
11. Implantation and clinical pregnancy as documented by fetal sacs and fetal activities on
ultrasound assessment were recorded and used as the gold standard for embryo quality
assessed by Raman spectroscopy and light microscopy assessment.
To assess a “dose-response” relationship, the spent media drops were classified according
to the percentages of embryo(s) implanted as observed on ultrasound and outlined earlier. The
outcome of frozen-thawed embryos was similarly tallied and correlated with the metabolomic
profiling of the spent media drops.
As mentioned before, oil has features in Raman signals. To obtain fresh samples, we
firstly removed oil with a glass micropipette, and then further assessed the samples under direct
light to make sure that they were not contaminated by oil before aspirating the sample with a
new pipette tip for Raman spectroscopic analysis. Without the additional step of first removing
the oil with the separate glass pipette, the tip of the sample pipette used to would be
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contaminated with oil. The oil was then replaced to cover the remaining droplets to prevent
evaporation, and the process was repeated. See Section 3.4.2.

Figure 5: Schematic picture of the Petri dish containing the embryo inside the culture
media covered with oil
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3.4 Development of Methods for Raman Spectroscopy
3.4.1 Instruments
The present measurements combined an Olympus BX51microscope with a reflex Raman
probe that collected the Raman spectrum at the focus position of the microscope objective. The
position of the microscope stage could be controlled under stepper-motor control with an
accuracy of 1 µm by means of a custom LabVIEW user interface. This program also controlled
Raman signal acquisition and offered on-line wavelet transform of acquired spectra. A 785nm
single- mode diode laser had been applied in this system. A six-around-one fiber bundle carried
the backscattered signal to a 0.3m spectrograph equipped with an advanced thermoelectrically
cooled CCD detector.

3.4.2 Experimental Methods for Raman Spectroscopy


Conventional Raman spectroscopy

An aluminum well-plate cuvette with a diameter of 2.6mm and height of 3.2mm for
holding a volume of 18 l was designed and developed at the Department of Chemistry,
University of British Columbia (UBC). For obtaining Raman spectra, each sample was exposed
to a 785nm diode laser with a power at the source of 350 mW for 5 minutes. In this way, a high
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signal-to-noise ratio would be obtained. Routinely, each patient’s Petri dish had 6 to 10 sample
drops under oil. In addition, each dish contained 1 to 3 control drops consisting of culture media
without fertilized embryo. To obtain 18 l of clean sample, we first removed the oil by a glass
micropipette. After transferring each sample to the cuvette with a new clean plastic micropipette
for Raman analysis, the oil was returned to the Petri dish. Oil covered the remaining samples to
prevent evaporation and contamination. Samples with a volume less than 18 µl without Raman
analysis were discarded. Fresh samples on Day 3 and Day 6 were available several times per
week to trace the change in metabolites mirroring each embryo development.

Figure 6: Aluminum cuvette used to hold 18 µl of culture medium

Laser Beam

26mm

32 mm



Sample transportation

Transportation the samples under oil in the Petri dish from BC Children’s and Women’s
Hospital to UBC for Raman analysis results in the combination of all the drops. For preliminary
Raman spectroscopic analysis, spent culture samples without oil were kept at -10 degrees over a
period of one year by Dr. Cheung and his IVF lab staff. Due to the absence of oil protection,
these samples dry out, so for Raman analysis we added 30 µl of water to dissolve metabolites.
Obvious variances existing in the Raman signal (the region 1400-1600cm-1 ) indicating that the
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samples were contaminated by residual oil. Spectra from these samples clearly demonstrated that
oil had a very strong Raman signal which overlapped with signals from culture media and made
it difficult to subtract for classification according to embryo viability. As a result, we redesigned…as described for analysis. To minimize evaporation and oil contamination, every time
fresh samples were available, we transported fresh samples under oil in a …temporarily frozen in
dry ice for immediate transport to UBC and then thawed within half an hour for prompt analysis
by Raman spectroscopy.


Chemometrics in the analysis of Raman spectrum

After data collection, various pre-processing steps were undertaken to improve data
quality. Background and noise always adversely affect Raman spectra analysis. We needed to
generate a model analysis to identify spectral features associated with biomarkers. Discrete
Wavelet Transform (DWT) is a powerful preprocessing method that has been applied to remove
background and noise. DWT is performed by means of scaling and translating a mother wavelet.
a
Here, a is the scaling variable related to frequency and b is the position variable related to
time, yielding a discrete wavelet transform (DWT) by (a,b)=

By choosing a and b,

we can remove the background and noise from spectra.
Raw spectra of unused G-1 and G-2 media looked almost the same. Yet, after DWT, we
could zoom in on the differences that made these samples easily distinguishable to the naked eye.
Raman analysis produces a large amount of data from each spectrum. Therefore, we had
to use large-scale multivariate data analysis techniques (chemometrics) to characterize the
samples and applied classification results to predict the implantation outcomes in terms of a
quantitative model. Among multivariate techniques, Principal Component Analysis (PCA) offers
the simplest picture of the distribution of a dataset based on its variance. Principal component
analysis (PCA) is a mathematical procedure that uses an orthogonal transformation to convert a
set of observations of possibly correlated variables into a set of values of linearly uncorrelated
variables. The number of principal components is less than or equal to the number of original
variables. Principal components are guaranteed to be independent only if the data set is jointly
24

normally distributed. PCA is sensitive to the relative scaling of the original variables. Each
Raman spectrum contains data concerning 1340 wavelengths, but the information in these 1340
dimensions is highly correlated. PCA can reduce the dimension of the dataset by orthogonalizing
the components of the data set, ordering the resulting orthogonal components (principal
components) by their variations and eliminating those components with the least contribution of
the variation to the data set.
One drawback of the PCA technique is that it captures only the characteristics of the Xvector or predictive variables. No importance is given to how each predictive variable may be
related to the dependent or the target variable. Partial Least Square (PLS) allows us to achieve
the balance between the predictive and target variables and provides an alternate approach to the
PCA technique. This is a statistical method that finds a linear regression model by projecting the
predicted variables and the observable variables to a new space. The PLS methods are known as
bilinear factor models which try to find the fundamental relations between two matrices (X and
Y). The PLS regression is today most widely used in chemometrics and related areas. Finally, by
applying the root-mean-square deviation (RMSD) or root-mean-square error (RMSE), we
measure the accuracy of the PLS model. RMSE is frequently used to measure the differences
between values predicted by a model or an estimator and the values actually observed. In
analytical biochemistry, RMSE less than 1 is scientifically acceptable.


LabVIEW user interface program

The computer software used in conventional Raman systems gives only the real-time raw
Raman spectra of samples. It generally does not offer any spectrum pre-processing functions or
the capacity for developing chemometric model systems. In such conventional spectra, the
dominance of background and noise can suppress and obscure the molecular vibrational peaks of
interest. This makes it impossible to establish the feasibility of experimental methods or identify
peaks for biomarkers in real time. With the great help of a Chemistry lab student and her
supervisor, a LabVIEW platform was built which not only controls all the Raman hardware, but
also integrated a sophisticated signal processing system, including a capacity for online DWT.
All spectra were recorded by Alaleh Asghari Roodsari and Zhiwen Chen. Some data was
sent to Daniel Chen at Tianjin University, China for supplemental Raman processing.
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3.5 Raman Spectroscopic of Glucose and Glycine Solutions
To validate our method, we had to design the experiments which could show that Raman
has sensitivity to detect small changes in culture media. The capacity of glucose metabolism
significantly reflects the embryo’s developmental potential and viability; in addition,
documented data have demonstrated that amino acids enhance embryo development to the
blastocyst stage and subsequent viability. We demonstrated the detection of limitations of
glucose and glycine by Raman spectra of samples with a wide range of glucose and glycine
concentrations in distilled water. In analytical chemistry, the limit of detection (LOD), is the
lowest quantity of a substance that can be distinguished from the absence of that substance (a
blank value). The accuracy of the model used to predict concentration from the raw analytical
signal can affect the detection limit as the mean of the blank and standard deviation of the blank
affects it.
To conduct this experiment, molar solutions of both glucose and glycine were prepared.
A mole is the molecular weight (MW) expressed in grams (sometimes referred to as the ‘gram
molecular weight’ (gMW) of a chemical). For making the stock solution of glucose and glycine,
we needed to have the molecular weight of these two chemicals. The molecular weight of
glucose and glycine are 180.16 g/mol and 75.07 g/mol respectively. The stock solution for both
chemicals was 500 mM in 100 ml distilled water. The first thing we needed to do was to make all
units of measures similar. 0.1 litre x 0.5 mol/litre = 0.05 mol glucose/glycine, then we needed to
weigh this amount of glucose/glycine in grams. So by multiplying this number by molecular
weight, the amount of glucose and glycine in grams was obtained.
0.05 mol glucose x 180.16 g/mol = 9.008 g glucose
0.05 mol glycine x 75.07 g/mol = 3.753 g glycine
We weighed out these amounts of glucose and glycine and placed them separately in 100
ml volumetric flasks. Then we added a small volume of distilled deionized water to dissolve the
chemicals and filled the flask to the 100 ml line. Thirty standard solutions of glucose and glycine
were

prepared

from

stock

solution

(250,100,

20,15,10,9,8,7,6.5,6,5.5,5,4.5,4.25,

4,3.5,3.25,3,2.5,2.25,2,1.5,1.25,1,0.5,0.25,0.1,0.05,0.025 and 0 mM). All solutions were freshly
prepared and conditioned for calibration 1 h before the measurements, to allow the anomeric
equilibrium to be established. Doubly distilled and deionized water was prepared in the
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Department of Chemistry and its purity was tested. Higher concentrations of both nutrients ere
needed to test linearity. Three high-quality Raman spectra of glucose and glycine of each solution
were measured using the same preocedures as in the study samples. These data were generated to
show how well Raman could differentiate variant levels at low concentrations.
3.6 Statistical Analysis
Student’s t-test was used to compare mean values of the patient demographics. Alpha
error of less than 0.05 is considered significant for all comparisons. All statistical analyses were
performed using the Statistical Package for the Social Sciences (SPSS) package version 20.0.
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4 Results
4.1 Demographic and Treatment Results
From January through October 2011, a total of 54 patients signed the consent form and
participated in this study. Women in this study were aged 27-43 years (mean age ± SD: 36.33 ±
3.26). The following causes of infertility were found in our patients: 19 (35.18%) Male factor, 10
(18.51%) female tubal factor, 3 (5.5%) endometriosis, 5 (11.1%) ovulatory dysfunction including
polycystic ovary syndrome and 22 (40.74%) unexplained. For some patients, more than one
factor contributes to infertility. Twenty-seven (50%) patients used the long luteal agonist
protocol; 13 (24.07%) used the estrogen priming antagonist protocol and 14 (25.92%) used the
micro-dose lupron protocol.
A total of 300 day 3 and 40 day 6 spent embryo culture media samples from 54 patients
were prospectively evaluated using Raman spectroscopy. Embryo-free control drops as a
matched control group were evaluated concurrently. Thirty-one patients underwent IVF, 19 ICSI,
and 4 patients both IVF and ICSI. All samples were analyzed successfully and included in data
analyses; none of the patients were excluded before and after analyses. No samples were less
than 18 µl.
Figure 7: Pregnancy outcome by different stimulation protocols
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Table 5: Staging and Grading of transferred embryos on Day 3 with successful pregnancy
outcome
# of Patients with

# of transferred

Single/Twin

positive pregnancy

embryo

Stage

Grade

pregnancy

1

1

8

1

Single Pregnancy

2

1

8

2

Single Pregnancy

3

3

6

3

4

1

6

3

8

1

8

3

8

1

8

1

8

2

8

2

8

3

8

2

8

3

8

2

8

1

6

4

8

3

8

1

8

2

8

4

8

4

8

4

7

2

8

2

8

2

8

2

8

2

outcome

4

5

6

7

8

9

10

11

12

13

2

2

3

2

2

2

2

3

2

3

Single Pregnancy

Twin Pregnancy

Single Pregnancy

Twin Pregnancy

Single Pregnancy

Single Pregnancy

Twin Pregnancy

Twin Pregnancy

Twin Pregnancy

Single Pregnancy

Twin Pregnancy
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Of the 111 embryos transferred on day 3, 19 implanted and led to x pregnancies. Four
single pregnancies and 3 twin pregnancies resulted from IVF, whereas 3 single pregnancies and
3 twin pregnancies resulted from ICSI. Twenty-four embryos on day 3 and 41 embryos at
blastocyst stage on day 6 were cryopreserved. The remaining embryos did not have sufficient
quality based on light microscopy scoring on Day 6 for cryopreservation. Seven (12.96%) single
pregnancy, 6 (11.1%) twin pregnancy, 3 biochemical pregnancy and 1 ectopic pregnancy were
observed.

Figure 8: Pregnancy outcome by means of fertilization

Based on morphological assessment, of these 300 embryos, 50 (16.66%) were grade
1/excellent quality, 63 (21%) were grade 2/good quality, 126 (42%) were grade 3/medium
quality and 61 (20.3%) were grade 4 or more/poor quality. Among single pregnancies, two
patients of age 40 and 27 had 1 embryo transferred (of grade 1 and grade 2, respectively); four
patients of age 34, 38, 33, and 37 had 2 embryos transferred and all with single; one patient of
age 35 had 3 embryos transferred, (one grade 1 and two grade 3). Among twin pregnancies, three
patients had 2 embryos transferred (two embryos at grade 1, one embryo at grade 2, two embryos
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at grade 3 and one embryo at grade 4); three patients had 3 embryos transferred (five embryos at
grade 2, one embryo at grade 3 and three embryos at grade 4).

4.2 Analysis of Day 3 Samples
Evaluation of the day 3 samples demonstrated that the spectroscopic signals were similar
for spent culture media droplets and control media droplets. There were also no differences in
spectroscopic signals between spent media droplets from embryos with proven reproductive
potential and those that failed to implant. There were no differences in Raman spectra associated
with embryos fertilized by intracytoplasmic sperm injection and those following standard in vitro
fertilization. In all graphs, each line represents the signal corresponding to each individual
sample.
Figure 9: The Raman spectra of control samples on day 3
Raman Spectra of Control Samples
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Figure 10: The Raman spectra of spent culture media on day 3
Raman spectra of Culture Medium

5

5

x 10

4.5
4

Intensity

3.5
3
2.5
2
1.5
1
0.5
0

200

400

600

800

1000

1200

1400

Pixel Number

31

Figure 11: The Discrete Wavelength Transform (DWT) preprocessed Raman spectra of
control samples on day 3
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Figure 12: The Discrete Wavelength Transform (DWT) preprocessed Raman spectra of
spent culture media on day 3
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Figure 13: The PCA analysis results of all samples on Day 3
Including control samples and spent culture media. Blue circles represent spent culture media
and red crosses represent control samples
The PCA Analysis Results

4000
2000

PC3

0
-2000
-4000

PC2

-6000
-8000
1
0.5

0
4

x 10

-0.5
-1

-2.5

-3

-2

-1.5

-1

-0.5

0

0.5

1.5

1

4

x 10

PC1

4.3 Analysis of Day 6 Samples
As with Raman spectroscopic analysis on Day 3 samples, no differences were observed
between the signals obtained from spent culture media and control media on day 6. Raman
spectroscopic analysis of Day 6 samples also confirmed that there were no differences between
embryos with proven reproductive potential and those that failed to implant.

Figure 14: The Raman spectra of control samples on day 6
The Raman Spectra of Control Sample on Day 6
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Figure 15: The Raman spectra of spent culture media on day 6
Raman Spectra of Culture Medium on Day 6
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Figure 16: The Discrete Wavelength Transform (DWT) preprocessed Raman spectra of
control samples on day 6

DWT filtered Raman Spectra of Control Sample on Day 6
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Figure 17: The Discrete Wavelength Transform (DWT) preprocessed Raman spectra of
spent culture media on day 6
The DWT filtered Raman Spectra of Culture Medium on Day 6
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Figure 18: The PCA analysis results of all samples on Day 6
Including control samples and spent culture media. Blue circles represent spent culture media
and red crosses represent control samples

The PCA Analysis Results of Data Set on Day 6
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Since our study results using Raman spectroscopy failed show significant signal
differences between embryos with high implantation potential and those that failed to implant,
and differences between the spent culture media containing an embryo and the control media, ,
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we undertook detailed experiments to determine the limits of sensitivity of Raman spectroscopic
analysis with respect to our biological samples. Given Raman advantages, we hypothesized that
it should be a sensitive tool to detect small molecules that should produce Raman signals. To
mirror the requirements of Day 5 and Day 3 embryos, we chose glucose and glycine,
respectively to ascertain their corresponding detection limits using Raman spectroscopy.

4.4 Analysis of Glucose and Glycine Solutions
4.4.1 Glucose
Our detailed measurementsshowed that prominent signals could be detected in higher glucose
concentrations (~ 250, 100 mM). However, in lower concentrations close to the physiologic
concentrations of glucose in culture media, some of the Raman signals overlapped with pure
distilled water and, in some instances, the signals were no longer detected.

36

Figure 19: Comparison of higher concentrations of glucose with pure distilled water to
show linearity
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Figure 20: Comparison of different glucose concentrations with pure distilled water
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A discrete wavelet transform (DWT) was applied to remove background and noise from each
glucose signal. With the application of chemometrics techniques, and applying DWT, no
significant differences were again observed between the lower glucose concentrations and pure
distilled water.
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Figure 21: Comparison of DWT preprocessed Raman spectra of different glucose
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The PLS model of glucose was obtained using 2 spectra of each concentration as a
calibration and the remaining one as validation. Generating PLS calibration models of lower
glucose concentrations and obtaining RMSE of those samples showed that there was a difference
between glucose solutions in the lower concentrations and distilled water. Qualitative judgment
offered by PLS and the calculated RMSE suggested the 0.5 mM of glucose concentration as a
limitation of detection of glucose in our experiments.
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Figure 22: The PLS analysis results of 5-20 mM glucose concentrations
Red circles represent calibration and blue asterisks represent validation. X axis shows real
concentration and Y axis shows predicted concentration.

Figure 23: The PLS analysis results of 0-10 mM glucose concentrations
Red circles represent calibration and blue asterisks representsvalidation. X axis shows real
concentration and Y axis shows predicted concentration.
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Figure 24: The PLS analysis results of 0-1 mM glucose concentrations
Red circles represent calibration and blue asterisks represent validation. X axis shows real
concentration and Y axis shows predicted concentration.

Table 6: Calculated errors to measure the accuracy of our PLS model in lower glucose
concentrations

Glucose (mM) in Distilled Water

Root-Mean-Square Error (RMSE)

1

0.5606

0.5

0.9597

0.25

1.3540

0.1

2.0534

0.05

2.0468

0.025

1.88

0

5.8866
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4.4.2 Glycine
Raman spectra of solutions of glycine in distilled water are presented in Fig 25. In
general, spectral features for the different concentration and pure distilled water were the same.
Following the application of DWT preprocessing, glycine spectra became sharper and more
distinguishable. Despite being more distinct overall, these glycine Raman spectra still overlapped
to some extent and future models must consider this spectral overlap into account. Based on
DWT preprocessed Raman spectra of different glycine concentrations, it was not able to define
the limitation of detection for glycine in our experiments.

Figure 25: Comparison of different glycine concentrations with pure distilled water
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Figure 26: Comparison of DWT preprocessed Raman spectra of different glycine
concentrations with pure distilled water
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In addition, the PCA analysis of all glycine samples did not show any significant
differences between Raman signals of distilled water and different glycine concentrations.

Figure 27: The PCA analysis results of 0-200 mM glycine concentrations
Including all concentrations and distilled water
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5 Conclusions

The aim of this study was to assess embryo quality using metabolomic profiling of
human embryo culture media with Raman spectroscopy in clinical IVF as a non-invasive
approach to predicting embryo viability, and consequently, implantation potential and
pregnancy. In addition, we compared metabolomic profiling with the existing morphological
assessment of embryo quality and predictors of pregnancy. The result of our study demonstrates
that metabolomic profiling from “spent” embryo culture media is not able to predict embryo
development and implantation potential for day 3 and day 6 embryos because ofbecause of
overlap in spectra in culture media from embryos on day 3 and day 6 as well as control media.
We also observe that Raman does not have the sensitivity to differentiate changes in glucose and
glycine at low concentrations.
In any IVF laboratory, the primary objective is to achieve a successful viable singleton
pregnancy for infertile couples by selecting the best embryo with the most implantation potential
for transfer. Even though this objective may seem straightforward in theory, it is much more
complicated to achieve in reality. Clinics are constantly looking for new methods and techniques
to increase conception rates. Thus far, morphological assessment by light microscopy is the only
method for predicting embryo developmental and implantation potential. Although this
assessment is one measure to better identify the best embryo(s) for transfer, its accuracy is still
insufficient to reduce the number of embryos transferred to a point where twins or high-order
multiple gestations can be prevented (4). Metabolomics is the systematic study of metabolites as
small molecular biomarkers representing the functional phenotype in a biological system.
However, contrary to published data, \our findings indicate that differences, if any, in spent
culture media, from embryos with different developmental and implantation potential, are not
detectable by targeted Raman spectroscopic analysis. The quality of our spectra was
demonstrated by the highly reproducible features owing to the substances contained in the IVF
medium. In addition, the variance of the Raman measurement of our control samples was
comparable to the biological variance of cultured samples, and both were larger than the variance
introduced by deterministic differences between embryos with differences either in scores or
implantation outcomes. Recently, the usefulness concept of NIR and Raman spectroscopy for
predicting embryo developmental and implantation quality has been presented by two published
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articles. Hardarson et al. (72) and Vergouw et al. (73) showed that selecting embryo by
metabolomics profiling of culture medium with NIR spectroscopy on Day 2 and 5 (72) and Day
3 (73) as an addition to morphology cannot improve the ongoing pregnancy and live birth rates
compared with embryo selection by morphology alone. These two prospective double-blind RCT
studies demonstrated that NIR spectroscopy of spent embryo culture media in its current form
cannot improve the likelihood of a viable pregnancy after single embryo transfer. The results of
these current studies support our results which conclude that metabolomics profiling technology
requires further refinement before it can be used as a potential tool to assess of embryo viability.
To date, all published data refer to studies that used embryo culture media samples that
were frozen upon collection and transported to a central laboratory for analysis (1,7,8,14,27). In
this study, we used fresh culture media samples for measurement and the time between sample
collection and Raman recording was on the same day; thus, the potential effect of freezingthawing was removed. As Varga et al. (74) indicated the use of frozen-thawed and lyophilized
culture medium, which is employed for the purposes of preservation, significantly decreases
embryo developmental rates related to a fresh control group. They showed that both procedures
affect its properties and the ability of the culture medium to support embryo development due to
chemical reactions and enzymatic and non-enzymatic degradation processes that reduce the
quality of the culture medium (74,75). As already noted some properties may precipitate after a
freeze-thaw cycle and not regain their colligative properties. Upon thawing of the media, the
precipitation may go unnoticed because of the low molar concentrations of some components in
IVF culture media. Referring to this fact, that is the concern and it might therefore similarly
affect the properties of culture media even after removing of embryo and change the obtained
Raman signals. Therefore, such an approach fails to take into account that freezing and thawing
may alter the components of in the small culture medium droplets and as a result, may introduce
differences in Raman spectroscopic analysis. Thus, even if metabolomic profiling were proven to
be a powerful test for embryo selection, assessment without freezing immediately in the vicinity
of the clinical IVF laboratory would need to be investigated. As Vergouw et al. (73) discussed in
their current work, the lack of reproducibility between their results and previous published data
in terms of usefulness of spectroscopy application in the field of IVF might be due to different
conditions used in previous retrospective trials. All investigators used snap frozen culture media
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and all analysis were done in one laboratory. Thus, the viability score test might not be possibly
as robust when performed at IVF site.
Another issue regarding the application of this technology is the fact that different types
of culture media and volume have been used thus far. Different commercial culture media, all
formulated according to the metabolic needs of the human embryos (28), may be used in ART
laboratories. For commercial reasons, their formulas are regrettably protected and not available
to the public. In theory, a valid and widely applicable methodology for spent culture media
evaluation should be able to detect the changes associated with embryonic reproductive potential
and not be impacted by the substantial differences in the content of commercial culture media,
including batch-to-batch variability within one formulation. Although similar sensitivity and
specificity scores of Raman spectra across two different types and volumes of culture media have
been reported (1), the accuracy of Raman measurement could be affected by the small changes in
different culture media composition, as demonstrated in our glucose experiments. Furthermore,
the algorithm used to detect changes need to be standardized and validated. Indeed, published
articles (1,7) have shown many random variances in Raman signals; thus, the application of an
algorithm derived from directly from Raman spectra of the samples under study without further
validation would not be complete and could be misleading.
One of the challenges in metabolomic profiling is that products of complex metabolomic
pathways range greatly in embryo culture media. Various types of molecules are produced or
secreted at different stages during embryo development. These include pyruvate, glucose, amino
acids, oxygen, and leptin, to name a few (to review see (3,19)). Over the past decades, many
targeted metabolic parameters for developing embryos have been studied using a variety of
noninvasive assays (42-46,50,52-56). Although the results of these studies suggest metabolic
differences between embryos with different reproductive potential, the application of these
methods to a clinical setting is limited for a variety of reasons. These assays are technically
difficult and require technical staff and time commitment, making them less suitable for clinical
application. Moreover, in some situations, the obtained data are not consistent (42,43,45,46) and
therefore may not provide a reliable biomarker for prediction of embryo viability. Thus, for a
better understanding of the overall health of embryos, scientific efforts move toward
measurement of various secreted metabolites in tandem with spectral approaches. At present,
some published data obtained by NIR and Raman spectroscopy have been proposed for clinical
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application. However, as mentioned above, unlike these published data, the findings of our study
using Raman spectroscopy are not encouraging. This is not only because the result shows no
significant differences between embryos with different developmental potential, but also because
of the undetectable differences between spent culture media containing the embryos and the
control culture media. Because of the reproducible features of our spectra, we the spectra
generated from our IVF and control samples were considerably superior in quality to those
published in this area. The spectra of our study showed that, while the degree of changes
between different samples was small, the determined variation associated with embryo activity
appeared even smaller. The scatter in control samples seemed to encompass the variation in
patient samples. As a result, we further examined the accuracy and credibility of our analysis by
doing controlled Raman measurement of standard samples with concentrations that were related
to biochemical determinations of embryo metabolism. In other words, the basic principles of the
method required testing under controlled conditions.
Due to the significant role of glucose during embryo development, specifically around
the time of compaction—switching from a pyruvate to a glucose-based metabolism—and the
higher amount of this metabolite in human embryo culture media for embryo consumption, we
speculated that glucose might have a significant effect on Raman spectra. Similarly, because of
the beneficial effects of amino acids on embryo development in culture to help regulate the
activities of specific energy generation pathways of the embryo, we also tested the effect of
glycine—one of the required amino acids for embryo maturation—on Raman spectra under
controlled conditions. Thus, a wide range of concentrations of glucose and glycine between 0
and 250 mM in distilled water were prepared and analyzed to determine the corresponding limits
of detection of Raman spectroscopy. For the development of our model, 3 high quality spectra
acquired from each sample of glucose and glycine were used for data analysis. While the glucose
spectra grossly appeared to have similar profiles in lower concentrations, careful visual
inspections identified subtle but discernible spectral shape differences. In our experiment, the
lowest concentration of glucose in which Raman spectra could be obtained was ~ 0.5 mM.
Zhang et al. (76) has shown that the lowest concentration of glucose that can be detected by
Raman spectroscopy is ~ 0.1 mM (5 times lower than our result). However, their result has been
obtained using a drop coating deposition Raman (DCDR) method in which a microvolume of
solution is deposited on a suitable substrate, followed by solvent evaporation and nondestructive
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Raman detection. More recently, Yang’s et al. (77) have shown that the liquid filled photonic
crystal fiber (PCF) achieves signal intensity at a concentration of 50 mM glucose, while the
conventional bulk Raman spectroscopy reaches the detection limit only at a concentration of 1
M. Their measurements have been obtained on a 50nL sampling volume under a 2mW laser
power with 30 s integration time. Considering the level of signal intensity in conventional
Raman detection and our data, we conclude that pushing the detection limit to such low glucose
concentration in human IVF culture media within reasonable exposure time is extremely
difficult. One alternative way is that to increase the laser power which consequently can increase
the Raman intensity, however, application of high laser power and long exposure time is not
suitable for the in vitro and in vivo diagnostic purpose.
Unexpectedly, no detectable signals could be recorded from the different concentrations
of glycine solutions. We do not have a solid, reasonable explanation on why glycine was not
detected in our experiment. The only explanation for this result is that glycine is quite a unique
amino acid because of its simple side chain (78). Glycine is the simplest and smallest amino acid,
thus, may represent the extreme detection limit achievable with Raman spectroscopy. The
absence of observable differences in spectra among different glucose and glycine concentrations
highlights the weak sensitivity of the proposed approach to detect very small structural variations
in the culture media. Importantly, since the amount of glucose and glycine in human embryo
culture media decreases during embryo development to levels below the detection limits
demonstrated in this work, Raman may not be suitable for identifying and detecting changes in
biomolecules between embryos with different developmental potential. Based on the result
obtained here, this method (Raman spectroscopy) may not be an ideal tool for the prediction of
the developmental and implantation potential of embryos. However, the results reported in this
study demonstrate that the milestones along the path from laboratory research to clinical
diagnostic application are still in the early stages. We propose that for getting more reliable
results, we need, firstly, to improve the method using for measurement and analysis. Secondly,
increasing the quality of samples is essential for meaningful conclusion. Last but not least, we
should standardize and validate algorithms used to detect spectroscopic signals as applied to
clinical culture medium samples.
Noninvasive approaches, such as optical spectroscopy, aim at the identification of culture
media metabolites indicative of the state of the embryo. However, even in the best of situations,
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where embryo quality is determined based on culture environment quality, investigators can only
conclude the quality of embryos that result in a pregnancy. Without any doubt, other factors
independent of the embryo such as female age, uterine factors or transfers technique will affect
the final result. Thus, these factors may further reduce the tolerance range of the model and make
it less accurate. In other words, the development of an accurate aid for the selection of high
quality and viable embryos is multifactorial.
The application of metabolomic analysis to the field of oocyte and embryo assessment in
some clinical trials is leading to the discovery of biomarkers associated with oocyte and embryo
viability. Despite the fact that the available publications on metabolomic profiling by Raman
and/or NIR spectroscopy have been quite encouraging over the last decade, its application has its
own challenges. The installation and implementation of this technology into an IVF lab which
does not specialize in the technology in question requires training of laboratory personnel. In
addition, collecting the medium samples, loading the machine and interpreting the results could
add to the workload of a busy IVF clinic. Thus, more randomized prospective trials assessing
implantation and pregnancy rates using these technologies are still needed to test the true value
and accuracy of this technology, if further refinements of the technology can be made. The aim
of the present discussion is not to challenge any of the progress made in terms of the selection of
embryos to increase pregnancy rates; however, it is only fair to mention that finding a fast,
inexpensive, easy-to-use and non-invasive means for embryo selection is still needed. Further
studies will be necessary to determine the value and limitations of the use of metabolomics in
ART. This technology is mostly in the experimental phase and it does not seem to have the
practical potential to be introduced as a standard selection procedure in the typical IVF
laboratory.
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