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ABSTRACT 

 Infertility is the disease of the reproductive system and is estimated to affect more than 10% 

of the people of reproductive age. Assisted reproductive technologies (ART) are methods designed 

to alleviate infertility problems. In vitro embryo production is part of most infertility treatments 

and the efficiency of ART is low due to the lack of reliable methods to measure embryo viability. 

In order to improve the success rate of ART procedures, the current study was designed to 

investigate the use of an optical analyzer technology known as the Biodynamic Imaging (BDI) 

system for viability assessment. BDI is a novel approach that is able to measure intracellular 

dynamic processes that are directly related to functional events. During a series of experiments, 13 

different biomarkers of oocytes and embryos were monitored by the BDI microscope and used for 

machine learning and evaluation of BDI sensitivity. We monitored cellular mechanisms essential 

for proper embryo development such as (1) extrusion of first and second polar body (2) energy 

status and mitochondrial activity, and (3) viability of embryos with different cellular composition. 

We were able to identify several biomarkers that have the potential to indicate viability: (1) slope, 

(2) NSD, (3) Knee (4) Floor, and (5) R2 could consistently differentiate between oocytes and 

embryos of different viability. In addition, the BDI microscope could successfully predict the 

energy status of embryos by identifying 4 biomarkers (Slope, Knee, Floor, and Dy). Finally, a 

lipidomic analysis was done to evaluate the lipid composition of oocytes with different cytoplasm 

integrities. This analysis demonstrated that there is a difference in lipid subclasses among oocytes 

with dark vs. light cytoplasm. The results indicate that the BDI is useful for viability assessment 

of oocytes and embryos and may be helpful for the improvement of the efficiency of assisted 

reproductive technologies. 
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INTRODUCTION 

Infertility is defined as the inability of a couple to conceive after one year of unprotected 

sex. It is a disease of the reproductive system that affects more than 3 million couples in the United 

States alone (Cedars & Jaffe, 2005). Infertility is not only a human medical problem, but it also 

represents an economical and welfare concern in animal production. The National Animal Health 

Monitoring System (NAHMS) reported that on average, infertility in the dairy industry is 

responsible for a loss of $137 million in revenue per year (Bellows et al., 2002). Meanwhile, in 

beef operations, the average lost revenue is estimated to be $249 million.  

Infertility represents a physiological dysfunction that can be related to other health 

problems such as tumors or hormonal imbalances (Cedars & Jaffe, 2005). In addition to many 

physical concerns, infertility also poses a risk to an individual's mental health. Studies have found 

a prevalence of major depression in 15-54% and clinical anxiety in 8-28% of infertile couples 

(Domar et al., 1992).  

The causes of infertility can be multiple, but an estimated 40% of human infertility is 

women-related (Cedars & Jaffe, 2005). Fertility treatment has undergone a notable awareness after 

the first baby produced via in vitro fertilization (IVF) was born in 1978 (Cohen et al., 2005). In 

the field of reproductive health concerns have dramatically increased in the past few decades; the 

seeking of treatments and curiosity might be related to women's rights acquisition. There is a 

tendency now that women decide to study or work and postpone childbearing, this means they 

give birth at more advanced ages and it comes with a reduction in conception rates. It has been 

established that women over 30 years of age have decreased oocyte and embryo quality due to 

energy limitations caused by reactive oxygen species (ROS) present in their mitochondria (Sasaki, 

2019), being this a primary factor for non-viable embryos. 

Assisted reproductive technologies (ART) are methods available to alleviate infertility 

problems. Among all the existing ART procedures, IVF is the one most used for couples. IVF 

treatments are estimated to cost $12,000 per treatment. Although the procedure is expensive and 

rather stressful, only 30% of IVF embryos will develop to term (Giorgione et al., 2017). One of 

the main reasons for this low efficiency is our inability to objectively evaluate the quality of the 

embryo and select only the best embryos for transfer. Current methods available for embryo quality 

assessment are either (1) subjective, (2) invasive, or (3) impractical. Due to the uncertainty over 
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the viability of an embryo, IVF clinics practice the implantation of multiple embryos to increase 

pregnancy rates. However, these practices usually lead to genetic alterations or multiple births that 

can compromise the offspring and mother's health. Therefore, a technique capable of providing 

objective information by noninvasive and sensible means is highly desirable to assure the transfer 

of only the best quality embryo. 

 The Biodynamic Imaging (BDI) system is a noninvasive method to measure intracellular 

activity, indicating dynamic processes inside an oocyte or embryo that can be correlated with 

viability. BDI has successfully been used to evaluate drug treatment effects in cancer tumors (An 

et al., 2013). We believe that BDI could be the missing technology to evaluate embryo quality and 

viability. This research was performed using porcine oocytes and embryos as a biomedical model; 

the results generated are intended to be applied in human IVF clinics. The major goal of the study 

was to validate intracellular motility as a biomarker of metabolic activity to predict the 

developmental potential of oocytes and embryos. 
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 LITERATURE REVIEW 

1.1 Fertilization  

Sexual reproduction is a complex process where the spermatozoa and oocyte must migrate 

and undergo a series of events for them to encounter and fuse. This fusion of the male and female 

gametes is known as fertilization. This is a species-specific process involving a series of events to 

enable sperm-oocyte fusion in the oviduct or alternatively, in the laboratory during in vitro 

fertilization (Gadella, 2012). Despite being a species-specific mechanism, all mammals have some 

common biochemical mechanisms during fertilization to prepare gametes for this new stage of life. 

Spermatozoa and oocytes are metabolically co-dependent on each other meaning that the oocyte 

will be responsible for regulating the activation of sperm metabolism, and the sperm will 

reciprocate in the same way (Dale, 2010). Mammalian sperm undergo a process known as 

capacitation in the female reproductive tract, resulting in hyperactivated motility of the sperm cells. 

Capacitation also cause changes in the sperm metabolism to allow penetration of the zona pellucida 

and fusion with the oocyte plasma membrane (Gadella & Luna, 2013). After the gametes 

completely fuse, an influx of ions will cause the membrane to depolarize followed by an increase 

in the intracellular free calcium concentration. The increase of intracellular free calcium levels is 

a crucial event during fertilization as it is responsible for triggering embryo development. As 

mentioned before, the gametes need to undergo a series of changes to become capable of 

undergoing fertilization, for this reason it is also important to consider the processes that precede 

fertilization. 

1.1.1 Oocyte maturation 

Female mammals are born with oocytes arrested at prophase of the first meiotic (MI) 

division (Machaty et al., 2017). Oogenesis and follicular development require a close interaction 

between a germ cell surrounded by many layers of supporting somatic cells (Gilchrist et al., 2008). 

Somatic cells of the follicle are divided into two populations: mural granulosa cells which serve 

an endocrine function, and cumulus granulosa cells, which surround the developing oocyte and 

form interconnections with the oocyte (Albertini et al., 2001). During the MI arrest, biochemical 

activities of the oocytes are mediated by the cumulus granulose cells (Chiba, 2020). During the 
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MI arrest, the cell-cycle is maintained at prophase with the aid of the interconnections through the 

gap junctions between the cumulus cells and the plasma membrane of the oocyte (Liu et al., 2020).  

Oocyte maturation is the process during which the immature oocyte resumes meiosis to 

attain competence for normal fertilization (Chiba, 2020). The meiotic arrest must be interrupted to 

allow initiation of a cell signaling cascade. Cyclic AMP (cAMP) is responsible for maintaining 

the first meiotic arrest and its level in the ooplasm is regulated by the granulosa cells (Senger, 

1997). cAMP is known to inhibit the Maturation Promoting Factor (MPF), which is composed of 

cyclin-dependent kinase 1 (CDK1) and cyclin B. A pre-ovulatory luteinizing hormone (LH) surge 

destroys the gap junctions between the oocyte and the cumulus cells, this causes a drop in the 

cAMP levels, MPF is activated, meiosis is resumed, and this allows the oocyte to undergo 

maturation (Viveiros, 2019). The maturation process begins with chromatin condensation, it 

involves nuclear as well as cytoplasmic maturation of the primary oocyte, and it culminates in the 

formation of the first polar body (Senger, 1997). 

1.1.2 Spermatozoa maturation 

The primary role of spermatozoa is to deliver the paternal genetic material into the mature 

oocyte during fertilization. Before spermatozoa acquire fertilizing ability, an increase of GnRH, 

FSH, LH, and gonadal steroids (testosterone & progesterone) must occur during spermatogenesis. 

Two rounds of meiotic divisions are accomplished to produce haploid germ cells (Senger, 1997). 

After the completion of the second meiotic division spermatids are formed that will undergo 

differentiation to become spermatozoa. Final morphological changes of the spermatozoa take place 

during their travel through a series of differentiated excurrent ducts (Bedford, 1979). For example, 

in the epithelium of epididymis, the sperm will undergo a series of surface changes for its 

maturation (Brown et al., 1983; Eddy et al., 1985; Srivastava & Olson, 1991). 

During copulation millions of sperm cells will be deposited into the female tract. However, 

not all sperm cells will survive the journey thorough the vagina, cervix and uterus to encounter the 

oocyte (Gadella, 2012). For survival in the female reproductive tract and for successful fertilization, 

these cells must undergo a series of biochemical and physiological changes known as capacitation, 

hyperactivation, and acrosome reaction (Gadella & Luna, 2013).  
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1.1.3 Sperm capacitation, acrosome reaction 

Sperm cells spend a considerable amount of time in the female reproductive tract in order 

to acquire the ability to fertilize the oocyte. In the uterus and oviduct, the sperm will undergo a 

series of biochemical changes, known as capacitation (Ikawa et al., 2010). This mechanism 

modifies the plasma membrane of the sperm, allowing the acrosomal reaction to occur later. It is 

associated with membrane depolarization, modification of its lectin-binding properties (Hermo et 

al., 1992); an increase in cAMP and extracellular calcium levels, a decrease in pH, loss of 

membrane cholesterol, changes in phospholipids, and removal of proteins. Those compositional 

changes will allow the sperm to acquire a hyperactivated motility, needed for getting through the 

various layers surrounding the oocyte and the initiation of the acrosome reaction (Gadella, 2012). 

The acrosome reaction is a series of changes in the sperm acrosome, that begins with the 

interaction of proteins on the sperm head with the zona pellucida and culminates in the fusion of 

the plasma membrane with the outer acrosomal membrane (Senger, 1997). The acrosome is 

surrounded by epididymal proteins such as P34H and FLB1, enzymes responsible for the binding 

to, and lysing of, the zona pellucida. The zona pellucida surrounds the plasma membrane of the 

oocyte and contains three to four glycosylated proteins (ZP1, ZP2, ZP3 & ZP4), depending on the 

species. This glycoprotein layer is responsible for preventing cross species fertilization (Bleil et 

al., 1980). It is believed that ZP3 is the primary receptor for the acrosome reacted sperm in humans 

(Arnoult et al., 1996). After the binding, the acrosome then releases acrosin to hydrolyze zona 

proteins and enhance the sperm’s ability to penetrate the zona pellucida. Acrosome-reacted sperm 

will in turn bind to ZP2, and eventually reach the perivitelline space and bind to the plasma 

membrane of the oocyte. 

1.1.4  Oocyte activation 

The acrosome-reacted sperm that the crossed the perivitelline space will then fuse to 

microvilli on the plasma membrane of the oocyte (Senger, 1997). Fusion is then followed by the 

diffusion of a sperm-specific protein, phospholipase Czeta (PLCζ) into the oocyte cytoplasm, and 

this stimulates a cascade of events beginning with the increase in the intracellular free calcium 

level of the oocyte. PLCζ cleaves oocyte-resident phosphatidylinositol 1,4,5-bisphosphate (PIP2) 

into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 is an important second messenger 
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that regulates the release of calcium stored in the endoplasmic reticulum, while DAG is able to 

activate critical enzymes (Ikawa, 2010). The increase of intracellular calcium is essential to 

stimulate all the additional events of oocyte activation including cortical granule exocytosis, 

resumption of meiosis and the initiation of embryo development (Grandin & Charbonneau, 1991). 

The process known as cortical granule exocytosis (or cortical reaction) plays an essential 

role in preventing the penetration of additional sperm cells into the zygote (Jaffe & Gould, 

1985).Cortical granule exocytosis results in a series of biochemical changes of the zona pellucida, 

blocking the entrance of multiple sperm cells. The content of the cortical granules will cover the 

entire surface of an egg in a short period of time; in sea urchins this process has been reported to 

happen in about 10-90 seconds (Ginzburg, 1968). A lack of cortical reaction results in polyspermy 

and the eventual death of the embryo. 

1.2  Implantation 

After fertilization, the zygote travels in the oviduct toward the uterus, during this period it 

divides multiple times and develops into a multicellular structure known as a blastocyst. 

Eventually it will then attach to the wall of the uterus and initiate implantation (Wilcox et al., 1999). 

Although it shows species-specific differences, successful implantation involves three major 

stages of  interactions between the embryo and the uterus: (1) apposition, (2) attachment, and (3) 

invasion; the process eventually culminates in the attachment of the embryo to the uterus through 

the placenta (Cha et al., 2012). Additionally, prior to implantation a series of morphological 

changes of the embryo are essential to allow it to interact with the uterus. Development within the 

zona pellucida, hatching of the blastocyst from the zona pellucida, formation of the extraembryonic 

membranes and maternal recognition are crucial factors for the success of implantation and to 

maintain pregnancy (Senger, 1997). 

1.2.1 Cellular differentiation for implantation 

After approximately 18-24 hours of fertilization, syngamy of the paternal and maternal 

pronuclei occurs (Yoshida et al., 1990). The mammalian zygote will undergo a series of cleavage 

divisions within the zona pellucida. During this series of cleavages, the zygote cytoplasm is 

divided into numerous smaller cells known as blastomeres. The blastomeres rapidly form a cluster 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5098399/#R27
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without changing the overall size of the embryo (Brown, 1983). At the end of the cleavage 

divisions, the blastomeres usually form a sphere of cells (Gilbert & Barresi, 2016). During the 

early stages of development (until the ~16-cell stage), blastomeres are totipotent cells. Totipotency 

enables the zygote genome to subsequently drive the differentiation of diverse cell types to fully 

form an individual (Madeja, 2019). 

During the early stages of development, the embryonic genome is not robustly activated, 

leading to a complete dependence on the maternal genome. At this stage mRNAs inherited from 

the maternal genome will be used to generate new proteins via translation needed for mitosis. At 

a species-specific stage, every viable embryo will undergo a transition and produce their own 

mRNA, the process is known as zygotic genome activation (ZGA). To undergo ZGA, maternal 

products in the embryo first undergo degradation. The developmental stage where ZGA takes place 

varies per species: in humans and pigs it happens at the 4-cell stage; meanwhile, in mouse, it 

reportedly happens at the 2-cell stage and in cows at the 8-cell stage (Jukam et al., 2017). Zygotic 

genome activation is an essential step for embryo viability because it is the first step for an embryo 

to sustain its developmental processes.  

After ZGA, development continues, and the embryo forms a morula and subsequently a 

blastocyst. Morulae (~16-32 cells) will then undergo compaction; compact morulae are 

characterized by two distinct cell populations, inner and outer cells. Among the inner cells of the 

compact morula, intercellular communication is facilitated by gap junctions. Meanwhile, the outer 

layer of cells develops a close-fitting cell-to-cell adhesion mediated by tight junctions and 

adherents’ junctions. Tight junctions create a seal and control the permeability of the plasma 

membrane of the compact morula. At this time, the outer cells (that will eventually become 

trophectoderm of the blastocyst) acquire the capacity to initiate and regulate the entrance of water 

inside the cell, creating a cavity known as the blastocoele (Senger, 1997).  

Embryos with a recognizable blastocoelic cavity are known as blastocysts. Na/K-ATPase 

pumps expressed in the outer cells generate an ionic gradient and aquaporins will be responsible 

to accumulate water in the center of the embryo forming the recognizable cavity (Segments, 1997). 

Thus, blastocyst formation is driven by the expression of multiple gene families such as (1) E-

cadherin-catenin cell adhesion family, (2) tight junction gene family, (3) Na/K-ATPase gene 

family and (4) aquaporin gene family (Watson and Barcroft, 2001). Besides the blastocoelic cavity, 

blastocysts are characterized by the formation of the inner cell mass (ICM) from the inner cells 
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and the trophoblast from the outer cells of the compact morula. These cell populations will 

eventually give rise to the embryo proper and the chorion of the placenta (Senger, 1997). 

The embryonic cells continue mitosis and fluid keeps filling the blastocoel causing an 

expansion of the blastocyst and, the production of proteolytic enzymes by the trophoblastic cells. 

In addition, the blastocyst will show rhythmic expansions and contractions. Subsequently the 

combination of the expansions, proteolytic enzymes and changes in pressure the zona pellucida 

will rupture allowing the blastocyst to hatch from the zona (Senger, 1997). During this process, 

the trophoblast of the hatched blastocyst begins to interact with the endometrium. Transmembrane 

Mucin MUC-1 and glycans keratan sulfate control the adhesion of the hatched embryo to the 

epithelial surface of the endometrium (Hoadley et al., 1990). After hatching, the embryo will 

develop extraembryonic membranes to allow its attachment to the uterus (Senger, 1997).  

1.2.2 Uterine and embryonic synchronization 

It is important to note that mammalian implantation cannot be successful only by 

morphological changes of the embryo, it also requires synchronization with the receptive stages of 

the uterus. Embryo development within the female reproductive tract must be met with a series of 

biochemical interactions to allow uterine modifications, the presence of estrogen and progesterone 

in the uterus being necessary to stimulate growth-promoting factors in the reproductive tract to 

support implantation (Paria et al., 2001). Additionally, the conceptus secretes a series of signals 

such as estrogens, prostaglandins, interferons, and cytokines to enable maternal recognition of 

pregnancy (Waclawik et al., 2017). In the pig, the conceptuses undergo elongation and begin 

synthesizing estradiol-17 β on days 11-12 to stimulate maternal recognition (Geisert et al., 1990). 

On day 30, estradiol-17 β increases causing a surge in prolactin production that is responsible for 

enhancing uterine blood flow and transport of nutrients (Young et al., 1993). The generation of the 

adequate signals and synchronization of the embryo and maternal reproductive tract are key 

requirements for a successful pregnancy.  

1.2.3 Metabolism of the early embryo 

As mentioned, in order to have a successful fertilization gamete undergo a series of rapid 

and synchronized events, including granulose cell proliferation, cumulus cell matrix production 

https://onlinelibrary.wiley.com/doi/full/10.1002/mrd.22835#mrd22835-bib-0046
https://onlinelibrary.wiley.com/doi/full/10.1002/mrd.22835#mrd22835-bib-0130
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and chromosome segregation. All this process is energy consuming and require generating the 

adequate energy stored as ATP. Different stages have different requirements, immature oocytes 

consume less glucose, oxygen and pyruvate than mature oocytes (Sutton et al., 2003). During 

maturation oocyte required different compounds as fatty acids, amino acids, electrolytes, purines 

and metabolites that are facilitated by the cumulus oocytes complex (Sutton et al., 2010). 

Numerous studies have demonstrated that oocytes are rich in lipid droplets and the evidence 

indicates that β-oxidation of lipids in the metabolic pathway used during maturation due to its high 

generation of ATP compared with glucose oxidation (Dunning et al., 2014). In the 50’s, several 

studies demonstrated that a change in metabolic state was involved in the control of early embryo 

development. A transition from oxidative phosphorylation to glycolysis is responsible to the cell 

differentiation process. The 90% of all ATP during early embryo stages is derived from oxidation 

(Thompson et al., 2000). Mitochondria fulfill this demand by oxidation of substrates generating 

acetyl CoA by the Krebs cycle and transporting electrons via the electron transport chain to 

generate a gradient that drives oxidative phosphorylation to generate the ATP by the reduction of 

oxygen into water (Bradley & Swann, 2019). This mechanism changes at the morula stage when 

the demand for ATP increases to allow the activity of the Na-K-ATPase (Sturmey et al., 2008). 

This process increases consumption of other substrates as oxygen and pyruvate, at this stage 

metabolic needs are accounted by glycolysis being lactate the end-product. After implantation 

bloodstream nutrients provide the essential substrate for embryonic metabolism (Bradley & Swann, 

2019). The viability and growth of human embryos correlate with the metabolism of growth factors 

from the maternal tract.  

1.3 Assisted Reproductive Technologies 

Infertility is a common disease among humans and, livestock species. It is reported that 9-

18% of couples suffer from infertility (Aghajanova, 2017). In the same way, infertility negatively 

affects production, growth, and welfare of farm animals. The United States Department of 

Agriculture (USDA) estimates that the total cost of female reproductive abnormalities such as 

infertility, abortions, dystocia, retained placenta, pyometra is approximately $1 billion annually. 

Approximately 75% of the cost related to reproductive diseases is due to infertility (Soundness et 

al., 2002).  
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The causes of infertility in animal production can be multiple, such as viral and bacterial 

diseases, age of the animal, problems related to the breeding program, detection of estrus, semen 

collection, or artificial insemination (Sheldon et al, 2003). Similarly, infertility causes are multiple 

in clinical practices: about 40% of the infertility problems are related to female factors, 30% is due 

to male problems, 20% is a combination of both, and 10 % of the causes are unknown. About 25% 

of female infertility causes are related to ovulation problems; in most cases, caused by hormonal 

imbalances of follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Disorder in the 

hypothalamus or pituitary gland, thyroid problems, diabetes and, polycystic ovary syndrome 

(PCOS) are some reasons that affect hormonal balances. Additionally, a woman’s reproductive 

ability to become pregnant can be affected by sexually transmitted diseases, body weight, use of 

drugs, anatomical problems of the reproductive tract, and age (Cedars & Jaffe, 2005). Women 

beyond 30 years of age have higher chances of infertility and miscarriage, due to a poor 

developmental competence of oocytes caused by the accumulation of reactive oxygen species 

(ROS) in the mitochondria (Sasaki, 2019). 

Infertility treatments in humans as well in animals belong to two major categories; one is 

through medications or surgery, and the other is using assisted reproductive technologies (ART) 

(Cedars & Jaffe, 2005). Many ART procedures were developed during the 1970s and 1980s and 

since then they became powerful tools for enhancing production in livestock or treating infertility 

in humans. ART consists of various clinical procedures, the most common being stimulation of 

ovulation via hormonal induction, intrauterine insemination (IUI), in vitro fertilization (IVF), in 

vitro maturation (IVM), and intracytoplasmic sperm injection (ICSI) (Niakan, 2012). Among all 

the existing assisted reproductive technologies to alleviate infertility, IVF is the number one choice 

of treatment. In 1978, the first baby conceived through in vitro fertilization, Louise Brown, was 

born. Since then, the use of ART procedures in social practices has increased steadily. About 1.7% 

of births in the United States are conceived by ART (Rhon-Calderon et al., 2019). 

In the last three decades, a notable improvement in the assisted reproductive technologies 

has occurred due to a better understanding of the specific needs of the embryo, giving rise to the 

development of a variety of media to improve the quality of the environment during embryo culture 

(Gruber & Klein, 2011). Culture media used in the laboratory are crucial to improving embryo 

development because they are the sources of (1) inorganic compounds, (2) energy substrates, (3) 

hormones, (4) cytokines, and (5) vitamins (Yoshioka et al., 2008). By understanding the 
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physiological needs of the embryo, it is possible to improve the efficiency of the assisted 

reproductive technologies. 

1.3.1 In vitro maturation (IVM) 

Mammalian females are born with primary oocytes in their ovaries. The oocytes are 

arrested in prophase of the first meiotic division. Beginning at the time of puberty, a pre-ovulatory 

LH surge from the pituitary gland stimulates the resumption of meiosis in one or more oocytes, 

depending on the species (Machaty et al., 2017). Under natural conditions, oocytes mature inside 

the follicle, during this period immature oocytes acquire competence to develop (Araujo, 2009). 

In vitro maturation (IVM) consists of the collection of immature oocytes from the ovarian follicles 

and stimulated to undergo maturation in the laboratory. In the pig, immature oocytes are typically 

obtained from medium size (3-8 mm in diameter) follicles through aspiration. Meanwhile, in 

humans the procedure requires a minor surgical intervention.  

Once the immature porcine oocytes are collected, they are evaluated using primarily the 

number of cumulus cell layers as an indicator of viability. Oocytes that are surrounded by several 

layers of cumulus cells are incubated for ~44 hours to allow time for germinal vesicle breakdown, 

completion of meiosis I and extrusion of the first polar body. Oocyte maturation is a highly 

organized and complicated process that requires high levels of energy; for this reason, IVM 

environmental conditions provided by various media can be a rate limiting step (Araujo et al., 

2009). The most common culture medium used for IVM is Tissue Culture Medium (TCM)-199 

supplemented with cysteine and various other compounds. Cysteine is important to reduce 

oxidation under in vitro conditions; this amino acid is reduced to glutathione and thiols by cumulus 

cells. TCM-199 consists of aminoacidic and energy sources such as (1) adenine, (2) adenosine, (3) 

hypoxanthine, (4) thymine, and (5) vitamins. Main components of TCM-199 is sodium pyruvate, 

which is vital for its usage in the citric acid cycle and bicarbonate, which is responsible for pH 

buffering (Saha et al., 2003). TCM-199 helps cumulus cell expansion, polar body formation, and 

nuclear as well as cytoplasmic maturation (Yoshioka et al., 2008). Environmental conditions can 

increase oocyte developmental competence and further on, embryonic development and higher 

probabilities of pregnancies (Lasienë, 2019). 
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1.3.2 In vitro fertilization 

 In vitro fertilization (IVF) is the process of gametes fusion under laboratory conditions. 

The first successful in vitro fertilization was reported in 1934, in rabbits by Dr. Gregory Pincus. 

Gradually, advances in IVF methods led to the improvement of success rates over the years. As 

mentioned before, in 1978 Louise Brown was born in the UK as the first baby resulting from IVF; 

a few years later the birth of the first IVF baby was reported in the United States in 1981. Three 

million babies have been born as results of IFV since the birth of Louise Brown (Cohen et al., 

2005). Most efforts in the IVF methodology have been focused on improving the fertilization 

medium and to create better culture environments that more closely mimic in vivo conditions.  

IVF is a demanding process for a woman’s body and requires a series of preparation steps. 

The procedure starts with hormonal stimulation, which is the administration of fertility medication 

to induce the maturation of multiple oocytes. Blood tests and ultrasounds evaluate the ovaries and 

hormone levels. It is followed by oocyte retrieval done by using a hypodermic needle, which is 

guided by ultrasound through the pelvic cavity to puncture the follicular wall and remove the 

oocytes. The oocytes are then collected under a stereomicroscope and co-cultured with capacitated 

sperm in a petri dish. The embryos formed are ultimately transferred by means of a catheter into a 

woman’s uterus. If this process is successful implantation into the uterine wall will occur after a 

few days. Even though IVF improves the chances of pregnancies, studies had estimated that only 

25-30% of embryos produced in the laboratory would develop to term. IVF is also associated with 

chromosomal anomalies and genetic mutations in the fetus, and, with multiple births (Giorgione 

et al., 2017). 

Although pregnancy rates following ART procedures have been on the rise, higher 

probabilities of multiple births, miscarriage, and congenital abnormalities overshadowed the 

success of ART (Vaughan, 2016). This is partly because to improve pregnancy rates, multiple 

embryos are often transferred into the uterus. This, however, can lead to multiple pregnancies that 

are associated with significant medical risks and complications for the mother as well as the 

children. To avoid the problem of multiple pregnancies, transferring only the best quality embryo 

would offer a solution. Unfortunately, the current methods to evaluate embryo quality are either 

subjective, invasive, or impractical. A method to reliably assess embryo quality to select the single 

best embryo for transfer is urgently needed to improve the success rates of assisted reproductive 

technologies. 
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1.4 Embryo viability assessment  

The main goal of evaluating embryo quality is to assess the potential of the embryo to 

establish a pregnancy and, to improve maternal and fetal health. The ability to predict future 

development of an embryo is highly desirable for both human medicine and livestock production 

(Varela et al., 2016). Unfortunately, current methods to assess viability are rather ineffective. The 

inability to accurately predict embryo viability carries a higher risk during pregnancies. The 

probability of multiple births increases significantly because of the common practice of 

transferring several embryos into the recipient mother. Multiple births are a health concern due to 

a higher incidence of maternal and fetal complications, including premature delivery, genomic 

anomalies, and perinatal mortality (Vaughan, 2016). In recent years, a significant reduction in 

transferring multiple embryos has been noted, with several countries applying single-embryo 

transfer (SET) routinely. However, since the goal of ART is to increase pregnancy rates and to 

restrict the possibility of multiple pregnancies, more sensitive and non-invasive methods to asses 

viability are required for embryo selection. 

In most species, morphological evaluations remain the preferable method to evaluate 

embryonic viability (Alikani et al., 2002). This is done by microscopic inspection providing visible 

information on potential alterations in the shapes of the blastomeres, zona pellucida, and 

cytoplasmic integrity (Lindner & Wright, 1983). Even though morphological evaluation is an 

excellent initial approach, it has been well studied that developmental competency of embryos is 

not always related to their morphology status (Busnelli et al., 2018). Other techniques are 

necessary to provide objective information about the embryo. Unfortunately, such techniques 

require prolonged handling of the embryo or are invasive practices that can result in suboptimal 

conditions for future development. Biomarkers of metabolic activity of an embryo can predict 

quality and embryonic viability with high accuracy. Practices to evaluate adenosine triphosphate 

(ATP) levels provide quantitative information about the energy status of an embryo, unfortunately 

the technique involves fluorescent labeling and hence it requires the terminal use of the embryo 

(McPherson et al., 2014). 

Other indicators of metabolism could be obtained by metabolomic, proteomic and 

lipidomic evaluations. Lipidomic involve the identification and quantification of cellular lipids, 

and their interactions. In order to run this analysis, the samples must undergo chromatographic 

separation and ionization in mass spectrometry (MS). MS-based methods are implemented to 
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perform a qualitative analysis using the charge ratio of a particle to determinate the identity of 

molecular components (Holčapek et al., 2018). By this technique it is possible to get information 

regarding the molecular composition of a cell, however the technique is invasive and thus 

impractical in IVF clinics.  

Techniques to evaluate metabolic activity require expensive equipment, which can be 

impractical for small IVF clinics with limited resources (Ehmke, 2018). The implementation of an 

inexpensive technique that can collect viability information of an embryo without compromising 

its developmental potential is in high demand in IVF clinics. Biodynamic imaging is a technique 

that can detect intracellular dynamics of living cells and according to expectations it may offer 

immense benefits in the field of assisted reproductive technologies.  

1.4.1 Biodynamic Imaging 

Intracellular motion is an essential function for all living organisms. Those motions 

constitute many different dynamic processes such as (1) mitosis and meiosis, (2) organelle 

transportation, (3) apoptosis, (4) cytokinesis, and (5) endocytosis (Albers, 1967). Passive and 

active mechanisms can facilitate cellular motility. Active transport is the mechanism by which 

cells move molecules through a membrane against a concentration gradient. This transportation 

mechanism requires the expenditure of energy. It is estimated that 10% of the energy from a cell 

is used for active transport, being active transport a very dynamic process. Techniques that can 

measure these dynamic processes of intracellular activity can provide valuable information about 

the physiological status of the cell. However, it remains a challenge to accurately evaluate 

information from inside a three-dimensional living tissue (An et al., 2013). 

Biodynamic Imaging (BDI) is a new type of microscopy that can image dynamic light 

scattering of living tissue using low-coherence digital holography (Li et al., 2019). The 

Biodynamic Imaging system has the potential to become a tool for viability assessment in assisted 

reproductive technologies due to its desirable properties to evaluate living tissues and cells. It 

facilitates a (1) non-invasive, (2) highly sensitive and, (3) objective quantification of dynamic 

intracellular activity. Biodynamic Imaging microscopy can perform a three-dimensional (3-D) 

evaluation of different intracellular dynamic processes. The BDI uses 840nm as “infrared light” 

emitted by a super luminescent diode (SLD) that can penetrate living cells and tissues up to 1 mm 

deep, providing information about intracellular activities and properties (Sun et al., 2017). The 
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effect of the light on embryonic cells was evaluated as a preliminary precaution. No significant 

differences in blastocyst development were seen between samples exposed to the BDI-light and 

embryos not exposed to it. 

Living cells and tissues are characterized by being highly organized and dynamic models 

to study. By means of the unique dynamic properties of different cellular components, the BDI 

microscope can analyze different light frequency ranges received as a fluctuation of stray light 

scatter diffusions. Those ranges of dynamism evaluated are known as light scattering and compiled 

into what is known as a fluctuation spectrum (Ehmke, 2018). Fluctuation spectra are affected by 

different characteristics, as sizes of the component being evaluated. With this difference in 

fluctuation rates, it is possible to have quantitative information about a cellular environment, based 

on the distribution of the signal received. A series of fluctuation ranges had been reported; low-

frequency (0.005 to 0.05 Hz) are characteristic of membranes, mid-frequency (0.05 to 0.5 Hz) 

correspond to mitochondria and organelles, and high-frequency (0.5 to 5 Hz) are corresponding 

vesicles and the cytoplasm (An et al., 2013).  

The sensitivity of BDI microscopy has been successfully evaluated in the past in the field 

of oncology. Studies demonstrated the ability of the BDI fluctuations to differentiate between 

cellular responses to various medications applied to cancerous tumors. A series of biomarkers were 

used to evaluate the BDI sensitivity, and it was established that normalized standard deviation of 

fluctuating intensities (NSD) is a biomarker able to determine tumor response to different drugs 

(Sun, 2017). NSD has been related to the intensity of light reflected, being the light intensity an 

interpretation of intracellular motility. High NSD values were exhibited in samples with higher 

metabolism and those undergoing cellular proliferation. The current research evaluates the ability 

of the BDI system to detect metabolic dynamism in porcine oocytes and embryos as a viability 

biomarker. Parameters used to detect viability biomarkers were established by using data from 

previous studies (Ehmke, 2018).  

By means of this technology, it is possible to obtain intracellular information using 

different formats of microscopy, including (1) Motility Contrast Imaging (MCI) and (2) Optical 

Coherence Imaging (OCI). Both formats allow the BDI to provide a dynamic map about embryonic 

viability. For more reference of the BDI set up refer to Appendix A.  
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1.4.1.1  Optical Coherence Imaging (OCI) 

 OCI is a full-frame, “coherence-gated” imaging technology that uses short coherence 

interferometry to provide images of deep tissue (Merrill et al., 2015). OCI provides information 

about the light reflectance and absorbance, via the return of dynamic light emitted through a 

coherence detection (Wax et al., 2001). Changes in physiological activities such as oxygenation 

and metabolism are related to embryonic activity, which results in intrinsic tissue light reflectance 

changes (Hamblin, 2016). In OCI format the light scattered from a tissue forms a holographic 

interference pattern at the Fourier plane and a CCD camera transform this pattern into an image. 

OCI provides a “full-frame” information of the sample.  

1.4.1.2  Motility Contrast Imaging   

 MCI evaluates changes in wave frequency and is based on short coherence digital 

holography. The information processed by the MCI is related to the Doppler effect principle. The 

Doppler effect is the perception of wave frequency change by an observer in relation to a moving 

emitter (Knowles, 2009). This phenomenon is observed in all types of waves, such as sound and 

light. Meanwhile, the MCI uses the speckle intensity fluctuations as a label-free image contrast to 

create a color scale map of the intracellular motility in the sample. In order to generate one MCI, 

an entire sequence of OCI is captured.  Changes in sample health can be detected from the average 

NSD of the entire sample during 100 seconds. The regions in the map that show low motility may 

be due to hypoxia or necrosis in contrast images with high motility might be related to process as 

cellular division or maturation (Merrill et al., 2015). MCI map will display the NSD value from 

embryos to represent the activity of the sample. The NSD values range from 0.15 to 0.94.  

To assign color to each pixel in the MCI frame is obtain by this equation: 

 

𝑁𝑆𝐷(𝑥, 𝑦) =
𝜎𝐼(𝑥, 𝑦; 𝑡)

⟨𝐼(𝑥, 𝑦; 𝑡)⟩𝑡
=

√⟨𝐼2⟩ − 〈𝐼〉2

⟨𝐼⟩
  

 

by Daniel Merrill 

where σI (x, y) is the standard deviation and 〈I(x, y)〉 is the average of the intensity of that pixel 

across all frames.  
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1.4.1.3  BDI biomarkers  

 The following chapters are based on the theory discussed below. The Doppler power 

spectrum of each sample was determined by the BDI. The sample dynamic information is 

characterized by 13 parameters; these parameters are the potential biomarkers of embryo viability. 

The BDI biomarkers are listed and summarized in Table 1.1 Embryos were assessed by evaluating 

speckle fluctuation properties characterized by OCI, MCI, and Doppler power spectrum. The 

biomarkers used for the characterization of speckle fluctuations were “Backscatter brightness” 

(BB) which is the intensity of the reflected light; “normalized standard deviation” (NSD), 

calculated over 500 frames and represent the average intensity of the sample. The Doppler 

spectrum has a range of 0.01 to 2.0 Hz and was fit with a Lorentzian line fitting 

 

𝑠 =  (
𝐴

𝜔0
𝑠 + 𝜔𝑠

) + 𝑁𝑦 

by Zhe Li 

The biomarkers used for the following chapters are derived from the line fitting of the 

previous equation. Where; ω0 represents the “knee frequency” biomarker, this is observed in the 

roll-over frequency of the doppler spectrum curve and provides the maximum amplitude 

information; “s” is the midfrequency slope which provides quantitative differences between 

fluctuation spectra, and “Ny” is the Nyquist floor which is observed at the lowest amplitude. These 

parameters are the potential biomarkers to determinate embryo viability.  

 Other biomarkers as “dynamic range” (DR), which provides the ratio of largest to smallest 

power spectrum intensity. Additionally, the spectrum is characterized by its lineal fits R2 and slope, 

this value is obtained on the log scale. R2 and slope cover the entire spectrum in three different 

frequencies: 0.01- 0.08 Hz; 0.08- 0.4 Hz, and 0.4 -2 Hz. This values slope and R2 are used to 

describe the spectrum shape and become 6 different biomarkers: s1, s2, s3, r1, r2, and r3 (Li et al., 

2019). 
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Table 1.1 Biodynamic biomarkers and their associated wave properties. 13 biomarkers 

represent different wave properties that are related to intracellular activity.  

BIOMARKERS PROPERTIES 

Backscatter brightness (BB) average sample brightness 

Dynamic range (DR) Ratio of the largest to the smallest power spectrum intensity 

Knee frequency roll-over frequency in the power spectrum 

Normalize standard deviation 

(NSD) 
=

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  
 

Nyquist Floor 

 

Lowest amplitude of power spectrum 

r1 R2 range (0.01-0.08Hz) 

r2 R2 range (0.08-0.4Hz) 

r3 R2 range (0.4-2.0Hz) 

s1 Slope range (0.01-0.08Hz) 

s2 Slope range (0.08-0.4Hz) 

s3 Slope range (0.4-2.0Hz) 

Slope (S) slope in the mid frequency of power spectrum on a log-log plot 

R2 assess of goodness-of-fit from linear fitting 
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 EVALUATION OF FIRST AND SECOND POLAR BODY 

FORMATION BY BIODYNAMIC IMAGING 

2.1 Abstract  

Assisted reproductive technologies including in vitro maturation (IVM) and in vitro 

fertilization (IVF), embryo culture remains challenging. Two major reasons for their low 

efficiencies are environmental differences between in vivo and in vitro conditions and the inability 

to successfully evaluate the viability of the embryo selected for embryo transfer. Many IVF clinics 

use the presence of the first polar body as a metric of oocyte maturation, which is the first indicator 

of oocyte maturation and subsequent embryo viability. However, the practice is controversial 

because it involves the removal of cumulus cells from the surface of the oocytes, and cumulus 

cells are essential for continued maturation in case the oocyte has not reached the metaphase II 

stage yet. Fertilization is another crucial process; whose success determines viability of the embryo 

and its ability to develop to term. An indicator of successful fertilization is the formation of the 

second polar body. In human IVF, methods that could ensure the selection of cumulus-oocyte 

complexes having a first polar body without the need of cumulus cell removal (and thus 

compromising oocyte viability) is highly desirable. The aim of these experiments was to evaluate 

intracellular dynamic patterns related to the first and second polar body formation by means of 

Biodynamic Imaging. The Biodynamic Imaging system is a label-free, noninvasive and objective 

technology that can provide information about the intracellular dynamics of oocytes and embryos 

as possible parameters of viability. A total of 42 COCs were assess by the BDI to evaluate first 

polar body extrusion, and a total of 8 potential zygotes were used to evaluate second polar body 

extrusion. We found that the BDI microscope was able to differentiate between immature oocytes 

(with no first polar body) and mature oocytes (those having a first polar body) with an intact 

cumulus layer. A Bonferroni post hoc test showed that the ‘slope’ biomarker has the potential to 

indicate the presence or absence of the first polar body in cumulus-enclosed oocytes. We also 

found low intracytoplasmic motility during the 24 hours of monitoring fertilized oocytes, which 

was insufficient to indicate second polar body extrusion.  
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2.2 Introduction 

Polar bodies are a byproduct of oocyte meiotic division, by which a small portion of the 

cytoplasm forms a temporary structure in the polar position of an egg and enclose one-half of the 

genome (Senger, 1997). Polar bodies contain chromosomes, cortical granules, ribosomes, Golgi 

complexes, mitochondria, and other cytoplasmic materials (Zhang et al., 2017). In mammals, PB 

formation will occur on two occasions: the first polar body extrude during oocyte maturation and 

indicates meiotic competence. It can be detected by stereomicroscopy and for that the presence of 

it is used as a metric of viability for oocyte selection in IVF clinics (Klatsky et al., 2010). 

Meanwhile, the second polar body appears after fertilization. The formation of an embryo is 

associated with factors such as appearance of the second polar body, formation of the pronuclei, 

and the first mitotic cell division (Zhang et al., 2017). 

Maturation of an oocyte is the first viability indicator for further embryonic development; 

however, this is a complex process to be evaluated (Lasiene, 2009). Currently, most IVF clinics 

consider oocyte maturation and obtaining meiotic competence to be successful if germinal vesicle 

breakdown or first polar body extrusion takes place. Unfortunately, this evaluation is currently 

done after denuding the oocyte from the surrounding cumulus cells (Nanassy L, personal 

communication). As mentioned before, embryo culture in IVF clinics is a challenging technique 

for two reasons: environmental differences between in vivo and in vitro conditions and the lack of 

methodologies to asses embryo viability. The removal of the cumulus cells (denuding) from an 

oocyte can represent a challenge for in vitro embryos. Cumulus cells provide oocytes with nutrients 

and regulatory signals for the progression of maturation. The oocyte by itself have a poor capacity 

of use glucose for energy production and is the COC’s that supply metabolic intermediates for the 

oocyte metabolic pathways (Sutton, 2010). Presence of the COCs during in vitro maturation can 

influence fertilization and implantation. Studies have showed that oocytes with partial or complete 

removal of cumulus cells will eventually have a lower fertility rate (Robichaud, 2004).  In pigs 

and humans, denuded oocytes show lower maturation rates and embryo development; however, in 

mice and rats the absence of cumulus cells during maturation does not seem to affect subsequent 

embryo development (Bing et al., 2002; Maedomari et al., 2007).  Meanwhile, the extrusion of the 

second polar body is also an indicator of meiotic competence and, successful fertilization. After 

the sperm head decondenses in the ooplasm, it will form a round body of 5 µm and transform into 

a male pronucleus, which will remain unchanged for 17-24 hours (Ju & Rui, 2012). Normal 
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fertilized embryos contain two pronuclei; however, in vitro culture leads to higher fertilization 

abnormalities in the form of monopronuclear or tripronuclear embryos. For this reason, IVF clinics 

often choose to monitor pronuclear status during culture, to reduce the possibility of the transfer 

of abnormal and unviable embryos (Porter et al., 2003). A technology with the ability to establish 

parameters of normal maturation and fertilization of oocytes without compromising their viability 

status is highly desirable for IVF clinics.  

2.3 Materials and Methods 

2.3.1 Oocyte collection 

Ovaries where provided by Indiana Packers, Delphi, Indiana, USA. They were transported 

to the laboratory in approximately 40 minutes in 0.9 % saline supplemented with 0.75% penicillin 

and 0.5% streptomycin, and the temperature was maintained above 30 ºC. Only ovaries that were 

kept at temperatures higher than 30 ºC were used for follicular aspiration at Purdue University, 

West Lafayette, Indiana, USA. Follicles between 3-6 mm in diameter were aspirated with a 10 mL 

syringe and a 20-gauge hypodermic needle. A total of 35 mL of follicular fluid was collected in 

50 mL tubes and placed for 15 minutes into a warm water bath at 39 ºC to allow for sedimentation 

of cellular content. The supernatant was then discarded, the pellet mixed with Hepes-buffered 

Tyrode’s Lactate (TL-Hepes) medium and this cell suspension was transferred into 6 Petri dishes 

(size 100mm x 15mm). Cumulus-oocyte complexes (COCs) were examined by means of a 

stereomicroscope, only oocytes with three or more cumulus cells layers were selected for 

maturation.  

2.3.2 Oocyte maturation 

COCs were rinsed 3 times in Tissue Culture Medium-199 (TCM-199) supplemented with 

L-cysteine (0.1 mg/mL), follicle stimulating hormone (FSH, 0.5 IU/mL), luteinizing hormone (LH, 

0.5 IU/ml), epidermal growth factor (EGF, 10 ng/mL), fibroblast growth factor (FGF, 40 ng/mL), 

insulin-like growth factor (IGF, 20 ng/mL), leukemia inhibitor factor (LIF, 20 ng/mL). A total of 

200 COCs were incubated for ~44 hours in NUNC 4-well multi-dishes, 50 COCs per well in 500 

L of TCM-199 covered with 300 L of light mineral oil, at 39 ºC under an atmosphere of 5% 

CO2 in air.  
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2.3.3 In vitro fertilization  

Matured oocytes were denuded in 600 L hyaluronidase (1 mg/mL) solution and rinsed in 

TL-Hepes. Morphology evaluation was done by stereomicroscopy; those with an intact plasma 

membrane and evenly dark cytoplasm were selected and rinsed three times in TL-Hepes. They 

were then transferred, in groups of 30, into 50 µl droplets of modified Tris buffered medium 

(mTBm) covered with mineral oil.  

Semen was collected from a Large White boar at Purdue University’s Animal Sciences 

Research and Education Center (ASREC). The collected semen was extended with Endura Guard 

Plus (MOFA) and stored at 17°C. 2 mL of semen was added to 9 mL Dulbecco’s Phosphate 

Buffered Saline (DPBS) and centrifuged at 2700 g for 4 mins at room temperature. The supernatant 

was removed, and the sperm pellet was resuspended into 10 mL DPBS; this process was repeated 

three times. The pellet was then resuspended with 100 µl mTBm and the sperm concentration was 

calculated using a hemocytometer. The spermatozoa were then diluted with mTBm and added to 

the mTBm droplet containing the oocytes at a final concentration of 500,000 sperm/mL. 

2.3.4 Evaluation of first polar body extrusion by BDI 

Immature (24 h in maturation medium) and mature (44 h in maturation medium) COCs 

were evaluated by the Biodynamic Imaging system. Each COC was placed in 50 µL droplets of 

TL-Hepes containing no polyvinyl alcohol (PVA). The absence of PVA in the medium helped 

with the immobilization of the COCs for the imaging. Two different sets of BDI data points were 

collected. First, a measurement of 6 different layers from each sample was done to provide a total 

of 252 data points. The second measurement focused on the evaluation of the middle section of 

the samples. Each measurement under the biodynamic microscope had a total duration of 30-40 

minutes. After the BDI evaluation, each oocyte was denuded by vigorous pipetting in the TL-

Hepes medium supplemented with 2 mg/mL hyaluronidase and the presence or absence of the first 

polar body was verified by means of a stereomicroscope.  
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Figure 2.1 Visual representation of the first and second polar bodies. A: matured oocyte with 

no polar body (NPB group). B: matured oocyte with a first polar body (PB group). 

2.3.5 Monitoring second polar body extrusion by BDI 

 After one hour of co-incubation of the spermatozoa and the oocytes in mTBm (based on 

previous experiments this time was sufficient for sperm penetration to begin), one potential zygote 

was rinsed in TL-Hepes without PVA and placed in a 50 µL droplet of the same medium covered 

with mineral oil. This was followed by BDI evaluation of the fertilization events including the 

extrusion of the second polar body for 24 hours at 39 o C. The sample was then removed from the 

droplet and the presence or absence of the second polar body was determined under a 

stereomicroscope.  

2.3.6 BDI biomarkers  

The Doppler power spectrum of each sample was determined by the BDI. The spectrum is 

characterized by 13 parameters; these parameters are the potential biomarkers of embryo viability. 

The BDI biomarkers are listed in Table 1.1.  

2.3.7 Statistical analysis 

Differences between biomarkers (considered as dependent variables) of the different 

experimental groups were compared with one-way analysis of variance (one-way ANOVA). 

Where significant differences were found, a Bonferroni post hoc test was run to determine whether 

the difference was between two groups or among all three. 
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2.4 Results  

2.4.1 First polar body evaluation by monitoring six optical layers 

A total of 42 COCs were imaged in this experiment in order to recognize specific 

intracellular dynamic patterns related to the presence of the first polar body. After imaging, the 

cumulus cells were removed and the presence or absence of the first polar body was verified. This 

way 3 groups were created and compared: 1) Immature oocytes (IM), n = 8; 2) Matured oocytes 

with a polar body (PB), n = 23; and 3) Matured oocytes with no polar body (NPB), n = 11. Each 

oocyte in the COCs was characterized by 13 biomarkers collected from six different layers to 

identify the existence of the first polar body. A one-way ANOVA revealed that several biomarkers 

showed significant differences among groups, indicating that they may be potential indicators of 

polar body presence. In cases where an intergroup effect was found, a Bonferroni post hoc test was 

run to determine whether the difference was between two groups or among all three.  

The one-way ANOVA revealed a group effect on a number of variables: [1] ‘knee’, F(2,243) 

= 12.819; p = 0.000; [2] ‘slope’, F(2,243) = 8.489; p = 0.000; [3] ‘Dy’, F(2,243) = 12.55; p = 

0.000]; [4] ‘s1’, F(2,243) = 16.846; p = 0.000; [5] ‘Floor’, F(2,243) = 15.136; p = 0.000; [6] ‘NSD’, 

F(2,243) = 32.7; p = 0.000; [7] ‘s2’, F(2,243) = 5.44; p = 0.005; [8] ‘s3’, F(2,243) = 15.959; p = 

0.00; (Figure 2.2).   
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Figure 2.2. Mean values of various biomarkers measured in different oocytes. A: Mean of 

‘knee’ in IM, PB and NPB oocytes; B: Mean ‘slope’ values in IM, PB, and NPB oocytes; C: Mean 

‘Dy’ values in IM, PB, and NPB oocytes; D: Mean ‘s1’ values in IM, PB, and NPB oocytes; E: 

Mean ‘floor’ values in IM, PB, and NPB oocytes; F: Mean ‘NSD’ in IM, PB, and NPB oocytes. 

G: Mean ‘s2’ values in IM, PB, and NPB oocytes; H: Mean ‘s3’ values in IM, PB, and NPB oocytes.  
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Figure 2.2. Continued 

 

 

 

The Bonferroni test revealed that PB oocytes had the lowest mean ‘slope’ (1.82±0.24; 

[Mean ± SD]), compared to the other groups (NPB: 1.9±0.32; IM: 1.99±0.24; p < 0.05), (Figure 

2.3). 

 

Figure 2.3. Boxplot Slope values in IM, PB and NPB oocytes. A total of 252 data points is 

represented in a box plot to show the slope values distribution. Medians are represented in the line 

of the graph marked by X. Mean values are written in the boxplot (IM: 1.99; NPB: 1.90 and 

PB=1.82). Outlier values are represented by the outside dots in each of the group and maximums 

and minimums are represented by the bars outside the box. A Bonferroni analysis found the 

biomarker ‘slope’ was significantly lower in the PB group compared to the NPB and IM groups, 

these differences are represented by the subscripts in top of each group. 

 

-1.56

-1.36 -1.38

-1.6

-1.55

-1.5

-1.45

-1.4

-1.35

-1.3

-1.25

IM NPB PB

s2
 (

H
z)

S2G

-0.93

-1.27
-1.17

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

IM NPB PB

s3
(H

z)

S3 

a 

b 
b 

H 

1.99 
1.90 

1.82 



 

 

48 

In addition, the relationship between the measured variables was assessed through a 

Pearson Product Moment Correlation. Several biomarkers present a strong correlation among each 

other. Only correlations with at least one biomarker derived from speckle fluctuation or doppler 

power spectrum/Lorentzian lineal fitting were considered. A positive relationship was found 

among ‘slope’ and ‘NSD’ (r = 0.127; p = 0.047); Knee vs NSD (r=0.782; p=0.00); Knee and floor 

(r=0.736, p=0.00); BB and DY (r=0.514 p=0.00); NSD and S1 (r=0.215 p=.001) and a negative 

relationship among Knee and BB (r=-0.516; p=.000). Figure 2.4.A-C illustrate some of the 

biomarkers with a strong correlationships among IM, NPB and PB oocytes.   

 

 

 

Figure 2.4. Biomarker correlations in IM, PB and NPB oocytes. Each scatter plot has 252 

datapoints, groups are separated by colors, red points are immature group, yellow nonpolar body 
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group and grey polar body group. A: NSD vs Slope. B: NSD vs s1. C: NSD vs Knee. No correlation 

can be distinguishing among PB and NPB. Figure A. NSD vs Slope represents the only 

correlationships able to distinguish among IM within PB and NPB. 

2.4.2 First polar body evaluation by monitoring midpoints of COCs 

A total of 42 data points was collected from 42 samples (one from each COCs); each 

measurement was at 100 m depth of the COCs. A total of 13 biomarkers were monitored to detect 

the presence of the first polar body. A one-way ANOVA test showed that there was a significant 

difference in the ‘NSD’, ‘r2’ and ‘s3’ between the groups (Figure 2.5A-C). Mean ± S.E.M,  NSD 

(IM: 0.81± 0.049; NPB: 0.94±0.013 & PB: 0.92±0.016), r2 (IM: 0.987±0.0023; NPB: 0.967±0.008 

& PB: 0.985±0.003), s3 (IM: -0.936±0.11; NPB: -1.30±0.083 & PB: -1.24±.070). The intergroup 

effects were evaluated by a Bonferroni test, founding the effect was caused by IM group over PB 

and NPB.  

 

 

 

Figure 2.5. Midpoint values of various biomarkers in IM, PB, and NPB oocytes. A: Midpoint 

value of ‘NSD’ in IM, PB, and NPB oocytes. B: Midpoint value of ‘r2’in IM, PB, and NPB oocytes. 

C: Midpoint value of ‘s3’ in IM, PB, and NPB oocytes. A total of 42 data points were measured 

by the BDI to evaluate different biomarkers effect among groups. Categorical columns were 
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created to show the average value of each biomarker in the three different groups, error bars 

represent the S.E.M and subscripts represent significant differences among the groups.  

2.4.3 Monitoring second polar body extrusion 

Oocytes were evaluated from 1 hour to 24 hours after the beginning of fertilization. The 

biomarker ‘NSD’ was used to characterize the intra-dynamic motility of the potential embryos. No 

differences were found between oocytes with and without the second polar body (Figure 2.6).  

 

Figure 2.6. NSD plotted against time in fertilized and non-fertilized oocytes. Intensity (W/m2) 

of the embryos were measured for ~24 hours. Blue represents the wave intensity of non-fertilized 

oocytes and red of fertilized oocytes. 

 

 

Finally, spectrograms were created to visualize the spectrum frequencies of a signal at 

different times, shown in Figure 2.7. 

 

 

Blue: no second polar body  

Red: second polar body  
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Figure 2.7. Representative spectrograms of inseminated oocytes. A: Oocytes with extruded 

second polar bodies (i.e., fertilized oocytes); B: Oocytes without second polar bodies (i.e., 

unfertilized oocytes). 

2.5 Discussion 

The biodynamic imaging system is emerging new type of microscopy in the field of 

assisted reproduction. It uses short-coherence dynamic light scattering to measure the intracellular 

motion inside living cells and tissues (An & Nolte, 2014); this information can be obtained from 

different wave behavior and patterns caused by the different components of the cell. The working 

hypothesis for the experiments described in this chapter was that biodynamic biomarkers can 

detect the presence or absence of polar body structures. Polar bodies are products of the first and 

second meiotic divisions. IVF clinics consider the presence of the first polar body as an indicator 

of oocyte developmental competence. Unfortunately, to visualize the first polar body, the cumulus 

cells are routinely removed from the surface of the zona pellucida, which decreases the chances 

for term development if in vitro maturation is needed.  

A 

B 
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As polar bodies are valuable indicators of the meiotic status and developmental competence 

of oocytes, the ability to determine their presence in COCs non-invasively is crucial in assisted 

reproduction. In this set of experiments, we used 13 biomarkers to evaluate different patterns of 

dynamic intracellular processes in order to assess the presence of polar bodies. Three separate 

experiments were done. Two of these evaluated COCs for the existence of the first polar body, 

while the last experiment was performed to monitor intracellular activity for 24 hours after the 

beginning of fertilization in order to identify indicators of the formation of the second polar body. 

Based on the results it seems that the BDI microscope does not have the enough sensitivity to 

detect extrusion of the second polar body. However, the system can differentiate between 

immature and mature oocytes, and it identified biomarkers that are associated with the presence of 

the first polar body in COCs. 

Following the measurements, a digital hologram was acquired by means of fast Fourier 

transform (FFT) algorithm. This allows for an evaluation of the special frequency that provides 

information about different depths inside the oocyte (An & Nolte, 2014). With the intension of 

evaluating the exact location of the first polar body, a BDI scanning of six layers was performed 

in each oocyte. To analyze the differences among IM, PB, and NPB groups, a one-way ANOVA 

of 252 data points was run. The biomarker with the highest significance was dynamic range (‘Dy’), 

which is the ratio of the longest to the shortest wavelength intensity. ‘Dy’ is considered an 

undesirable feature because it represents the variability of each group. Additionally, ‘Knee’, 

‘slope’, ‘s1’, ‘Floor’, ‘NSD’, ‘s2’ and ‘s3’ were found to have significant differences among 

different groups. Nevertheless, the Bonferroni test demonstrates that the intergroup effect was only 

between IM & PB and IM & NPB, except for the Slope biomarker, where the effect was caused 

by the PB group. This result indicates that BDI is capable to detect differences between immature 

and mature oocytes. For example, IM oocytes usually have lower knee frequencies (‘Knee’) 

compared to mature oocytes that have positive knee frequencies. It is expected that mature oocytes 

show higher cytoplasmic activity due to the complexity and organization of maturation. Halvaei 

et al. (2016) reported that about 15% of the oocytes retrieved from women were immature despite 

the size and morphology of the follicles, which increases the chances for unsuccessful pregnancies 

following ART procedures. BDI differentiation between immature and mature oocyte containing 

COCs (despite the inability to detect the first polar body) can be immensely beneficial for IVF. 

The ‘slope’ biomarker seems to be the only potential biomarker to indicate the presence of a polar 
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body. Slope represent the changes caused by frequency in amplitude which is related to energy 

transported by a wave as well as intracellular activity causing so. A Pearson Product Moment 

Correlation showed a positive relationship between NSD and s1; NSD and Slope; Knee and NSD; 

Knee and floor; BB and DY. On the other hand, a negative correlation was found between Knee 

and BB. ‘NSD-slope’ and ‘NSD-s1’ represents a potential biomarker; ‘NSD’ has been associated 

in past experiments with highly active intracellular motility and higher levels of energy levels in 

the samples. A fit equation was done to evaluate variances of the data; the data points are highly 

variable in all groups. Further experiments are needed to further explore the validity of ‘NSD-

slope’ as an indicator of the first polar body. Additionally, a BDI midpoint evaluation of the COCs 

to detect the first polar body was done with 42 data points. Only three biomarkers: ‘NSD’, ‘s3’, 

and ‘r2’ showed significant differences as revealed by a one-way ANOVA test. The results of the 

first polar body evaluation show high variability and tendencies that are complicated to interpret. 

It is possible that the data points (252 and 42) is controversial for machine learning, where 

hundreds of samples are needed to recognize patterns. Additionally, the diffracted wave emitted 

by the polar body can be interfered by the cell surrounding the oocyte (with a diameter > 50 µm). 

We believe the BDI has a great potential of scanning COCs to evaluate specific patterns of 

maturation and polar body extrusion, but the sample number should be higher for future 

experiments to decrease the variances and establish a precise biomarker. 

 As described in Chapter 1, fertilization involves a series of complex events to enable the 

formation of a viable embryo. It is reasonable to expect high levels of intracellular activity during 

fertilization, and that the extrusion of the second polar body might be detected as an indicator of 

successful fertilization. Unfortunately, we were unable to find a BDI pattern that is associated with 

the presence of the second polar body. ‘NSD’ was used to evaluate each sample for 24 hours 

(Figure 2.7). Unexpectedly, we found that the two types of curves (presence and absence of the 

second polar body) were not separated from each other. What is particularly surprising is that 

samples with a second polar body have low ‘NSD’ values. As mentioned before, ‘NSD’ is related 

to high levels of energy and intracellular motility; for this reason, we were not expecting to see 

low NSD levels in fertilized oocytes with two polar bodies. Only eight samples were successfully 

analyzed to evaluate the fertilization process and second polar body (or pronuclei) formation; in 

the rest of the cases, after 24 hours the samples were dead, which indicates the difficulty of 

maintaining the right conditions outside of the incubator, and that the environmental conditions 
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should be modified for further research. A spectrogram of each sample was recorded to visualize 

the frequency signaling variances with time. Nevertheless, no differences were seen between 

embryos with and without the second polar body. Both groups showed low frequencies that 

initially seemed to relate to sperm-oocyte fusion, but this was not the case in all samples. 

Additional studies are needed using many samples to evaluate intra-dynamic patterns during 

fertilization and polar body extrusion. 

2.6 References 

An R., Merrill D., Avramova L., Sturgis J., Tsiper M., Robinson J. P., and Nolte D. (2014). 

 Phenotypic profiling of Raf inhibitors and mitochondrial toxicity in 3D tissue using 

 biodynamic imaging. Journal of biomolecular screening, 19(4), 526-537. 

Halvaei I., Khalili M. A., Esfandiari N., Safari S., Talebi A., Miglietta S., and Nottola S. (2016). 

 Ultrastructure of cytoplasmic fragments in human cleavage stage embryos. Journal of 

 assisted reproduction and genetics, 33(12), 1677-1684. 

Klatsky P., Wessel G.., and Carson S. (2010). Detection and quantification of mRNA in single 

 human polar bodies: a minimally invasive test of gene expression during oogenesis. 

 Molecular Human Reproduction, 16(12), 938-943. 

Lasiene K., Vitkus A., Valanciūte A., Lasys V. (2009). Morphological criteria of oocyte quality. 

 Medicina (Kaunas);45:509-1 

Maedomari N., Kikuchi K., Ozawa M., Noguchi J., Kaneko H., Ohnuma K., and Kashiwazakin. 

 (2007). Cytoplasmic glutathione regulated by cumulus cells during porcine oocyte 

 maturation affects fertilization and embryonic development in vitro. Theriogenology, 

 67(5),983-993. 

Porter R., Han T., Tucker M.J., Graham J., Liebermann J., and Sills E. (2003). Estimation of 

 second polar body retention rate after conventional insemination and intracytoplasmic 

 sperm injection: in vitro observations from more than 5000  human oocytes. Journal of 

 Assisted reproduction and genetics, 20(9), 371-376. 

Senger L. (1997). Pathways to pregnancy and parturition. Current Conceptions, Inc.,1615 NE 

 Eastgate Blvd. 

Strauss J. F., and Barbieri R. (2013). Yen & Jaffe's Reproductive Endocrinology E-Book: 

 Physiology, Pathophysiology, and Clinical Management. Elsevier Health Sciences. 



 

 

55 

Sutton-McDowall M. L., and Thompson, J. G. (2018). Metabolism in the pre-implantation 

 oocyte and embryo. Animal Reproduction, 12(3), 498-417. 

Tao T., Robichaud A., Nadeau S., Savoie R., Gallant B., and Ouellette R. (2004). Effect of 

 cumulus cell removal on the fertilization and the day 3 embryo quality in human IVF. In 

 International Congress Series Elsevier 1271,135-138.  

Ju S., and Rui R. (2012). Effects of cumulus cells on in vitro maturation of oocytes and  

development of cloned embryos in the pig. Reproduction in domestic animals, 47(4), 

521-529. 

Zhang S., Lu C., Gong F., Xie P. Y., Hu L., Zhang S., and Lin G. (2017). Polar body transfer 

 restores the developmental potential of oocytes to blastocyst stage in a case of repeated 

 embryo fragmentation. Journal of assisted reproduction and genetics, 34(5), 563-571. 

 

  



 

 

56 

 OOCYTE AND EMBRYO VIABILITY ASSESSMENT 

WITH BDI BIOMARKERS 

3.1 Abstract  

 Successful pregnancies by assisted reproductive technologies rely on an accurate 

assessment of viability at successive stages of development of oocytes and embryos. The most 

common approach to evaluate oocyte and embryo viability is morphology scoring because it is 

non-invasive, simple, and it can separate embryos based on their visible cellular integrity. Despite 

its potential, the efficiency of the method is low due to its high subjectivity that presents challenges 

in selecting the best oocytes for fertilization or identifying the embryos with the highest 

developmental competence for transfer. A technique that’s capable of determining viability of 

preimplantation embryos is highly desirable. Biodynamic Imaging has great potential for the 

evaluation of oocyte and embryo viability because it can capture the functional dynamics of cells, 

it is non-invasive and provides objective measurements. The aim of this study was to evaluate 

biodynamic biomarkers as potential metrics to differentiate between viable and non-viable oocytes 

and embryos. Two experiments were designed. In the first experiment we evaluated the capability 

of the biodynamic microscope to differentiate between young (matured for 44 hours) and aged 

(matured for 72 hours) oocytes. We found that three biodynamic biomarkers (R2, s2 and r2) were 

significantly different (p<0.05) among groups. The second experiment was conducted to determine 

whether the biodynamic microscope could identify biomarkers that are unique to embryos with 

different morphological grades. A total of 64 embryos were morphologically graded and allocated 

to five different categories depending on their morphological scores (ranging from excellent [5] to 

poor [1]). They were then imaged by means of the biodynamic microscope to determine whether 

the embryos with different morphological scores showed differences in their specific intra-

dynamic patterns. A one-way ANOVA revealed that the biomarker R2 was significantly different 

among groups (R2, F [4,59] = 4.25, p = 0.004); however, a Bonferroni test demonstrated that none 

of the biomarkers could differentiate between embryos of different morphological grades. 

Nevertheless, NSD and Slope tended to be different among the experimental groups. Further 

experiments are needed with a higher sample count to reduce the type II (β) error.  
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3.2 Introduction  

 Assessment of embryo morphology underlines cellular mechanisms responsible for 

appearance changes in the embryo. A significant morphological variation among embryos are 

known to exist, those changes are related to intrinsic factors such as the age of the mother and 

genetic defects or extrinsic factors such as culture conditions (Balaban & Urman, 2006). 

Knowledge of embryo characteristics and morphology scoring are significant aspects of embryo 

transfer. Morphology and the appropriate cleavage stage of an embryo are positively correlated 

with developmental competence, implantation and pregnancy rates in in vitro fertilization practices 

(Staessen et al, 1992). A significant amount of IVF pregnancies leads to miscarriages because of 

morphological and chromosomal abnormalities: 5-20% of embryos are reported to be lost shortly 

after implantation (Boiso et al., 2002). Chromosomal abnormalities are difficult to evaluate, but 

morphological abnormalities can easily be determined by light microscopy. 

 Embryo morphology and cleavage stage can be combined in a scoring system to predict 

pregnancy rates (Puissant et al., 1987). Some of the characteristics evaluated for morphology 

scoring include perivitelline space, cytoplasmic granularity and cellular fragmentation, areas of 

necrosis, organelle clustering, vacuoles, clustering of the smooth endoplasmic reticulum, first polar 

body, zona pellucida integrity, and spherical shape of the oocytes (Alikani et al., 1999). In some 

species including bovine, it has been reported that embryos classified as excellent on the 

morphology scale have implantation rates of >45 %, whereas those classified as having poor 

morphology reportedly have implantation rates <20% (Lindner & Wright, 1983). Sadly, these rates 

are significantly lower (and thus have lower value as a viability indicator) in in vitro human 

practices, where overall only ~30% embryos will implant (Boiso et al., 2002). 

 As mentioned before, culture conditions during in vitro embryo production are related to 

embryo morphology and can affect quality and developmental potential of early embryos.  In 

addition, it has been reported that the period of oocyte culture is a key factor to determine the 

proportion of blastocyst development and gene expression (Lonergan et al., 2003). It is important 

to remember that environmental conditions during in vitro embryo production are markedly 

different from those found in vivo, in the female reproductive tract. For this reason, success of in 

vitro culture of oocytes and embryos is highly susceptible to environmental fluctuations. 

Environmental alterations during in vitro culture can cause extreme changes in medium properties 

that leads to increased oxidative damage in the embryos (Swain, 2010). Under optimal in vitro 



 

 

58 

conditions, oocytes express antioxidants to minimize oxidative damage caused by gas exchange in 

the medium; most important among the antioxidants produced is glutathione (GSH) and the 

classical enzymatic antioxidants as superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GP) systems (Forsberg et al., 1996). However, a prolonged culture time can increase 

gas exchange, exacerbating oxidative challenges and creating an imbalance between reactive 

oxygen species (ROS) and antioxidants in the cell, which leads to reduced viability. 

 The aim of this study was to determine whether the biodynamic imaging system can 

identify biomarkers that are characteristic of oocytes and embryos of different viability.  

3.3 Materials and Methods  

3.3.1 In vitro maturation  

Porcine ovaries were used for follicular aspiration. Follicles 3-6 mm in diameter were 

aspirated with a 10 mL syringe and a 20-gauge hypodermic needle. The supernatant of the 

follicular fluid was removed and the sediment (~5mL) was mixed with TL-Hepes medium and 

then distributed in 6 different Petri dishes of 100mm x 15mm.  The cumulus-oocyte complexes 

(COCs) were collected under a stereomicroscope; only oocytes with three or more cumulus cells 

layers were used in the experiments. COCs were rinsed 3 times in TCM-199 medium. During each 

replication, a total of 400 COCs were placed into TCM-199 medium covered with 300 L light 

mineral oil, in NUNC 4-well multi dishes. For maturation, the COCs were incubated at 39ºC, in 

maximum humidity under 5% CO2 in air.  

3.3.1.1 Generation of young and aged oocytes 

For the experiment, oocytes of different viability were generated. Pig oocytes are normally 

matured in vitro for ~2 days, these were considered oocytes with normal viability and used as 

control (young oocytes; 2D). Another group of oocytes were matured for an additional 24 hours, 

these were believed to have reduced viability (aged oocytes; 3D).  

3.3.2 In vitro fertilization  

Matured oocytes were denuded by vortexing in the presence of hyaluronidase (1 mg/mL) 

and rinsed in TL-Hepes medium. Morphology evaluation was done by stereomicroscopy, oocytes 
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with an intact plasma membrane and evenly granulated cytoplasm were selected, rinsed in mTBm 

(fertilization medium) and then transferred, in groups of 30, into 50 µl mTBm covered with mineral 

oil. Semen was collected from a Large White boar at Purdue University’s Animal Sciences 

Research and Education Center (ASREC). 1 mL of semen was added to 9 mL Dulbecco’s 

phosphate-buffered solution (DPBS) and centrifuged at 2700 g for 4 mins at room temperature. 

The supernatant was then removed, and the sperm pellet was resuspended into 10 mL DPBS; this 

process was repeated three times. The pellet was then resuspended with 100 µl mTBm and the 

sperm concentration was calculated using a hemocytometer. The spermatozoa were then diluted 

with mTBm and added to the mTBm droplets containing the oocytes, at a final concentration of 

500,000 sperm/mL. The gametes were co-incubated for 5 hours. 

3.3.3 Parthenogenetic activation  

After 44 hours and 72 hours of maturation, the oocytes were denuded of the attaching 

cumulus cell and those with intact plasma membranes and evenly dark cytoplasm were selected. 

These were transferred into electroporation medium (300 mM mannitol, 1mM CaCl2, 0.1mM 

MgCl2, 0.5 mM Hepes, 0.01 mg/mL BSA) and washed. They were then placed between two 

stainless steel electrodes 0.5 mm apart. A CF-150 BSP cell fusion machine (BLSA, Hungary) was 

used for electrical stimulation applying a direct current (DC) pulse of 120 V/mm. Oocytes were 

left in the activation chamber for 5 minutes, then rinsed three times in Porcine Zygote Medium-3 

(PZM-3). 

3.3.4 In vitro culture 

 Fertilized as well as activated oocytes were transferred, in groups of 10, into 20 L droplets 

of PZM-3 medium covered with light mineral oil. They were cultured for a period of 4 days, 

evaluated by the biodynamic microscope, and then further cultured for an additional 3 days at 39ºC 

under 5% CO2 in air. At the end of the culture period the embryos that reached the blastocyst stage 

has been counted.  
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3.3.5 BDI evaluation  

3.3.5.1  BDI evaluation of 2D and 3D oocytes 

 The oocytes were washed three times in TL-Hepes without polyvinyl alcohol (PVA) and 

placed individually into 50 L droplet of the same medium covered with mineral oil. The absence 

of PVA in the medium promoted attachment of the oocytes to the bottom of the dish, immobilizing 

them and facilitating proper imaging. A midpoint scanning with the BDI microscope was done 

that took ~3 minutes. 

3.3.5.2  BDI evaluation and morphological grading of embryos 

 Embryos were cultured for 4 days following fertilization, those that reached the 8-16 cell 

stage were washed in TL-Hepes (without PVA) to be immobilized and placed into a 50 L droplet 

of TL-Hepes (without PVA) covered with mineral oil. BDI midpoint scanning was done in the 

case of each embryo. After evaluation, the embryos were assessed under a stereomicroscope to be 

morphologically graded on a scale of 1 to 5, with 1 being poor and 5 being excellent morphology. 

The description of the different morphological grades is the following: (1) > 40% fragmentation, 

underdevelopment (>8 cells) and/or uneven perivitelline space; (2) 25-40% fragmentation, 

unequal blastomere sizes and/or underdevelopment (8-10 cells); (3) unequal blastomere sizes, 

and/or 10-25% fragmentation, ~ 10-12 cells; (4) unequal blastomeres, ~ 13-14 cells, and 

differentiation between cellular layers; (5) No fragmentation and similar or equal blastomere sizes, 

15-16-cells, and differentiation between different layers of cells. Other characteristics as the color 

of the cytoplasm (darker colors are considered to have higher score), the integrity of plasma 

membranes, the overall structure of the embryos (spherical shapes are considered to have higher 

scores) and compaction of the cells (the embryos showing higher degree of compaction received 

higher scores) were also considered while grading the embryos. 

3.4 Results 

3.4.1 BDI biomarker comparison of 2D and 3D oocytes 

 A total of 90 oocytes were imaged in order to identify specific intra-dynamic patterns 

related to viability. Midpoint scanning was performed on both young (2D, n = 49) and aged (3D, 
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n = 41) oocytes. Each oocyte was characterized by 13 biomarkers. A t-test was used to compare 

the independent means of all biomarkers (variables) between the 2D and 3D groups. We found 

that there were significant differences for the following biomarkers: ‘R2’, t (90) = 2.718, p=0.008; 

‘s2’, t (90) =2.567, p=0.012, and ‘r2’, t (90) =2.157, p=0.034. In the case of ‘R2’, we found that 

group 3D had a higher mean ‘R2’ value (0.93±0.05) compare to group 2D (0.89±0.07) (p < 0.05). 

The biomarker ‘s2’ was significantly higher in the 3D group (1.24±0.36) compared to that detected 

in group 2D (1.02±0.43) and ‘r2’ we also significantly higher group 3D (0.96±0.03) than in group 

2D (0.94±0.05) (p < 0.05; Figure 3.1A-C). 

 

 

Figure 3.1. Mean values of R2, s2 and r2 biomarkers for oocytes matured for 2 days (2D) or 3 

days (3D). A: Mean R2 values of 2D and 3D oocytes. B: Mean s2 values of 2D and 3D oocytes. C: 

Mean ‘r2’ values detected in 2D and 3D oocytes. The bars represent the mean value of each group; 

numerical values are shown inside the bars Yellow bars indicate 3D oocytes and red bars indicate 

2D oocytes. The error bars represent standard deviation of the mean. 
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 In addition, the relationship between the measured variables was assessed through a 

Pearson Product Moment Correlation. Several biomarkers showed relationship among them, 

nevertheless the coefficient of determination was too small (R2 <70). Still ‘NSD’ and ‘s1’ showed 

a positive correlation and a high coefficient of determination: R2 (2D) = 0.85 and R2 (3D) = 0.95. 

The correlations between groups is shown in Figure 3.2. No differences were observed among 

groups. 

 

 

Figure 3.2. Correlations between s1 and NSD in young (2D) and aged (3D) oocytes. A linear 

positive correlation exists between s1 and NSD in both groups of oocytes. Blue dots represent 2D 

oocytes and orange dots represent 3D oocytes. The scattered line represents the trendline of the 

2D and 3D groups, the lines are overlapping between the groups. 

3.4.2 Blastocyst development of 2D and 3D oocytes 

 A total of 195 oocytes were cultured after parthenogenetic activation to evaluate 

developmental potential of oocytes matured for 2 days (2D oocytes; n=105) and those matured for 

3 days (3D oocytes; n=90) oocytes. Blastocyst formation (including early blastocysts, blastocysts, 

and expanded blastocysts) was evaluated after 7 days of culture. A higher percentage of 2D oocytes 
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was able to reach the blastocyst stage compared to 3D oocytes, and a t-test revealed that the 

difference was significant (0.21±0.024 vs. 0.12±0.03; p= 0.0263) (Figure 3.3).  

 

Figure 3.3. Blastocyst development of young (2D) and aged (3D) oocytes. Each categorical 

column represents the percentage of the blastocyst formation from young and aged oocytes. A 

significant difference was seen among groups (t (195): 2.09, p =0.026). Error bars represent S.E.M.  

3.4.3 BDI biomarkers and their relationship with morphological scores 

 A total of 64 embryos produced by in vitro fertilization were imaged, 4 days after 

fertilization, in order to correlate specific intra-dynamic patterns with morphological scoring. 

Based on morphological scores 5 groups were created and compared: 1) Score 1, n=7; 2) Score 2, 

n=11; 3) Score 3, n=18; 4) Score 4, n=18; and 5) Score 5, n=10.Table 3.1 illustrates embryos of 

different morphology and their assigned scores.  
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Table 3.1 Illustration of embryos with different morphological scores 

Morphology Score Description  

 

5 No fragmentation, equal blastomeres, 15-16 

cells, intact plasma membrane  

 

4 >10% fragmentation, unequal blastomeres, 

~13-14 cells 

 

 

3 Unequal blastomeres, 10-25% 

fragmentation, 10-12 cells 

 

2 25-40% fragmentation, unequal 

blastomeres, (8-10 cells 

 

1 >40% fragmentation, unequal blastomeres, 

>8 cells, uneven perivitelline space  

 

 

 In addition, during the BDI measurements each embryo was characterized by 13 

biomarkers. A one-way ANOVA revealed that the biomarker ‘R2’ was significantly different 

among groups; R2, F (4,59) = 4.25, p = 0.004; (Figure 3.4)). A post hoc Bonferroni test revealed 

the difference is only among group 2 (0.97±0.02) and group 3 (0.99±0.01), p=0.030.  
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Figure 3.4. Average R2 values for embryos of different morphological scores (1-5). Columns 

represent the mean value of each group; numerical values are shown on the center of each bar. 

Error bars represent standard error. Subscripts represent a significant difference among groups. 

 

A correlative study was performed to identify the relationship among the 13 biomarkers 

and predict behaviors of the biomarkers distributing the groups. We found that ‘NSD’ and ‘Slope’ 

had a positive relationship among them (Figure 3.5).  

 

Figure 3.5. Scatterplot of ‘NSD’ vs ‘Slope’ values embryos with different morphological 

scores. Scatterplot data points represent the total number of embryos measured by the BDI. 
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Figure 3.6. Boxplot of NSD vs Grading of embryos. No significant differences (p>0.05) was 

found in the ‘NSD’ biomarker, but a marked tendency of values distribution is seen amoung groups. 

3.5 Discussion  

 One of the most striking features of early embryo development is the highly dynamic 

characteristics of this stage caused by a wide array of rapid changes over a short time (An et al., 

2015). A dynamics-based technique, able to assess those motions can provide important 

information about the functional operation of the cells. In this experiment, we studied dynamic 

characteristics of mature oocytes and 8-16-cell-stage embryos by means of the Biodynamic 

Imaging System. Biodynamic imaging was applied to assess embryo viability based on specific 

changes in their intracellular dynamism. The working hypothesis for the experiments described in 

this chapter was that biodynamic biomarkers can differentiate between viable and nonviable 

oocytes and embryos. Two separate experiments were done. The first experiment evaluated 

oocytes exposed to a suboptimal environment caused by an excessive in vitro maturation period, 

while the second experiment was performed to correlate visual morphological differences of 

embryos with BDI biomarker values. According to the results the BDI microscope in the current 

experiment did not have the enough sensitivity to differentiate between viable and nonviable 

oocytes and embryos. This, however, can probably be remedied by having a higher sample number 

that would reduce β-type error.  
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 Oocyte maturation is one most important step in in vitro embryo production systems. 

Oocyte quality is acquired progressively as the oocyte grows and matures. This period is key for 

early embryonic survival, establishment and maintenance of pregnancy, and even adult diseases. 

The proper time of incubation for maturation influences cell morphology, structural organization, 

and functional properties of the future embryo (Lewandowski et al., 2018). With this in mind, the 

first experiment was performed by maturing oocytes for 44 hours (which is the time generally 

accepted for pig oocyte maturation); these oocytes were used as control. Alternatively, some 

oocytes were matured for 72 hours (which leads to aging that affects oocyte quality negatively). A 

total of 90 oocytes were characterized by Optical Coherence Imaging (OCI) and Motility Contrast 

Imaging (MCI) modes in the BDI microscope. It was found that the R2, s2 and r2 biomarkers 

showed significant differences among groups. However, these biomarkers showed linear fittings 

that characterized the spectrum in different ranges. R2 values typically provide information on how 

close the predictive equation fits the observed values. Based on this, biomarkers such as knee 

frequency, NSD and floor were expected to show differences among groups. Surprisingly, no 

biomarker, other than those with predicted linear fitting showed differences among groups. 

Additionally, a correlation study that was done to evaluate the relationship among biomarkers with 

the ability to evaluate oocyte viability found a weak correlation between biomarkers between as 

well as within groups. Only NSD and S1 showed a coefficient of differentiation higher than 70, 

and none of the correlations (including NSD and S1) found could discriminate between 2D and 3D 

oocytes.  

 Additionally, early embryo integrity is crucial to determine pregnancy rates. The traditional 

and routinely applied approach to assess embryo (and oocyte) viability is morphological 

evaluation. Morphology can provide important information of cellular integrity; for this 

experiment we graded embryos from 1 to 5 based on their visible characteristics and created 5 

experimental groups. The biomarker ‘R2’ showed significant differences between two groups only 

(Score 3 and Score 2), which means that this is not a considerable effect. Additionally, a correlation 

study showed strong correlationships among different biomarkers. Based in the plotting of the 

correlated biomarkers we did not see any tendency of distribution. Even if no differences in 

biomarkers between groups were seen, a boxplot shown a tendency of those embryos with high 

morphology score (score 4 and 5) to have higher levels of NSD. NSD is related to wave intensity, 

which is associated with a higher intracellular dynamic activity. Groups with scores 1 and 3 
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showed a higher variability in ‘NSD’ values as well lower means. The biodynamic information 

provided by the BDI was not able to differentiate between the intracellular dynamic activity of the 

embryos. The high variability of ‘NSD’ could be due to apoptosis or other biochemical 

mechanisms and the BDI microscope, with its current level of sensitivity was not able to 

differentiate between embryos.  

Based on the results described in this chapter we can conclude that BDI microscopy does 

not have the enough sensitivity to differentiate between intracellular activities related to oocyte 

and embryo viability. Further experiments are needed with a higher sample number to reduce 

statistical error and to determinate if the lack of statistical significance obtained in these 

experiments is due to the low sample number or if it is because the size of embryos and oocytes is 

too small for the BDI to accurately predict viability. 
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 ASSESSING THE ENERGY STATUS OF PORCINE 

EMBRYOS BY MEANS OF BIODYNAMIC IMAGING 

4.1 Abstract  

Assisted reproductive technologies are powerful tools for enhancing production in 

livestock or treating infertility in humans. Unfortunately, the success rate of the technologies is 

rather low. A major reason responsible for the poor efficiency is the lack of methods to reliably 

assess the developmental potential of the embryos prior to transfer into recipients. Therefore, a 

non-invasive method to ensure the selection of only the best embryos for transfer would be highly 

desirable.  Biodynamic imaging is a compelling new microscopy that utilizes intracellular Doppler 

spectroscopy to perform label-free, non-invasive optical measurements of cellular fitness. The aim 

of this study was to investigate whether biodynamic imaging can be used to assess the energy 

status of the embryos, which may be indicative of their viability. Porcine oocytes matured in vitro 

were parthenogenetically activated by an electrical stimulation and cultured for 2 days. The 

parthenotes were then divided into two groups and approximately half of them were incubated for 

an additional 2 days in the presence of 20 M sodium azide, an inhibitor of ATP production. The 

rest of the embryos were cultured without sodium azide and used as a control to indicate normal 

ATP levels. At the end of the culture period embryos that reached the 8-16 cell stage were 

evaluated by our biodynamic imaging system to assess their energy status, after which they were 

lysed, and their ATP contents were determined by means of a bioluminescence assay. A total of 

68 embryos (32 treated with the inhibitor and 36 control) were evaluated. The ATP content analysis 

showed that the control embryos had significantly more ATP than those treated with sodium azide 

as determined by a t-test (5.041.07 vs 1.310.57; p < 0.05). A correlative study was then 

completed where biodynamic biomarkers were used to classify embryos in order to estimate the 

ability of biodynamic imaging to identify embryos with high or low energy status. A set of 13 

biomarkers representing each embryo as a feature vector was used to train a classifier. We found 

that the cross-validated classifier had a sensitivity and specificity of approximately 80%. In 

addition, a receiver-operator curve constructed by varying the ATP threshold of the independent 

bioluminescence assay had an area-under-the-curve of 0.81. These results indicate that biodynamic 
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imaging can determine the energy status of the embryos non-invasively and has great potentials in 

the assessment of embryo viability. 

4.2 Introduction  

Infertility affects more than 3 million couples in the United States (Cedars & Jaffe, 2005). 

Female reproductive capacity decreases gradually during life; in humans significant changes are 

observed in women over the age of 30. Women's fertility peak during their early 20s, this peak 

significantly decreases from fecundity rates of 25% to below 10% after the age of 35 (Harris, 2011). 

The changes associated with reproductive capacity has two principal causes: gradual depletion of 

oocytes from the ovaries, and a decrease in oocyte quality (Tatone et al., 2008). In addition, under 

in vitro conditions, age is a primary factor that determines pregnancy rates. Live birth rate per 

embryo transfer dropped from 43.2% in women younger than 35 years old, to 15.1% in women 

aged 41–42 years and 5.9% in women over 42 years old. Seifer et al. (1996) observed that women 

above 38 years old have less granulosa cells in the follicles; meaning a reduction in steroids, 

glycoproteins, and antioxidant enzymes, and higher levels of mitochondrial DNA mutations 

(deletions) (Seifer et al., 2002). Reproductive limitation is highly related to mitochondrial activity. 

Older women have higher rates of imbalance between prooxidants and body antioxidants, causing 

oxidative stress (OS). Oxidative stress enhances the accumulation of oxidative reactive species 

(ROS) in mitochondria affecting its regular energy production (Sasaki, 2019). ROS affects 

multiple processes, from oocyte maturation to fertilization, embryonic development, and 

pregnancy (Agarwal et al., 2005).  

 Mitochondria are highly involved in the reproductive process. They influence the quality 

of oocytes, fertilization, embryo development, and pregnancy (Dumollard et al., 2007). 

Mitochondria are the most abundant organelle in the cell and the principal source of cellular energy 

(by the production of adenosine triphosphate, ATP) (Sathananthan & Trounson, 2000). ATP 

production in early embryonic stages is regulated through oxidative phosphorylation and electron 

transport chain complexes (I-V). Physiological functions of the mitochondria are also related to 

numerous cellular processes, including embryonic development, metabolism, homeostasis, and 

death. 

In the present study, we analyzed different intra-dynamic patterns of the mitochondrial 

activity from embryos and their correlation with ATP production. A total of 68 embryos [control 
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group (co): n=36, and sodium azide group (NaN3): n=32]. Sodium azide is a mitochondrial 

inhibitor in early embryonic metabolism. NaN3 is known to reduce ATP production by inhibiting 

cytochrome c oxidase (complex IV of the electron transport chain) by binding to the metal sites, 

heme a3 and CuB, forming an oxygen reduction site (Yoshikawa et al., 1992). NaN3 also inhibits 

the ATP hydrolase activity of the F‐ATPase (Bowler et al., 2006). The aim of this study was to 

find specific intracellular dynamic patterns of mitochondrial activity that can indicate the viability 

of an embryo. As mentioned in the previous chapters, the BDI system can detect different 

intracellular movements; in this experiment the biodynamic microscope was used to measure 

motion and correlate it with energy status. A set of 13 biomarkers were used to evaluate each 

embryo. Significant differences in dynamic biomarkers were found between experimental groups.  

The most representative biomarkers founded were "Floor" and “Knee” which are related to wave 

energy and frequency, as well as higher activity of organelles. The ATP analysis performed in the 

case of each embryo demonstrated that control embryos had significantly higher ATP levels. These 

results indicate that biodynamic imaging can determine the energy status of the embryos non-

invasively and has a high potential in the assessment of embryonic viability. 

4.3 Materials and Methods 

4.3.1 In vitro maturation 

Gilt ovaries provided by a nearby slaughterhouse were used for follicular aspiration. A total 

of 40 mL of follicular fluid was collected each day (from Monday to Wednesday). The centrifuge 

tube containing the follicular fluid was placed in warm water bath for ~30 minutes and the oocyte-

cumulus complexes could settle. The supernatant was then discarded, and the pellet resuspended 

with TL-Hepes medium. The COCs were collected using a stereomicroscope. Oocytes with three 

or more cumulus cells layers were selected. A total of 200 COCs were placed in a 4-well Nunc 

dish (50 COCs per 500 L of maturation medium covered with 300 L of mineral oil) and 

incubated for ~44 hours at 39°C and 5%CO2.  

4.3.2 Parthenogenetic activation 

After 44 hours of maturation, COCs were denuded by vortexing in the presence of 

hyaluronidase (1 mg/mL). The oocytes with intact plasma membrane and evenly dark cytoplasm 
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were selected and transferred into EP medium and washed. They were then placed between two 

stainless steel electrodes 0.5 mm apart.  A CF-150 BSP cell fusion machine (BLSA, Hungary) was 

used for electrical stimulation applying a direct current (DC) pulse of 120 V/mm. Oocytes were 

left in the activation chamber for 5 minutes, then rinsed in TL-Hepes, and three times in Porcine 

Zygote Medium-3 (PZM-3). 

4.3.3 In vitro culture 

Parthenogenetic embryos were placed into 20 µL droplets of PZM-3 medium (10 embryos 

per droplet) covered with mineral oil. They were then incubated at 39oC under 5% CO2 in air. 

After 48 hours, half of the embryos were transferred into new culture droplets containing 1mM of 

sodium azide. The rest of the embryos remained in PZM-3 to be used as the control group. 

4.3.4 Biodynamic Imaging evaluation 

After 48 hours of in vitro culture, some of the 8-16 cell embryos (both NaN3-treated and 

control) were evaluated by means of the BDI to assess intracellular activity. Each embryo was 

rinsed three times in TL-Hepes and placed in the middle of a 50 µL drop of TL-Hepes medium. 

This time the medium did not contain PVA in order to allow the embryos attach to the bottom of 

the dish. The petri dishes were placed on the heated stage of the BDI microscope and each sample 

was characterized by Optical Coherence Imaging (OCI) and Motility Contrast Imaging (MCI). The 

middle section of the embryos was evaluated for 3 minutes. The complete BDI dataset for each 

sample contained 100 background frames and 2,500 holograms and were reconstructed with 

Fourier transform.  

4.3.5 ATP determination 

Another group of the 8-16-cell embryos were used to monitor their ATP content. Control 

and NaN3-treated embryos were lysed individually by vortexing for 5 minutes in 5 µL of RIPA 

buffer. The ATP determination kit (Invitrogen) was used to perform a bioluminescence analysis. 

A total of eight dilutions were made to prepare ATP standard solutions. Then, 5 µL of each 

standard solution as well as 5 µL of each sample were placed in individual wells of a 96-well white 

microplate and mixed with 95µL of the reaction solution. Luminescence from each well was 
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evaluated by a Tecan Spark 10M microplate reader. A standard curve was obtained by the 

bioluminescence from the ATP standard solutions. A regression analysis was then made in excel 

to transform bioluminescence into ATP content. 

4.3.6 Embryo development 

 On day 4 of culture, another group of the 8-16-cell stage embryos were transferred into 

fresh PZM-3 medium and incubated for an additional 3 days. On day 7 they were examined and 

the total number of embryos together with those that formed blastocysts were recorded.  

4.4 Results 

4.4.1 ATP content and blastocyst development 

A total of 68 embryos (32 treated with the inhibitor and 36 control) were evaluated. A t-

test analysis of the ATP content showed that the control embryos had significantly more ATP than 

those treated with sodium azide (5.041.07 vs 1.310.57; p < 0.05 (Figure 4.1)).  

 

Figure 4.1. ATP content of 8-16 cell embryos with and without NaN3 treatment. The control 

embryos had significantly higher ATP levels compared to those treated with NaN3 (t (68): 2.07, 

p=0.0015). Bars indicate standard error. 

 

A total of 145 control and 136 NaN3-treated embryos were cultured until day 7 and 
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blastocyst stage while only 28 (20%) of the NaN3-treated embryos was able to form blastocysts. 

However, the difference was statistically not significant ([Mean± S.E.M.] NaN3-: 0.196±0.049; 

control: 0.02497±0.0330, p-value: 0.19) (Figure 4.2). 

 

 

Figure 4.2. Blastocyst formation of control and NaN3-treated embryos. Embryos treated with 

the inhibitor have a percentage of blastocyst formation of 20% while this ration in the control 

group was 25%. The difference is statistically not significant (p > 0.05). Error bars indicate S.E.M 

and categorical columns the percentage of blastocyst formation. 

4.4.2 Biodynamic imaging evaluation of metabolic activity 

The embryos were exposed to a low-energy light to capture their speckle fluctuation 

properties. A total of 13 biomarkers (Table 1.1) were used to evaluate the samples, each embryo 

was then characterized by its Doppler power spectrum (Figure 4.3). The spectrum consists of 

several parameters; the most important parameters were found to be the following: (1) “Knee 

frequency”, which is the “roll-over” frequency of the spectrum, i.e., where the curvature of the 

curve changes; (2) “Slope” representing the steepness of the slope in the midfrequency range; and 

(3) “Nyquist floor” observed as the spectral amplitude’s lowest point (where the spectral amplitude 

bottoms out). Typically, a sodium azide-treated spectrum displays a lower floor (NaN3-treated: 

0.036 vs Control: 0.099) and lower knee frequency (0.015 vs 0.023), which is correlated with 

slower intracellular activities. The sodium azide-treated spectra also have a greater dynamic range 

(DR; 3.3 vs 2.9) and a steeper midfrequency slope (2.01 vs 1.57).  
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Figure 4.3. Averaged Doppler power spectra of control and NaN3-treated embryos. Embryos 

of the different experimental groups had markedly different spectra with different knee frequencies, 

slopes, Nyquist floors, and dynamic ranges (DR). 

4.4.3 Correlative evaluation of BDI measurements and ATP content 

In a correlative study using receiver operating characteristic (ROC) curves, biomarkers 

were used to estimate the predictive ability of the Biodynamic Imaging assay to select embryos 

with high (and low) metabolic activity. A set of 13 Doppler biomarkers representing each embryo 

as a feature vector was used to train the classifier system (Table 1.1).  A receiver-operating 

characteristic (ROC) curve was constructed by varying the ATP threshold of the independent 

luminescence assay, and we found that the curve had an area-under-the-curve (AUC) of 0.812 

(Figure 4.4). In addition, the cross-validated classifier had a sensitivity and specificity of 

approximately 80%. 
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Figure 4.4. Receiver-operating characteristic (ROC) curve of the biodynamic feature vector. 

Biomarkers were used to classify embryos according to their energy status. A biodynamic feature 

vector was created containing 13 biomarkers representing embryo properties, this was used to train 

the classifier. The ROC curve constructed by varying the ATP threshold of the independent 

luminescence assay had an area-under-the-curve of 0.812. The blue curve in this figure is the 

average of true positive rates for each false positive rate; the gray area is 1 standard deviation of 

the true positive rates. 

4.5 Discussion 

Assessment of the mitochondrial function of the embryos produced by means of assisted 

reproductive technologies is crucial to improving the health status of the developing offspring. 

Although most of the ART offspring are healthy, reports suggest they have higher risks of 

metabolic complications, predisposing the adults to suffer cardio-metabolic pathologies (Feuer et 

al., 2016). In addition, embryonic mitochondrial dysfunction is associated with low levels of 

energy production, neurological dysfunctions in the offspring and long-term diseases (Parker et 

al., 1989). Women above 30 years of age have higher mitochondrial aberrations due to oxidative 

stress leading to higher rates of miscarriages or implantation failures, further reducing the success 

rates of ART cases. In the last two decades, there has been a notable increase in the age of 

childbearing, which also has a significant effect on the success of ART techniques. In 2015, ART 

contributed to more than 1.7% of all births in the United States, and this rate in Puerto Rico was 
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0.3% (Sunderam et al., 2018). ART births are markedly increasing, and it is crucial to find the 

golden method that allows for the evaluation of different interventions and can be used as a basis 

for viability classification. With the completion of the experiment described in this chapter, we 

obtained promising results that can help us develop the missing assessment technology for ART 

procedures. BDI has the potential to become an accurate and objective standard method for embryo 

viability evaluation. 

The BDI system uses digital images of embryonic intra-dynamic processes to build a 

classifier of biomarkers by machine learning. Machine learning has the potential to transform the 

health sciences field. A series of studies have shown a high level of accuracy from machine 

learning algorithms (Goto et al., 2018), leading a specific interest in embryonic viability evaluation. 

In this experiment, we intent to identify mitochondrial patterns for BDI machine learning to 

classify embryos by their energy levels. The results showed that BDI is highly sensitive to 

differentiate between the energy levels of parthenogenetic embryos (Figure 4.4.). 

The mitochondrion is a highly dynamic organelle, particularly so during the early 

embryonic stages when there is a switch from oxidative phosphorylation to glycolysis (at the 

morula stage in swine). This means that pig embryos prior to compaction are sensitive to NaN₃- 

(Machaty et al., 2001). Because of this, it was expected that oxidative phosphorylation would be 

inhibited in early porcine embryos treated with NaN₃ and as a result they would have lower ATP 

content (Figure 4.1). We also expected that because of their low ATP content, fewer embryos 

would form blastocyst by day 7 of culture. According to our expectations, the ATP levels in NaN3-

treated embryos was significantly lower compared to those measured in the control group. This 

indicates that the inhibitor was effective and prevented mitochondrial ATP production. This effect 

of sodium azide was probably through is ability to inhibit the electron transport chain and not via 

other means, as a previous study indicated that if applied during the peri-compaction period, 

sodium azide in fact improved embryo development (Machaty et al., 2001). The possible 

explanation for this phenomenon is that pig embryos switch from oxidative phosphorylation to 

glycolysis at the time of compaction, and a transient inhibition of mitochondrial ATP production 

by sodium azide is advantageous for porcine embryo development. In our experiment we applied 

sodium azide prior to compaction and found that as a result blastocyst formation tended to be lower 

compared to the control group, however the difference was not statistically different.  



 

 

79 

The 8-16-cell embryos were also assessed using the BDI microscope by evaluating speckle 

fluctuation properties. A difference in intra-dynamic patterns between the control group and NaN₃-

treated group was found. This experiment was based on MCI-mode of the Biodynamic Imaging 

system following the principles of the Doppler effect. This can be described as a change in the 

frequency of a wave (i.e., “redshift” or “blueshift”) caused by the relative motion between the 

source of the wave and the observer. This effect has application in a great number of 

multidisciplinary studies including radar, laser, blood measurements, cancer treatments, and 

astronomy (Jiang et al., 2018). In this study, 13 different potential biomarkers (Table 1.1) were 

monitored to evaluate metabolic activity of the embryos. We found that three of the biomarkers: 

(1) knee frequency, (2) slope, and (3) Nyquist floor are potential biomarkers to evaluate embryo 

viability. 

An average Doppler power spectrum was created to evaluate differences in wave behaviors 

between the experimental groups. As shown in Figure 4.3, the power spectrum found for 4 days 

embryos has a range from 0.01-1.0 Hz. The independent variable (X-axis) represents frequency, 

while the dependent variable (Y-axis) represents spectral amplitude (referring to the amount of 

material that is moving). These two variables together provide information about the wave 

properties to derive different biomarkers to detect dynamic intracellular movements.   

Knee frequency is observed when the curvature has its local maximum (when the curve 

“rolls over”); this biomarker is present at wave’s highest amplitude and lowest frequency. The 

amplitude of a wave is related to energy and intensity of a wave. The control group shows higher 

knee frequency than the NaN3 group; the intensity of a wave (knee frequency) will be higher when 

the total intracellular dynamic activity of an embryo is also higher. The ATP bioluminescence 

analysis also showed that the control embryos have higher energy levels than those in the NaN3 

group. In addition, slope in the midfrequency range (s) is the rate change of the graph at the middle 

frequency, this change in the dependent variable (amplitude) is caused by the independent variable 

(frequency). We found that the average spectrum of the NaN3-treated group has a higher slope 

(2.01 au/Hz) compared to that of the control group (1.57 au/Hz) indicating more variability in the 

intracellular activity of NaN3 group. The floor is observed at the lowest amplitude of the curve and 

the highest frequency of the spectrum. Floor values from the control group were higher (0.099 

au/Hz) than from the NaN3 group (0.033 au/Hz). This clearly makes sense as the control group 

had higher energy levels, which is related to more intracellular activity and thus higher frequencies. 
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The difference between the two spectral curves indicates higher intracellular dynamism in the 

control group and lower intracellular dynamism in the NaN3 group. This can be related to 

mitochondrial abnormalities, changes in the frequency from 0.05-0.5 Hz were seen and are related 

to big organelles such as mitochondria. Differences were also observed in other frequencies of the 

spectrum, frequencies between 0.005-0.05 Hz are related to other components of the cell such as 

membranes. This indicates that when mitochondrial activity compromised with NaN3 other 

organelles are compromised as well due to the lack of energy, and it might indicate that the wave 

patterns found in those samples are not only related to energy status of the cell but other processes 

such as apoptosis might be causing these activities.  

A correlative evaluation by means of a Receiver Operating Characteristic (ROC) curve was 

performed to evaluate whether the BDI system is useful to determine energy levels on an embryo. 

A ROC curve is a graphical plot that illustrates the diagnostic ability of a binary classifier system 

as its discrimination threshold is varied. It is created by plotting the true positive rate against the 

false positive rate at various threshold settings. The true-positive rate is also known as sensitivity, 

while the false-positive rate is also known as probability. The area under the curve in this case was 

81.2%. Typically, if the AUC is better than 75%, the assay is considered valid, this means the BDI 

is in fact sensible enough to differentiate between high and low energy levels of embryos. 

Additional experiments need to be done to determine if intracellular activity detected by the BDI 

are exclusively caused by the energy status of the cells. In addition to demonstrating energy level 

the BDI reading may also be related to viability status of the embryo. Our goal is to perform 

embryo transfers to evaluate the ability of embryos to develop to term; this would reveal with high 

accuracy the potential of the BDI system to predict embryo viability. 
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 LIPID METABOLIC ACTIVITY OF PORCINE OOCYTES 

WITH DARK AND LIGHT CYTOPLASM 

5.1 Abstract 

 It is known that metabolic requirements of oocytes and embryos variate depending on the 

developmental stage. Oocytes require high levels of energy for maturation and it is believed that 

-oxidation of fatty acids is primarily responsible to provide for this high energy needs. 

Techniques to evaluate lipid content in cells, including various staining methods and lipidomic 

analysis, are highly invasive, making them impractical for evaluation in IVF clinics. 

Morphological evaluation is a routinely used approach for the assessment of oocytes, which uses 

cytoplasmic integrity as one of the major characteristics for evaluation. The pig oocyte cytoplasm 

is rich in lipids; the amount of lipid droplets and the type of lipids they contain influence the color 

of the oocyte. Oocytes with darker cytoplasm are believed to have a higher lipid content as opposed 

to those with lighter cytoplasm. The aim of this set of experiments was to compare the energy 

status and developmental potential of oocytes with light versus dark cytoplasm. A total of 67 

oocytes (dark: n=37; light: n=30) were used for ATP measurements; we found that dark oocytes 

had significantly higher ATP levels in their cytoplasm (28.4 vs 10.91; p < 0.05). In addition, the 

developmental potential of 231 oocytes (dark: n=120; light: n=111) was assessed after their 

parthenogenetic activation and in vitro culture. Blastocyst formation in the case of dark oocytes 

was also significantly higher compared that of oocytes with light cytoplasm (17.5% vs. 8.10%; p 

< 0.05). The lipid profile of dark and light oocytes was determined with mass spectrometry. A 

lipidomic analysis using multiple reaction monitoring (MRM) system was done to evaluate 

phosphatidylcholine (PC’s), Triacylglycerols (TAG’s), and cholesteryl esters (CE’s). By this 

experiment we demonstrate that: (1) different classes of lipids in porcine oocyte can be quantified 

at levels corresponding to absolute ion intensity, still (2) no significance of absolute ion intensity 

of the three lipids analyzed were seen among oocytes with dark and light cytoplasm; (3) Porcine 

oocytes are rich in CE’s and possess a none representative levels of TAG’s, and (4) Dark and light 

oocytes present a distinctive distribution and concentration among  subclasses of CE’s and PC’s.  
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5.2 Introduction  

 Successful childbirths depend on, among other things, oocyte maturation, ovulation, and 

the capacity of the oocyte to undergo fertilization to become an embryo. These are coordinated 

events that require high levels of energy. Lipid metabolism is a primary source of energy for 

oocytes, with remarkable importance in various developmental stages. Oocytes are large cells with 

sizeable cytoplasm characterized by the presence of abundant lipids. These are composed primarily 

of fatty acids stored in lipid droplets that are known to re-organize during maturation (Walther & 

Farese, 2012). Nagano et al. (2006) relate the cytoplasmic appearance of oocytes to their 

developmental capacity, establishing that the lipid content in the ooplasm determines the quality 

of the future embryo. Fatty acids are metabolized by lipases and are associated with the promotion 

of embryo development (McKeegan & Sturmey, 2011).  

Lipids are metabolized by β-oxidation during oocyte maturation. β-oxidation can produce 

higher levels of energy than oxidative phosphorylation of sugars can; for example, β-oxidation of 

palmitate can generate 106 ATP molecules compared with glucose oxidation that produces 30 ATP 

molecules (Sturmey et al., 2009). As discussed in the previous chapter, the mitochondria are vital 

organelles for ATP metabolism in oocytes and embryos. Mitochondrial function has been related 

to the appearance of the cytoplasm. The color of the cytoplasm is an indicator of the amount of 

lipid droplets accumulated, and it is also associated with mitochondrial energy production and 

endoplasmic reticulum function. Nagano et al. (2006) reported that dark cytoplasm indicates a 

higher accumulation of lipid droplets; in contrast, light cytoplasm is an indicator of lower lipid 

accumulation and a low density of organelles. Even though lipid accumulation in the cytoplasm is 

an important component of oocyte and embryo quality, lipid profile analysis and the physiological 

mechanisms that are related to it is still an emerging field of study. 

Lipid profiles of oocytes are different depending on the species, but there are also marked 

differences within the same species, or even between oocytes from the same ovary (Yin, 2012). 

Besides being an energy source, lipids are small metabolite molecules with roles in a variety of 

physiological processes including cell signaling (Wenk, 2005). Understanding the importance of 

the physiological lipid profile of an oocyte can improve in vitro embryo production. This study 

focused on the color appearance of the ooplasm and its relationship with lipid content and embryo 

developmental potential. We hypothesized that different cytoplasmic color indicates differences 

in lipid profiles, which in turn is associated with mitochondrial activity affecting oocyte viability. 

https://rep.bioscientifica.com/view/journals/rep/148/1/R15.xml#bib64
https://rep.bioscientifica.com/view/journals/rep/148/1/R15.xml#bib82
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A total of 67 oocytes with dark (D) and light (L) cytoplasm were used to determine differences in 

ATP content; we also evaluated blastocyst development in a total of 63 D and L oocytes. 

Additionally, a lipidomic analysis was done by means of triple quadrupole mass spectrometry to 

determine lipid profile of oocytes and identify pathways of lipid metabolism.  

5.3 Materials and methods  

5.3.1 In vitro oocyte maturation  

Porcine cumulus-oocyte complexes (COCs) were collected by aspiration from medium size 

ovarian follicles (3-6 mm in diameter). A total of 45 mL follicular fluid was collected each time; 

and the COCs were selected based on morphology by means of a stereomicroscope. Only oocytes 

with three or more cumulus cells layers were selected for maturation. The COCs were rinsed 3 

times in TCM-199 medium, and then incubated for ~ 44 hours in NUNC 4-well multidishes, in 

500 L of TCM-199 supplemented with L-cysteine (0.1 mg/mL), follicle stimulating hormone 

(FSH, 0.5 IU/mL), luteinizing hormone (LH, 0.5 IU/mL), epidermal growth factor (EGF, 10 

ng/ml), fibroblast growth factor (FGF, 40 ng/mL), insulin-like growth factor (IGF, 20 ng/mL), and 

leukemia inhibitory factor (LIF, 20 ng/mL), covered with 300 L light mineral oil. Incubation was 

done at 39ºC in maximum humidity, in an atmosphere of 5% CO2 in air. After maturation the 

oocytes were denuded by vortexing in the presence of 1 mg/mL hyaluronidase. Oocytes with dark 

and light cytoplasm were then selected for the experiments.  

5.3.2 ATP analysis of oocytes 

Each oocyte was lysed by vortexing for 5 minutes in 5µL of RIPA buffer. The ATP 

determination kit with firefly luciferase enzyme (Invitrogen) was used to perform a 

bioluminescence analysis. A total of eight dilutions were made to prepare ATP standard solutions. 

Then, 5 µL of each standard solution as well as 5 µL of each sample were placed in individual 

wells of a 96-well white microplate and mixed with 95 µL of the reaction solution. Luminescence 

from each well was measured by a Tecan Spark 10M microplate reader. A standard curve was 

obtained by the bioluminescence from the ATP standard solutions. A regression analysis was made 

in Excel to transform bioluminescence into ATP content. A t-test was performed to evaluate 

significant differences in ATP levels between dark and light oocytes.  
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5.3.3 Blastocyst development 

 Mature oocytes were parthenogenetically activated by electrical stimulation. For 

activation, the COCs were denuded by vortexing in the presence of 1 mg/mL hyaluronidase. 

Oocytes with intact plasma membrane and evenly dark cytoplasm were selected and rinsed in 

electroporation medium (300 mM mannitol, 1mM CaCl2, 0.1mM MgCl2, 0.5 mM Hepes, 0.01 

mg/mL BSA). They were then placed between two stainless steel electrodes 0.5 mm apart in 

electroporation medium. A CF-150 BSP cell fusion machine (BLSA, Hungary) was used for 

electrical stimulation applying a direct current (DC) pulse of 120 V/mm. Oocytes were left in the 

activation chamber for 5 minutes, then rinsed in TL-Hepes, and three times in Porcine Zygote 

Medium-3 (PZM-3). After parthenogenetic activation, potential zygotes were incubated in 20 L 

droplets of PZM-3 medium (10 zygotes per droplet) for 7 days at 39oC under 5% CO2 in air. At 

the end of the culture period the embryos were morphologically evaluated to determinate the 

percentage of blastocyst formation in each group. A t-test was performed to evaluate significant 

differences. 

5.3.4 Mass spectrometry 

5.3.4.1  Sample extraction  

Ten oocytes per experimental group (i.e., dark and light oocytes) were collected and 

divided into groups of 1, 2, 3, and 4 oocytes per microtube. They were then washed in methanol: 

water (1:3) and frozen at -80oC. Lipid extraction was performed according to the Bligh & Dyer 

protocol. Forty L of ultrapure water was added to the microtubes containing the oocytes and the 

tubes were swirled gently for mixing. Fifty l of chloroform and 120 L of methanol were then 

added, and the tubes’ content was mixed by pipetting to obtain a one-phase solution. Another 50 

l of chloroform and 50 L of ultrapure water were then added, and the samples were incubated 

at room temperature for 5 minutes. The samples were then centrifuged for 14 minutes at 800 x g 

to promote polar and nonpolar (two-phase) separation. The polar and non-polar phases were 

mixed, and the proteins were eliminated from the sample. The mixture was then dried by 

centrifuging for 28 hours.  
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5.3.4.2  Lipid MRM-profiling  

Multiple reaction monitoring (MRM)-profile analysis was performed to evaluate total lipid 

component differences between the experimental groups. MRM-profiling is a two-step evaluation 

(discovery step and screening step) for small molecule biomarkers. MRM-profiling was performed 

using the screening methods described previously (de Lima et al., (2018); Dipali et al., 2019). The 

first step of MRM-profiling involves a Lipid Maps database of 15 different lipid classes (Lyso PC, 

PC, SM, Lyso PE, PE, Lyso PI, PI, Lyso PG, PG, Lyso PS, PS, TAGs, cholesteryl esters, acyl-

carnitines and free fatty acids). A total of 10 embryos per group (Distribution: tube #1:1 oocyte, 

tube #2: 2 oocytes; tube #3:3 oocytes and tube #4: 4 oocytes) were used to perform the lipid map.  

Each lipid MRM analyzes a molecule’s or ion’s mass-to-charge ratio (m/z). Only MRMs 

presenting ion intensity at least 30% higher than a blank sample intensity (maximum 

intensity/blank ≥ 1.3) will be selected for the screening. The microtubes with 8 oocytes (both dark 

and light groups) was used to extract and evaluate total intensity by MRM-profiling. For each 

MRM assay, 8 μL of solution was injected at a flow rate of 10 μL/min by means of a micro-

autosampler (G1377A) to a triple quadrupole mass spectrometer (Agilent QQQ 6410, Santa Clara, 

CA). This solution was evaluated for 2 minutes in the case of each lipid class in 10 different 

repetitions. The capillary pump of the autosampler operates with 150 bar pressure; the capillary 

voltage applied was 3.5-5 kV and the gas flow were 5.1 L/min at 300°C. The final MRM list 

included various lipid classes including phosphatidylcholine (PC), Triacylglycerol (TAG), and 

cholesterol ester (CE). 

Data was normalized by the total ion current (TIC). Data analysis was done using the 

platform Metaboanalyst.ca. A univariate analysis (t-test) and multivariate analysis (Principal 

Component Analysis [PCA] and Partial Least Squares - Discriminant Analysis [PLS-DA]) were 

done to evaluate relative ion abundances. PCA is a statistical method that uses a linear regression 

model with predicted and observed variables. Partial least squares discriminant analysis (PLS-DA) 

is a variant used when the Y-axis is categorical. A permutation test was then performed to assess 

significances. Variable Importance in Projection (VIP) is an important variant to measure PLS- 

DA. This analysis is the sum of squares of the PLS loadings considering the amount of explained 

Y-variation in each dimension. 
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5.4 Results  

5.4.1 ATP content of oocytes and blastocyst development  

 A total of 67 oocytes (Light, n = 30; Dark, n = 37) were evaluated for ATP content. We 

found that oocytes with dark cytoplasm contained significantly more ATP compared to oocytes 

that have light cytoplasm (28.4±7.4 nM vs. 10.9±1.8 nM; p < 0.05), (Figure 5.1). Oocytes with 

dark and light cytoplasm were parthenogenetically activated and cultured for 7 days to evaluate 

their developmental potential. At the end of the culture period the embryos were assessed 

morphologically under a stereomicroscope and the number of blastocysts formed were counted. 

We found that 17.5% of the dark oocytes reached the blastocyst stage, while this percentage in the 

case of light oocytes was 8.10%. A t-test revealed a significant difference ([Mean ± S.E.M.] 

Blastocyst D: 0.175± 0.0328; Blastocyst L:0.0809±0.027, p-value: 0.013). The frequency of non-

activated oocytes was lower in the group of dark oocytes (24% vs. 33%). A t-test revealed a 

significance ([Mean ± S.E.M.] Death D:0.241± 0.031; Death L: 0.375±0.039, p-value: 0.042) 

(Figure 5.2). 

 

 

Figure 5.1. ATP levels of oocytes with dark and light cytoplasm. Each categorical column 

indicates the average ATP content (nM) among groups. Error bars indicate S.E.M. The ATP 

content of the dark oocytes is highly variable. 
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Figure 5.2. Parthenogenetic development of oocytes with dark and light cytoplasm. Dark and 

light oocytes were activated and cultured for 7 days. Categorical columns represent the percentage 

of blastocyst development and death rates per group.  Error bars represent the S.E.M.  

5.4.2 Total ion counts of phosphatidylcholine (PC), triacylglycerol (TAG), and cholesterol 

ester (CE) by MRMs  

 Quantitative analysis of lipids was accomplished on the dark as well as light porcine 

oocytes. A small set of MRMs was selected for screening, a total of 50 out of the 74 significant 

MRMs were used for quantitation of the various lipid classes (namely, 19 from the CE, 27 from 

the PC and 4 from TAG lipid class). The total ion intensity of each class was estimated for all 

samples. Figure 5.3 illustrates the average of CE, PC and TAG ion detected in dark and light 

oocytes. A t-test revealed that no significant differences exist among the total ion intensity from 

each group, TAG (D: 7828.78±148.4; L: 7461.93±119.03; p=0.05105), PC (D: 15658±296.88; 

L: 14924.2 ±238.07;  p=0.05) and CE (D: 23486.51 ± 445.31; L: 22385.94 ± 357.08; p = 

0.51054). 
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Figure 5.3. Average of total ion intensity of TAG, PC and CE between dark and light oocytes. 

Normalized data was used to evaluate the total ion intensity. The average of each class was 

calculated between dark and light oocytes. Not differences were seen in total ion counting between 

the experimental groups. 

5.4.3 Lipid classes present in oocytes 

 The platform ‘Metaboanalyst’ was used to evaluate lipid classes discrimination. A heat 

map was done using the most important subclasses of lipids present in each group. We found that 

pig oocytes have 19 different classes of CE’s, but only 10 of them were considered important 

(Figure 5.4). On the other hand, 7 classes out of 27 PC’s were considered for the heat map (Figure 

5.5), while the TAG heat map considered 4 TAGs (Figure 5.6). These figures show the relative 

intensity of the lipids organized into a heat map. Red scale colored rectangles represent major 

lipids that are abundant in the oocytes, whereas blue rectangles indicate lipids that are less 

abundant. The two experimental groups are indicated in the top row of the map, green represents 

light oocytes while red represents dark oocytes. Each heat map has a summary heat map with the 

average concentration of each lipid subclasses.   
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Figure 5.4. Heat map of CE lipids between D and L groups. A total of 10 CE lipids were 

discovered to have a significance and were considered for the heat map, it is observed that 22:3-

Stigmasteryl_e has a significant different concentration between the two groups, with light oocytes 

showing higher intensity. A: Total concentration of CE in the samples evaluated. B: Average 

concentration of CE in groups.  
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Figure 5.5. Heat map of PC lipids between D and L groups. A heat map representation of 7 

PCs was done. We found that PC_44:1 is the most abundant lipid in the oocytes as it has the 

highest intensity in the average heat map. This lipid also has the tendency of being abundant in 

dark oocytes. The presence and abundance of PCs was highly variable in dark and light oocytes. 

A: Total concentration of PC in samples. B: Average concentration of PC among groups.  
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Figure 5.6. Heat map of TAG lipids in dark and light oocytes. A heat map of 4 TAG classes is 

shown. In the top row, red boxes indicate a column of dark oocytes, green boxes indicate light 

oocytes. A: Total concentration of TAG in samples. B: Average concentration of TAG among 

groups. A high variability of lipid abundance is obvious between the groups in the total heat map 

(A) meanwhile the average of the heat map (B) show that TAG 60:2_FA2:00 is the most abundant 

lipid in dark oocytes.  

 

 VIP scores were calculated for each component using the PLS-DA platform #4. VIP 

identify important features by PLS-DA in a descending order of importance. Figure 5A and 5B 
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show the relative contribution of lipids in dark and light oocytes. Higher VIP values indicate a 

higher contribution of the lipid; only VIP scores higher than 1 influence variance. Green and red 

boxes indicate concentration rates of the lipid in each group. 

 

Figure 5.7. Variable Importance in Projection (VIP) of CE in dark vs. light oocytes. The VIP 

scores show that 223 stigmasterol is the CE with the highest influence on the group variances as it 

has a VIP score of 1.5; it was found at a higher level in light oocytes. In addition, dark oocytes 

have more lipids that influence group variances (a total of 7 out of 9 lipids are more abundant in 

dark oocytes). 
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Figure 5.8. Variable Importance in Projection (VIP) of PC in porcine oocytes. VIP scores of 

PCs range between 1.3-1.9; the lipid with the highest influence over the group variances is 

PC_44:1 (VIP=1.9). Based on the graph we can conclude that dark oocytes contain at higher 

abundance of the two lipids that have the most influence on the group variance (PC_44:1 and 

Lyso_PC21:0). It is also obvious that the abundance of lipids between dark and light oocytes is 

variable. 

5.4.4 Lipid discrimination between dark and light oocytes 

 PLS-DA and PCA multivariant analysis results were obtain with a normalized total ion 

count in the lipid classes. A Scores plot between the selected lipids demonstrated a separation in 

CE, PC and TAG lipids between dark and light oocytes. The first component plotted marks the 

most importance spatial distinguish amount groups (Figure 5.9-5.11). The separation between the 

two areas have a confidence level of 95% represented by the shaded ellipses.  

 PCA is an indirect analysis, which makes the separation between groups less evident 

because this kind of analysis assesses the samples without considering the group. Only after the 

separation of the samples will the study determine which group each sample belongs to. In contrast, 

PLS-DA is a targeted analysis, meaning that the analysis takes into consideration the treatment or 

group each sample belongs to, creating a more evident separation. Since the indirect PCA is the 

choice analysis to make, in this study we used PCA and PLS-DA in order to have a better 

visualization for groups separation.  
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Figure 5.9. Cholesterol ester (CE) in dark and light porcine oocytes. A: PLS-DA Score plot. 

Component 1 has 74.2% of influence on covariance and component 2 has a total of 11.5 % 

influence on covariance. A cross validation of 4 components demonstrated that PLS-DA can 

separate between groups (R2 = 0.9819). B: PCA Score plot. One can observe a separation between 

the groups; we can also say that light oocytes are more conglomerated between each other 

compared to the dark oocytes. Red dots indicate dark oocytes, green dots represent light oocytes; 

n = 8 oocytes in each group). The models have an accuracy of 0.875. 

 

 

Figure 5.10. Phosphatidylcholine (PC) in porcine oocytes. A: PLS-DA Score plot. The graph 

shows that component 1 has a 21.9% contribution to the covariance between the experimental 

groups, while component 2’s contribution is 12%. A cross validation of 4 components 

demonstrated that PLS-DA can separate between groups (R2 = 0.99965). This model has an 

accuracy of 0.5. B: PCA Score plot. Based on the two graphs a separation between the two groups 

can be clearly observed, we can also say that dark oocytes have a higher variance in distribution. 
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Figure 5.11. Triacylglycerol in porcine oocytes. PCA Score plot. The separation between the 

two groups is not clearly observed, but it is observed that dark oocytes show a higher variance in 

distribution compared to light oocytes. 

5.5 Discussion 

The number of intracellular lipids in oocytes and embryos might reflect their quality, 

developmental potential, and cryotolerance. Pig oocytes and embryos are characterized by 

containing the highest amount of lipids among mammalian species (Romek et al., 2011). Different 

types of lipids are known to participate in various biological mechanisms, including functioning 

as signaling intermediates and substrates for hormone production. It is also believed that oocytes 

use intracellular triglycerides as a primary source of energy and different types of phospholipids 

to regulate maturation (Dunning et al., 2014). Moreover, alterations in lipid composition are 

common to happen and have been reported in various pathological conditions such as cancer and 

diabetes (Ohvo et al., 2002). It is known that beside pathological cases, cellular process such as 

the metabolism of lipids and carbohydrates, lipid synthesis, and the presence of exogenous lipids 

can alter the lipid composition in embryos. Generally, embryos produced by in vitro means are 

known to have significantly altered metabolic activities, which affects their total lipid composition 

compared to in vivo embryos. Consequently, the alterations in lipid composition and structure, 

including acyl carbon chain length and the number of double bonds, will affect the biophysical 

properties of the embryos (Spector et al., 1985). Therefore, these alterations can induce changes 

in the dynamic activities of a cell. Monitoring and quantifying lipids in oocytes and embryos are 
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of special interest in reproductive biology since the metabolic activity is crucial for developmental 

potential including implantation. 

Oocytes are known to contain high amounts of lipids, and numerous studies have observed 

this to cause differences in the darkness of the oocyte cytoplasm (Buschiazzo et al., 2017). In this 

study, we compared porcine oocytes with dark and light cytoplasm by designing three experiments. 

In the first experiment we evaluated the energy status (ATP levels) of the two groups of oocytes, 

and the second experiment was done to assess the developmental potential of the groups. The 

results showed that there was a difference in the energy levels between light and dark oocytes. 

Oocytes with dark cytoplasm had higher levels of ATP than those with light cytoplasm. We also 

found a high variability in the ATP content of dark oocytes; thus, it seems reasonable that 

additional studies use alternative methods to verify these findings. Additionally, we found that a 

higher proportion of dark oocytes formed blastocysts and the frequency of non-activated oocytes 

was also lower in this group. This indicates, as we expected, that dark oocytes have higher energy 

levels and better developmental potential compared to light oocytes. 

The optical density of the dark and light cytoplasm might be a reflection of its lipid 

composition (Nguyen, 2017). In the third experiment, lipid classes in the oocytes’ cytoplasm were 

identified and quantified by lipidomic analysis. The methodology we followed was that described 

by Lima et al. (2018), who successfully implemented multiple reaction monitoring (MRM) for 

lipidomic analysis of bovine oocytes and embryos. The Mass-to-Charge ratio was used to provide 

structural identification, considering the distinct degrees of structural definitions achieved with 

different resolutions. The principal component analysis (PCA) allowed the decomposition of the 

emission spectrum and quantification of the relative amount of each lipid type present in the 

samples. We found by a t-test that the total average intensities detected of phosphatidylcholine 

(PC), triacylglycerol (TAG), and cholesterol ester (CE) among light and dark oocytes were not 

significantly different. The signal for the lipids was similar among the eight samples; this makes 

it difficult to evaluate the distribution of the lipid classes among groups. As expected for the 

similarity in ion intensity, the principal component analysis (PCA) was not efficient in visualizing 

a separation from the two respective groups in each class of lipids. A partial least squares 

discriminant analysis (PLS-DA) was then performed to visualize the agglomeration of dark and 

light oocytes lipid classes revealed that dark and light oocytes have a clear separation in PC and 
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CE; the observed separation between the groups had a 95% confidence level. These data support 

the notion that subclasses of CE and PC affect the color of the cytoplasm. 

The phospholipid composition of membranes affects several physio-chemical properties of 

an embryo. Phosphatidylcholine (PC) is the most common phospholipid in the membrane bilayer. 

These are phospholipids characterized by choline in their headgroup (Van Meer et al., 2008). It is 

believed that phospholipids (including PC) can affect fertilization rates due to their effects in 

thermal properties as permeability and fluidity of the membrane (Edidin, 2003). A heat map 

showed that it was possible to discriminate between 7 PC’s, and also that the abundance of PC’s 

in the oocyte membranes was not constant. Variable importance of projection (VIP) values 

demonstrated that the PC with the highest effect is PC_44:1(VIP:1.9). It was also observed that 

oocytes mostly contained PC’s with a short acyl chain (<C34), the PC species with a longer acyl 

chain (>C34) were seen in significant concentration in darker oocytes. 

In contrast, cholesterol esters (CE’s) are molecules with a long chain of fatty acids bonded 

to a hydroxyl group. They are characterized by being less polar than free cholesterol. CE’s are 

usually found in the cytoplasm for storage and transport. A heat map revealed a total of 10 (out of 

19) CE discrimination among dark and light groups. The CE with the highest density was 

22:3_stigmasterol (VIP: 1.5). Stigmasterol derivates are involved in hormone synthesis such as 

estrogen (Navpreet et al., 2011). Dark oocytes seem to contain more cholesteryl and unsaturated 

campesteryl (i.e. 18:0, 20:0) than light oocytes; it was also found that dark oocytes have isomers 

of CE18:0 and CE18:1, CE 22:0 and CE 22:1. The arrangements of acyl chains (double bonds or 

isomers) determinate a specific biochemical interaction (Maccarone, 2014). For example, Liu et 

al. (2013) suggested that it is phosphatidylcholine (PC 18:0/18:1), and not its isomer PC (18:1/18:0) 

is the trigger for the mediation of fatty acids breakdown in muscles. Overall, oocytes seem to be 

rich in cholesteryl esters (based on the ion signal for this class compared to the others); but darker 

oocytes also show higher variability presenting a more disperse distribution among samples.  

The analysis was also able to discriminate among TAGs, a heat map detected 4 types of 

TAGs. TAGs are tri-esters consisting of a glycerol bound to three fatty acid molecules. They are 

usually used for energy. Many studies have quantified lipids in bovine oocytes and determined 

that triacylglycerol is the principal constituent of its cytoplasm (Buschiazzo, 2017). Unexpectedly, 

we found that the overall triglycerides content detected during the assay was not informative 

among groups. In addition, the variances of subclass abundances among groups were also not 
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clearly identified. Further experiments should evaluate morphological characteristics other than 

the color of the cytoplasm and use a higher number of samples (>8) for the MRM analysis to obtain 

more detailed information about the lipid content of porcine oocytes. 
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CONCLUSION AND FUTURE DIRECTION 

 For many people, having a child is part of a life’s dream. Though most people are fortunate 

enough to become parents, many couples are unable to conceive naturally. In order to help those 

couples, in the 1970’s a series of techniques known as Assisted Reproductive Technologies (ART) 

were developed. ART techniques represent a challenge to perform, and the methodologies 

implemented have progressed slowly ever since. Nevertheless, the number of ART procedures 

performed worldwide have increased steadily, with an estimated 1.7% of total births in the US 

being achieved through ART. One of the major challenges faced by ART is the unavailability of a 

reliable method to evaluate the viability of an embryo. This has led to low development to term 

(~20%) and a higher risk of multiple births. 

 In order to improve the efficiency of ART, we evaluated the use of Biodynamic Imaging 

for viability assessment of oocytes and embryos. BDI is an optical approach to detect intracellular 

dynamism of oocytes and embryos that is related to their viability status. BDI has been successfully 

implemented in the field of oncology, where drugs can be tested by means of BDI for their 

effectiveness to treat cancer. However, the biomarkers that work in the case of tumor spheroids 

may not apply to oocytes and embryos. For this reason, we designed a series of experiments and 

used 13 different biomarkers for machine learning pattern recognition, with the ultimate goal to 

establish biomarkers that could predict viability. A number of experiments were performed to 

monitor dynamic patterns of certain cellular mechanisms such as (1) extrusion of first and second 

polar body (2) energy status and mitochondrial metabolic activity, and (3) cellular composition of 

embryos. Several biomarkers with the potential to predict viability were identified. The biomarkers 

Slope, NSD, Knee, Floor, and R2 seem to be able to distinguish between oocytes and embryos of 

different quality.  

 Oocytes and embryos are perfect models to be used under the Biodynamic microscope due 

to their high intracellular dynamism, which is caused by a series of changes during a short period. 

One important finding was that the slope biomarker can differentiate among COCs with and 

without polar body, representing an important assessment that can drastically improve IVM 

techniques. Still slope is not able to separate groups by plotting them against other biomarkers. In 

addition, the distributions of groups based on slope is not clear without a statistical analysis, 

making this reading impractical to be used in a small IVF clinic. One possibility that explains the 
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difficulty of the BDI evaluating the presence of a polar body in COCs may be the size of the 

cumulus cells surrounding the oocytes. Cumulus cells might be causing interference of the 

diffracted waves, interferences between waves can cancel wave frequencies affecting the detection 

of the polar body. Other viability indicators were also difficult to interpret, for example biomarkers 

such as R2 were found promising to indicate oocyte quality, nevertheless we were unable to 

differentiate between different groups by means of R2. Also, the signal detected by the BDI is 

scattered and is common to contain high levels of noise, this can interfere with and alter the 

received information. Future experiments need to be done with the purpose of decreasing noise 

from the samples. Noise can be reduced by improving sample immobilization. The use of PVA-

free TL-Hepes is a good approach to immobilize samples and drastically reduce noise. However, 

this approach does not always work, for example by washing COCs 3 times in PVA-free TL-Hepes 

sometimes damaged the cumulus investment, and possibly compromised the gap junctions 

between the cumulus cells and the oocytes. Other approaches are needed to improve 

immobilization during BDI assessments to enhance its sensitivity.  

 BDI was also successfully used to determine the energy status of embryos. Four biomarkers 

(Slope, Knee, Floor, and Dy) were able to indicate the energy level of embryos. Additionally, a 

lipidomic analysis was performed to evaluate lipid composition of oocytes with different 

cytoplasm color. Upon conclusion of this analysis a different distribution of lipid subclasses among 

oocytes with dark and light cytoplasm was found. This result provides a strong platform for future 

experiments to evaluate lipid composition and energy status of embryo by means of the BDI. 

Overall, these experiments suggest that biodynamic imaging has the potential to indicate cellular 

viability, with a special sensitivity of 80% evaluating energy status of embryos in a non-invasive 

way. Further experiments need to be done before implementing BDI for IVF clinics.  

 Parthenogenetic embryos are good models to investigate early embryo development and 

are convenient to use for machine learning. However, the metabolic requirements of embryos 

produced by IVF and parthenogenesis may be different, and in order to improve accuracy and 

sensitivity it is necessary to evaluate embryos generated via IVF as well. In addition, embryo 

transfer experiments using embryos with high and low viability status (based on NSD readings or 

energy prediction by BDI) will be essential to accurately determinate the sensitivity of the BDI 

evaluations. We believe the Biodynamic microscope has the potential to become an essential 
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instrument in IVF clinics and in the future, it may be widely used to improve the efficiency of 

assisted reproductive technologies. 
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APENDIX A. BIODYNAMIC IMAGING SYSTEM SET UP 

 

 

Figure A.1. Biodynamic Imaging microscopy external set up. The BDI microscope has a 

microscope core modified to provide digital holography. This is done by a laser source that emits 

an infrared light of 860 nm that can penetrate the sample 1 mm deep. The set includes a normal 

microscope with a lens of 40x magnification to evaluate the sample, and a BDI mode that can 

evaluate the intracellular information of the embryo. A computer is connected to the microscope 

to monitor the Fourier transformation as well as to analyze the internal information of the embryos. 

The MATLAB software was used during the imaging process.  
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Figure A. 2. Simplified diagram of the Biodynamic Imaging set up. Photons from the infrared 

light encounter a variety of obstacles caused by the different cellular components, each one with a 

specific activity. This causes a diffraction of the light wave. The diffracted light will travel in 

different angles with different amplitudes and eventually will be focused with a converging lens. 

A three-dimensional Fourier transformation will occur at the end of the focal length and a CCD 

camera will transform this information in a 3D representation of the internal environment of the 

cell.  

 

 

Figure A.3. Internal set up of the Biodynamic imaging system. L1: Fourier transform lens; L2: 

imaging lens; L3: phase compensation lens; FP: Fourier plane; BS: Beam splitter; CCD: Camera; 

M1 & M2: Mirrors. Infrared light is generated by an LED light source. The light path is then split: 

one arm illuminates the sample; the other arm is the reference. The light beam of both paths go 

through various lenses and mirrors then reaches the CCD camera. 
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Figure A.4. Biodynamic Imaging microscopy modes. BDI evaluations are done in different 

modes that can provide different wave properties. This figure illustrates the two modes used for 

the experiments. OCI provides information about the brightness of the cell, MCI will provide 

information of the frequency shifts based on the Doppler principle.  


