
 

 

C
H

A
P

T
E

R
 

1 



 

 

GENERAL INTRODUCTION 
 



CHAPTER 1 

 
10 

GENERAL INTRODUCTION 
 

Currently, the assessment of an embryo’s viability is predominantly based on 

morphological appearance. The most commonly used criteria for embryo selection of 

cleavage stage embryos are based on cleavage rate (number of blastomeres at certain 

time points), uniformity of blastomere size, degree of fragmentation and presence of 

multinucleation in a single blastomere1. 

 

CLEAVAGE RATE 

The single most important parameter for embryo viability is the cleavage rate2. There 

appears to be an optimal cleavage pattern for early embryos: cleaving too fast or too 

slow has a negative impact on implantation rates3,4. Cell division arrest, slow and fast 

cleaving have been associated with chromosomal abnormalities such as mosaicism and 

aneuploidies (reviewed by Rienzi1). 

Day 2 and day 3 embryo assessment should be performed 44h ± 1h and 68h ± 1h post 

insemination respectively2. A high quality embryo should have four or five blastomeres 

on day 2 and at least seven blastomeres on day 34. 

Furthermore, it has been suggested that the timing of the first mitosis of the zygote is a 

parameter of embryo viability. These so called early cleavage embryos are embryos 

that have cleaved to the two cell stage 25-27h post insemination5. Early cleavage 

embryos develop more often into good quality embryos6,7 and their transfer leads to 

higher implantation rates5-8. 

 

BLASTOMERE SIZE 

Several studies have shown that unequally sized blastomeres are associated with a 

higher degree of aneuploidy and multinuclear rate which have a negative impact on 

implantation rates9,10. This impairment is probably instigated by the uneven distribution 

of proteins, mRNA, mitochondria and different cell organelles between the resulting 

sister cells of an unequally divided blastomere9. However, from a biological point of 

view, during the division from one to eight cells, some sort of asynchrony should be 

expected in three, five, six and seven cell embryos11. Asymmetry of blastomeres in 

these stages rather reflects cleavage asynchrony than uneven cytoplasmic distribution1.  

 

FRAGMENTATION 

Fragments are anuclear, membrane-bound, extracellular structures2. Fragmentation is a 

dynamic process. Studies have shown that some fragments can be reincorporated into 
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blastomeres9,12. The assessment of fragmentation is difficult, as it is important to 

differentiate between blastomeres and fragments. Johansson et al.13 defined 

fragments as cells with a diameter of <45 m on day two of embryo development and 

cells with a diameter of <40 m on day three of embryo development. 

The influence of fragmentation on clinical outcomes has been frequently studied 

(reviewed by Fujimoto et al.14). The commonly acknowledged negative influence of 

fragmentation on embryo implantation is mainly attributed to the degree and pattern 

of fragmentation14,15. 

Highly fragmented embryos implant less frequently than embryos with moderate or no 

fragmentation14. The release of large fragments at an early stage of embryo 

development leads to a considerable loss of cytoplasmic volume of the portion of cells 

that contains the nucleus. This results in the depletion of essential organelles such as 

proteins, mitochondria and mRNA, and may therefore cause the cell to arrest13. The 

presence of minimal fragmentation, however, may be part of normal embryo 

development and does not have to impair implantation13,14. Several studies report a 

threshold under which embryo fragmentation does not influence pregnancy outcomes. 

This threshold varies from <10% fragmentation16, to <15% fragmentation15 and <20% 

fragmentation3,17. 

The pattern of fragmentation influences implantation rates as well13-15. Basic patterns of 

fragmentation have been described15. Type 1 fragmentation is minimal in volume and 

fragments are associated typically with one blastomere. Type 2 fragmentation are 

localized fragments, predominantly occupying the perivitelline space and associated 

with one or more blastomeres. Type 3 fragmentation represents small, scattered 

fragments, positioned peripherally or in the cleavage cavity. Type 4 fragments are 

randomly distributed, large and are often associated with uneven blastomeres. They 

resemble sometimes whole blastomeres. Large, asymmetrical fragments that cause 

loss of large volumes of cytoplasm (designated as type 4) lead to a considerable loss of 

implantation potential15. 

Fragments can be removed microsurgically. The complete removal of fragmentation 

seems to have a beneficial effect on embryo development and implantation, indicating 

that fragments have a harmful effect on their neighbouring blastomeres15,18. 

 

MULTINUCLEATION 

Multinucleation is defined as the presence of two or more nuclei present in a single 

blastomere at a given time. Multinucleated blastomeres have been identified in 14.3% to 

74% of examined IVF embryos and up to 87% of the patients have at least one embryo 

with multinucleated blastomeres19. Possible explanations for multinucleation include 
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karyokinesis in absence of cytokinesis20, partial fragmentation of nuclei21, abnormal 

sperm centrosome22, changes in temperature and suboptimal culture conditions23; and 

defective migration of chromosomes at the mitotic anaphase1. 

Multinucleation has been correlated to an elevated degree of fragmentation and 

suboptimal cleavage rates24; and with increased rates of aneuploidy and chromosomal 

abnormalities25-28. Consequently, a low implantation rate of multinucleated embryos 

has been reported in several studies (reviewed by Rienzi1). 

 

The combination of several different morphological criteria, each predictive of embryo 

viability, may result in a more accurate embryo selection1. However, there are claims 

that, although very helpful, morphological assessment is relatively unreliable in 

predicting an embryo’s viability29,30, because some of the most important aspects of 

embryo viability remain invisible to such analysis31. Embryos with the highest 

morphological scores often fail to achieve implantation and embryos with a poor 

morphological score sometimes result in a live birth. In addition to morphology, other 

embryo assessment methods may be useful to select the most viable embryo to 

transfer. Especially with the current trend of moving more and more towards single 

embryo transfer, it is essential to have a rapid, non-invasive, cost effective, 

reproducible and accurate embryo selection tool available. In this context, during the 

last few years, new non-invasive embryo selection methods that analyse culture 

medium constituents have been studied. An embryo uses nutrients and generates 

metabolites, which means that the embryo changes the composition of its culture 

medium. These changes reflect the activity and efficiency of embryo metabolism, which 

may be used as a predictor of embryo viability: viable embryos modify their culture 

medium differently than non-viable embryos. One of these methods, analysing the 

changes in culture medium made by the embryo, is a screening technology using near-

infrared (NIR) spectroscopy. 

 

METABOLOMIC PROFILING OF EMBRYO CULTURE MEDIUM BY NEAR-INFRARED (NIR) 

SPECTROSCOPY 
The metabolome represents the complete inventory of small molecules (<1 kDa), such 

as metabolic intermediates (amino acids, lipids, nucleotides), adenosine triphosphate 

(ATP), hormones, other signalling molecules and secondary metabolites that are found 

within a biological milieu32. Metabolomics is the study of the inventory of small-

molecule biomarkers that represents the functional phenotype at the cellular level32,33. 

To analyse complex metabolomic profiles, spectroscopic (optical and non-optical) and 

chromatographic techniques are specifically used as analytical technologies33. Nuclear 
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magnetic resonance (NMR) and Mass Spectrometry (including high-performance liquid 

chromatography HPLC) are examples of non-optical spectroscopies. NIR 

spectroscopy and Raman spectroscopy are examples of optical spectroscopies33. 

This thesis is mainly focused on the use of an optical spectroscopic technology called 

NIR spectroscopy. This technique is especially applicable for clinical use because of the 

small volumes (< 15-µl) that can be measured, the quick analysis time (<1 min) and the 

relatively simple procedure34. 

A NIR spectrometer simultaneously measures the quantitative absorption of key 

functional groups such as -CH, -OH and -NH in a fluid (embryo culture medium) and 

generates a correlating spectrum (Figure 1). 

 

 

 
Figure 1. Infrared absorption bands. 

 

 

These key functional groups are associated with culture medium constituents such as 

glucose, pyruvate, albumin, glutamate and lactate. By analysing a blank medium 

sample which is cultured alongside the embryo medium drops, and comparing it to the 

spectrum of the spent embryo culture medium, it is possible to detect what the 

embryo has altered in the medium. 

The unique spectral profiles can be quantified and expressed as a viability score. This is 

done by analysing culture media from a large number of single transferred embryos 
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with known implantation outcome. NIR spectra of medium from embryos that resulted 

in an ongoing implantation can be compared to NIR spectra of medium from embryos 

that did not implant. Combinations of wavelength regions that are discriminative of 

ability to implant are determined by inverse least-squares regression and a genetic 

algorithm optimization. According to their importance, they are weighted. This results 

in the equation:  

 

viability score= (W) + (W) +  (W) + (W), 

 

where , , and  are the spectral regions used to determine the viability score and W 

is the weighting of their importance (Figure 2). 

 
Figure 2. Weighting of wavelength regions that are discriminative of ability to implant. 

 

 

An on-site instrument can be loaded with previously established predictive algorithms. 

This way, viability scores can be generated for embryo cohorts of patients in IVF 

laboratories. The NIR spectrometer adapted to use in IVF laboratories for generating 

viability scores has been developed by Molecular Biometrics Inc. The instrument was 

marketed as the ViaMetrics-E™. 

The process of generating viability scores is shown in Figure 3. First, the embryos are 

removed from their culture medium droplet in which they were cultured for at least 
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24h. Then 10-l of spent embryo culture medium of one embryo is aspirated and loaded 

in a special developed sample cell. The sample cell is subsequently loaded in a 

temperature stabilizer, in which it is incubated for at least four minutes. Then the 

sample cell is put into the ViaMetrics-E™ and scanned three times. After this, the spent 

embryo culture medium is removed and replaced by control medium. This is culture 

medium from the same batch that has been equilibrated in an incubator, but no 

embryo has been cultured in it. The whole process is then repeated with the control 

medium and after the third scan of the control medium, the ViaMetrics-E™ presents the 

viability score of that specific embryo that was cultured in the analysed culture medium 

drop. When all individual medium drops are analysed, the embryos can be ranked 

according to their viability score. The method is developed to be used to select the 

most viable embryo within a group of good quality embryos. Therefore, the embryo 

with the highest viability score within the group of good quality embryos is the embryo 

that has the preference to be transferred. 

 

 

 
Figure 3. The process of generating a viability score.  

(Extracted with permission from the Molecular Biometrics User Guide). 
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additional marker of embryo viability to supplement current criteria for embryo 

selection. The studies we present in this thesis are part of a clinical validation process. 

For this purpose we investigated a new tool that analyses constituents of spent 

embryo culture medium (metabolomic profiling of spent culture medium by NIR 

spectroscopy). Furthermore, we present new objective variables that measure instead 

of estimate familiar morphological parameters such as fragmentation, (dis)similarities 

between blastomeres and the presence of non-spherical blastomeres. We also describe 

a study which was part of a validation process of vital changes in our routine laboratory 

culture system. 

 

In chapter 2 we present a proof of principle study in which we retrospectively 

investigated if metabolomic profiling of spent culture medium by NIR spectroscopy 

correlates with ongoing pregnancy when the single transferred embryos were selected 

by conventional morphological selection criteria. 

 

In chapter 3 we further investigate the data of the proof of principle study (described 

in chapter 2) with an addition of data of the Kato Ladies Clinic in Japan. A validation of 

the prediction model is performed and the possible benefit that may derive from 

combining non-invasive metabolomic analysis of embryo culture medium with 

morphologic assessment to determine reproductive potential of embryos in IVF is 

assessed. 

 

In chapter 4 we investigate if metabolomic profiling of culture medium by NIR 

spectroscopy is related to live birth rates in a retrospective analysis of 127 frozen-

thawed single embryo transfers. 

 

In chapter 5 we investigate if the selection of a single day 3 embryo by metabolomic 

profiling of culture medium with NIR spectroscopy technology as an adjunct to 

morphology is able to improve live birth rates in IVF, compared to embryo selection by 

morphology alone. For this purpose we conducted a double blind randomized 

controlled trial (RCT) in which 417 couples undergoing IVF with a single embryo transfer 

(SET) were included. 

 

In chapter 6 we report the results of a meta-analysis with individual patient data (IPD) 

in which relevant papers that reported the results of an RCT comparing embryo 

selection by morphology with embryo selection by morphology and the use of NIR 

spectroscopy of spent embryo culture medium by the ViaMetrics-E™ were included. 
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In chapter 7 we introduce novel, objective variables that resemble embryo quality and 

analyse their relation with ongoing implantation in a retrospective analysis, using 

multilevel imaging of 659 day 3 single-transferred embryos. 

 

In chapter 8 we describe the results of a retrospective analysis of birthweights of 

singleton newborns after a fresh (day 3) or frozen-thawed (day 5) SET cycle, who were 

cultured as an embryo in two different types of commercially available culture media. 

 

In chapter 9 we discuss the implications of our findings for clinical practice and we 

elaborate on the importance of a validation of new laboratory technologies in light of 

practical application in a clinical setting. Furthermore, we elaborate on future 

perspectives with regard to the focus of our research activities. 

 

In chapter 10, a summary of this thesis is presented. 
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