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ABSTRACT 

The ultimate challenge for all in vitro fertilisation (IVF) clinics is to develop 

the ability to select for transfer the best single embryo first, from the patient’s 

cohort of embryos, thereby maximising the chance of pregnancy while the 

incidence of multiple pregnancies is kept to a minimum and fewer transfer 

cycles are required. This ambition has driven extensive research and 

development into methods that can be used to predict embryo viability. The 

aims of this thesis were to investigate two non-invasive methods; one new 

method of metabolomic profiling using Near Infrared (NIR) spectroscopy to 

analyse spent embryo culture media and the most routine method of 

morphological grading at the blastocyst stage.  

In our initial study we investigated metabolimic profiling by NIR 

spectroscopy and demonstrated that there were distinct differences between 

NIR spectral profiles of spent embryo culture media of implanting embryos 

and non-implanting embryos on day 5 of development. These differences 

were successfully used in a predictive model to calculate viability scores that 

were positively correlated (R
2
 = 0.82, P = 0.03) to implantation rates. In 

addition, viability scores were not related to morphology indicating that this 

method could be used as an adjunct to current morphological selection 

criteria. We also showed, by a method of cross-validation, that a predictive 

algorithm was accurate even when used at different clinics using different 

blastocyst culture media. These findings, in addition to other published 

studies, suggest that selection of embryos with high NIR viability scores 

could potentially improve implantation rates. 

Unfortunately, when the application of this technology was tested in a 

prospective randomized controlled trial (RCT) for selection of embryos on 

day 2 and day 5 for transfer, its use in adjunct to morphology did not 



significantly improve the ongoing pregnancy rate when compared to 

morphology alone (34.8% versus 35.6%, P = 0.97). As such, NIR 

spectroscopy, in its current form, did not improve selection of the most viable 

embryo for transfer. These results demonstrate the importance of performing 

RCT’s before committing to the clinical application of any new technology or 

treatment.  

We also investigated the independent predictive strength of morphological 

parameters used to predict blastocyst viability in both fresh and frozen-

thawed cycles. We found through our retrospective studies looking at 

blastocyst morphology and prediction of live birth found that trophectoderm 

(TE) morphology was the most important predictor after fresh single 

blastocyst transfer cycles and one of the most important predictors after 

frozen thawed transfer cycles. Expansion grade was found to be the other 

most important predictor of live birth after frozen-thawed transfer cycles. The 

inner cell mass (ICM) in both studies was not shown to be one of the most 

significant predictors of live birth. We have shown, for the first time, the 

predictive strength of TE grade over ICM for selecting the best blastocyst for 

embryo replacement. It may be that, even though ICM is important, a strong 

TE layer is essential at this stage of embryo development, allowing 

successful hatching and implantation. Furthermore, we found that for thawed 

blastocysts degree of re-expansion was the most important post thaw 

morphological predictor of live birth.  

In conclusion, we have been able to show that morphology is a strong 

predictor of embryo viability and by understanding the predictive strength of 

each parameter being used in a grading system, we can better use these 

parameters when making our decisions. Furthermore, there is still a need for 

alternative methods to predict embryo viability, but these new methods 

should be validated in properly conducted studies before clinical 

implementation, as shown by the conflicting results in our two studies when 

testing the NIR technology platform. 

Keywords: NIR spectroscopy/morphology/blastocyst/IVF/trophectoderm/ 

ICM/live birth/embryo/metabolomic 
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SAMMANFATTNING PÅ SVENSKA 

En stor utmaning vid behandling med in vitro fertilisering(IVF) är att bland 

många embryon välja ut ett optimalt att återföra. Detta för att maximeras 

chansen till graviditet och minimera risken för flerbörd. Denna ambition har 

varit drivkraften för omfattande forskning och utveckling av metoder som 

skulle kunna förutsäga ett embryos viabilitet. Huvudsyftet med detta 

avhandlingsarbete var att jämföra och utvärdera två icke invasiva metoder att 

bedöma embryots viabilitet; en ny metod där ”Near infrared 

spectroscopy”(NIR) använts för profilering av s.k. metabolomics i 

näringslösning embryot odlats samt den sedan länge rutinmässigt använda 

morfologiska graderingen av en blastocyst.  

I vår första studie undersökte vi med hjälp av NIR metoden näringslösning 

från odlingsdag 5 och fann att denna tydligt skilde sig mellan blastocyster 

som resulterat i graviditet jämfört med de som ej implanterat. Skillnad kunde 

sedan användas i en prediktiv modell för att beräkna viabilitets scorer som 

visade sig vara positivt korrelerade (R
2
=0.82, P=0.03) med implantation. 

Scorerna var inte relaterade till embryots morfologi vilket talade för att 

metoden borde kunna kombineras med nuvarande morfologiska 

urvalskriterier. Vid s.k. kors-validering visade det sig även att den prediktiva 

modellen var tillförlitlig när den användes vid olika kliniker med olika 

odlingsmedier. Dessa fynd tillsammans med resultat från andra studier 

antyder att NIR metoden borde kunna förbättra chansen att identifiera det 

mest viabla embryot. Metoden testades därefter kliniskt i en prospektiv 

randomiserad kontrollerad studie (RCT) för att bedöma om den i 

kombination med morfologi bättre kunde välja ut det embryo som skulle 

återföras på odlingsdag 2 eller 5 jämfört med enbart morfologi.  Märkligt nog 

fann vi då att metoden i kombination med morfologin inte medförde en bättre 

chans till graviditet jämfört med att enbart använda morfologi (34.8% versus 

35.6%, P=0.97). Den utformning av NIR metoden vi använde förbättrade 

således inte chansen att välja ut det embryo som hade störst chans att 

resultera i en fullgången graviditet.  Studien understryker vikten av att alltid 

utföra RCT studier innan en ny teknologi eller behandling införs i kliniskt 

bruk.  

Vi har vidare studerat ett antal morfologiska parametrars prediktiva styrka att 

förutsäga både den färska och den fysta/tinade blastocystens förmåga att 

resultera i en fullgången graviditet. Genom att retrospektivt analysera ett 

antal morologiska karakteristika hos återåterförda blastocyster fann vi att 

trofektodermets (TE) morfolog var den viktigaste parametern att förutsäga en 

fullgången graviditet vid återförande av färska blastocyster.  Vid återförande 

fryst/tinad blastocyst visade sig båda TE garderingen och graden av 



blastocystens expansion bäst prediktera fulgången graviditet. Förvånande 

vara att i båda dessa studier visade sig graderingen av blastocystens inre 

cellmassan (ICM) vara av mindre prediktivt värde att förutsäga fullgången 

graviditet. Vi har för första gången visat att graderingen av TE bättre 

predikterar fullgången graviditet än gradering av ICM. Det kan mycket väl 

vara så att även om ICM är viktig så är ett kraftigt TE väldigt viktigt vid 

denna tidpunkt i embryots utveckling för både kläckning och implantation. 

Efter tining av fysta blastocyster visade det sig att graden av re-expansion var 

den viktigaste morfologiska parametern att förutsäga födelse av levande barn.  

Sammanfattningsvis har vi kunnat visa att vissa mofologiska parametrar 

väldigt bra kan förutsäga embryots viabilitet och därmed vara av stor 

betydelse vid val av det embryo som skall återföras.  Ytterligare metoder att 

bedöma embryots viabilitet behövs dock men det är viktigt att de testas noga 

innan de används kliniskt vilket framgår av våra två studier med NIR 

teknologin med motsägelsefulla resultat.
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1 INTRODUCTION 

Today, within the In Vitro Fertilisation (IVF) community, a large research 

effort is directed towards developing reliable methods for selection of the 

most viable embryo from the patient’s cohort of embryos. The aim of this 

effort is to attain high pregnancy rates while keeping the incidence of 

multiple pregnancies at a minimum.  

Historically, to attain high pregnancy rates IVF has been more reliant on 

multiple embryo transfer practices than embryo selection methods. Transfer 

of multiple embryos was initially considered acceptable, as live birth rates 

were relatively low and multiple birth rates moderate. However, with 

improvement of stimulation protocols and embryo culture conditions higher 

numbers of Good Quality Embryos (GQE) were attained per IVF cycle and 

around the late 1980’s many studies reported unacceptably high multiple 

birth rates. These rates raised the need for reductions in the number of 

embryos being transferred. In Sweden, a retrospective study showed that 

multiple birth rates for IVF were approximately 27% compared to 1% for the 

general population during the same period, 1982-1995 (Bergh, et al., 1999). 

These results were comparable to those seen in other countries such as 

Finland (Gissler, et al., 1995), the US (Seoud, et al., 1992), the UK (Rizk, et 

al., 1991) and Belgium (Bollen, et al., 1991). 

The adverse outcomes of multiple pregnancies for both the mother and the 

child are well documented. Mothers have increased risk of pre-eclampsia, 

gestational diabetes, post partum hemorrhage and caesarean sections and 

infants are at greater risk for premature birth, low birth weight, congenital 

malformations, fetal and infant death, and long-term morbidity and disability 

(Martin, et al., 2003, Martin, et al., 1999, Petterson, et al., 1998, Stromberg, 

et al., 2002). Higher incidences of these adverse outcomes are also associated 

to IVF newborns and are most likely caused by higher multiple birth rates 

(Beral, et al., 1990, Craft, 1990, Gissler, et al., 1995, Westergaard, et al., 

1999). This has unfortunately translated into higher health care costs for IVF 

children and provoked discussions about the benefits of IVF in many 

countries (Kitchen, et al., 1993, Papiernik, 1990, Peters, et al., 1991). 

To combat these concerns a growing number of countries have implemented 

legal restrictions and guidelines to minimise the transfer of multiple embryos 

(ASRM and SART 2008, Bergh, 2007, Karlstrom, et al., 2007, Kutlu, et al., 

2011, Maheshwari, et al., 2011). These restrictions have not only increased 
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the use of single embryo transfer (SET), but have led many IVF laboratories 

to search for alternative approaches for identifying viable embryos.  

1.1 Human embryo development 
First, successful fertilization is achieved by fusion of the sperm and the 

oocyte and within 4 to 7 hours the male and female chromatin decondense 

and appear as pronuclei; a zygote is formed (diploid cell formed from fusion 

of two haploid cells) (Figure 1a). During the next few hours the pronuclei 

will migrate towards the centre of the oocyte, movement is driven by the 

sperm centrosomes organizing the oocytes microtubules. The pronuclear 

membranes then disintegrate and the pronuclei fuse (syngamy). The mitotic 

metaphase spindles then align two sets of chromosomes along the equator. 

The first cell division occurs within the next few hours and the embryo 

continues to divide by mitosis approximately once every 24 hours (Figure 1 

b, c, d). In humans, fertilization takes place in the ampulla region of the 

Fallopian tube and the first few cleavages occur as the embryos travels along 

the tube towards the uterus aided by tubal cilia activity and muscle 

movement. During cell division the size of the embryo does not change 

instead the cells, called blastomeres, become smaller and smaller. At the 4 to 

8- cell stage the embryonic genome is activated and the embryo is no longer 

reliant on maternal mRNA for development. At the 8-cell to 16-cell stage, 4 

days after fertilization, the embryo undergoes the process of compaction, to 

form a morula (Figure 1 e). During compaction, the blastomeres flatten upon 

each other, maximizing cell-cell contact and minimizing intercellular space. 

A compacting embryo has started the process of differentiation and cell fate 

is decided by cell localization within the embryo, i.e. inside cells and outside 

cells. The trophectoderm (TE) is formed from the outer polar cells, which 

develop extensive zonular tight junctions with one another to form an 

impermeable epithelial outer layer.  Once the seal is established the TE 

actively pumps ions into the cavity, causing an influx of fluid to the centre of 

the embryo through osmosis. A fluid filled cavity is formed and is known as 

the blastocoele (Figure 1 f). Enclosed within the blastocoele is a small clump 

of ‘inside’ cells that compact together and form the inner cell mass (ICM). 

These cells will give rise to the fetus proper. The TE cells, upon successful 

implantation, will eventually form the placenta and extra-embryonic tissue. 

So, approximately 4.5 to 6 days after fertilization, the embryo is a blastocyst 

and consists of 50 to 150 or more cells, two thirds comprising the TE and the 

remaining third the ICM (Figure 2). At this stage, the embryo has completed 

its travel through the fallopian tube and has entered the uterus. In order to 

implant the blastocyst also needs to successfully hatch from its zona 
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pellucida (ZP). The process of hatching in vitro is observed to be the result of 

several cycles of blasotcoele expansion and collapse. These cycles cause the 

ZP to stretch and thin, and eventually rupture. Of course, proteolytic enzymes 

produced by the TE and present in the uterus, that can digest the zona also 

suspected to play a role in this process. Once the blastocyst is free from the 

zona the intricate process of implantation can begin.  

 

Figure 1.  Embryo development, a) a fertilized zygote with a male and female pronuclei, 

b) first mitotic cell division into a 2 cell embryo, c) second mitotic division into a 4 cell 

embryo, d) third mitotic division into a 8 cell embryo, e) a morula d) early beginnings of a 

blastocoelic cavity. 

1.2 Routine methods of embryo selection 

1.2.1 Morphological observations 
Morphology is the most traditional and routine method of embryo selection 

being used. The value of using morphological characteristics of embryos and 

timing of their development to predict pregnancy have been appreciated since 

the start of IVF and have arisen from studies observing the development of 

embryos in vitro (Cummins, et al., 1986, Edwards, et al., 1984, Fishel, et al., 

1984).   
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Today, various scoring systems based on morphological observations have 

been established to predict the reproductive potential of embryos from the 

zygote to the blastocyst stage. At the zygote stage (Day 1, 16–18 hours post 

insemination), the number and size of the pronuclei and the number and 

symmetry of the nucleolar precursor bodies are indicators of normal embryo 

development (Scott, et al., 1998, Tesarik, et al., 1999). At the cleavage stage, 

embryos are assessed by the number, size and shape of their blastomeres; 

presence of multi-nucleation and degree of fragmentation (Antczak, et al., 

1999, Tesarik, et al., 1987, Winston, et al., 1991). A recent consensus for 

embryo development agreed that an optimal day 2 embryo (44 ±1 hours post 

insemination) has 4 mononucleated evenly sized blastomeres and less than 

10% fragmentation, and an optimal day 3 embryo (44 ±1 hours post 

insemination) has 8 mononucleated evenly sized blastomeres and less than 

10% fragmentation (2011).  

At the blastocyst stage, a morphological grading system first described by 

Gardner and Schoolcraft (1999) more than a decade ago is widely used. 

According to this system three parameters are graded; degree of blastocoele 

expansion and hatching status (1 up to 6) (Figure 2); size and compactness of 

ICM (highest score A, then B, and C) (Figure 3); and the cohesiveness and 

number of TE cells (A, B, and C) (Figure 4). This grading system has been 

validated by many investigators who have shown that transfer of two or more 

top-scoring blastocysts (high grades for all three parameters) achieve the 

highest implantation rates (Balaban, et al., 2000, Balaban, et al., 2006, 

Gardner, et al., 2000a, Gardner, et al., 2004). Even a recent consensus on 

embryo assessment based their criteria for blastocyst grading on Gardner and 

Schoolcrafts’ system and agreed that an optimal blastocyst has a fully 

expanded blastocoelic cavity with a prominent and compact ICM and a 

cohesive trophectoderm epithelium, both structures composed of many cells 

(Alpha Scientists 2011, Racowsky, et al., 2010). Unfortunately, probably due 

to insufficient confounding reports, this consensus failed to discuss the  
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Figure 2. A numerical score from 1 to 6 based on degree of blastocoele expansion 

and hatching status: 1, early blastocyst with blastocoel that is less than half the 

volume of the embryo; 2, a blastocyst with a blastocoel that is half or greater than 

half of the volume of the embryo; 3, a full blastocyst with a blastocoel completely 

filling the embryo; 4, an expanded blastocyst with a blastocoel volume larger than 

that of the early embryo, with a thinning zona; 5, a hatching blastocyst with the 

trophectoderm starting to herniated through the zona; and 6, a hatched 

blastocyst, in which the blastocyst has completely escaped the zona.. 

 

Figure 3. The ICM is assessed for blastocysts with expansion grades 3 to 6. A, 

tightly packed, many cells; B, loosely grouped, several cells; or C, very few or no 

cells. 

 

 



Prediction of embryo viability 

6 

Figure 4. The TE is assessed for blastocysts with expansion grades 3 to 6. A, 

many cells forming a cohesive epithelium; B, few cells forming a loose epithelium; 

C, very few large cells. 

 

independent predictive strength of each parameter and even rank their 

importance. Without this knowledge, selecting between sibling embryos with 

varying grades for each of the morphological parameters becomes slightly 

random. With this knowledge more precise decisions can be made to 

prioritise, if any, parameter(s) as having the highest grades when selecting the 

most viable blastocyst. 

Alternative grading systems have been proposed for predicting blastocyst 

viability, but they have not been widely implemented (Dokras, et al., 1993, 

Kovacic, et al., 2004, Richter, et al., 2001). For example, Richter et al (2001) 

described a method of measuring the size and shape of the ICM. This study 

found that blastocysts with an ICM of a slightly oval shape and size greater 

than 4500µM
2
 had the highest implantation rates.  

 

1.2.2 Extended culture and blastocyst transfer 
Blastocyst transfer is one approach being used to achieve higher implantation 

and live birth rates compared to cleavage stage embryos (Blake, et al., 2007, 

Gardner, et al., 1998b, Gardner, et al., 1998c, Papanikolaou, et al., 2006, 

Papanikolaou, et al., 2008). Delaying transfer and prolonging embryo culture 

to blastocyst stage is argued to improve uterine and embryonic synchronicity, 

and selection of the most viable embryo(s) (Gardner, et al., 1996).  

Many observations show that morphologically normal day 2-3 embryos can 

fail to develop to blastocyst stage, while morphologically suboptimal day 2-3 

embryos can develop to blastocyst stage and give rise to high pregnancy rates 

(Bolton, et al., 1989, Bolton, et al., 1991, Gardner, et al., 1998c). It is 
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postulated that a process of deselection occurs around day 3 of development, 

during embryonic genome activation, and that many embryos arrest at this 

stage due to major chromosomal abnormalities (Hardarson, et al., 2003, 

Sandalinas, et al., 2001). This in turn reduces the proportion of 

chromosomally abnormal embryos available for transfer at the blastocyst 

stage (Staessen, et al., 2004). Embryos that reach blastocyst stage are also 

considered to have an innately higher implantation potential due to exhibiting 

a functional embryonic genome that can control cell division and 

differentiation into the two different cell types; ICM and TE cells. There are 

of course a great number of embryos that fail to reach blastocyst stage of 

development and reasons may be linked to deficient culture conditions rather 

than non-functional genomes. Many IVF clinics prefer to restrict blastocyst 

culture for patients with a ‘good’ number of fertilized zygotes or a ‘good’ 

number of quality embryos on day 2 of development. The hope is to avoid 

cancelling embryo transfer. 

1.3 Proposed methods of embryo selection 
Internationally reported IVF results show that about eight out of ten 

transferred embryos fail to implant, two out of three IVF cycles fail to result 

in a pregnancy and cumulative pregnancy rates, combining results from fresh 

and subsequent frozen-thawed cycles, increase with each subsequent cycle 

(Bromer, et al., 2008, De Jong, et al., 2002, Kovalevsky, et al., 2005, Ubaldi, 

et al., 2004). Together, these reports confirm the inaccuracy of our current 

methods to predict embryo viability and select the best embryo first.  

Today there is a large research effort being undertaken to develop and use the 

latest techniques of molecular biology to aid in the selection of viable 

embryos. These technologies can be roughly divided into invasive or non-

invasive methods. Many of these methods are in their early stages of 

development and lack evidence based studies to support their wider 

implementation. In addition, most of these methods require large investments 

into laboratory resources; economic, personnel, training and equipment. All 

these factors play a determinative role in what method(s) are investigated and 

implemented into IVF clinics.  

The following paragraphs will briefly describe some methods being used and 

investigated in the IVF community and give a more detailed description of 

the new method of selection we investigated as part of my doctorate. 
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1.3.1 Invasive techniques 
Extensive research of preimplantation embryos has demonstrated that many 

morphologically normal embryos are not compatible with either implantation 

or a healthy pregnancy due the presence of chromosomal abnormalities 

(Magli, et al., 2001, Munne, et al., 1995, Munne, et al., 2005). It is estimated 

that between 40% and 85% of human preimplantation embryos obtained from 

IVF are aneuploid (Baart, et al., 2006, Delhanty, 1997, Munne, et al., 1995, 

Munne, et al., 1997, Vidal, et al., 1998). Most of these aneuploid embryos are 

lost before they reach a clinical stage of recognition (Egozcue, 1996, Munne, 

et al., 1993, Munne, et al., 1998).  

With this knowledge, it became apparent that screening of embryos for 

aneuploidy could be used to select viable euploid embryos for transfer and 

improve IVF success rates, especially for high risk couples with advanced 

maternal age, multiple IVF failure and repeated miscarriages. This method 

became known as preimplantation genetic screening (PGS). PGS is an 

invasive method of embryo selection, as it requires the extraction of cell 

material in order to analyse the chromosomal complement of an embryo. 

Extraction of cell material can be performed at different stages: zygotes 

(polar body biopsy), cleavage stage embryos (blastomere biopsy) or 

blastocysts (trophectoderm biopsy). To analyse chromosomal content a 

multicolor fluorescence in situ hybridization (FISH) method is routinely used 

to label chromosomes most often shown to be aneuploid. Surprisingly, the 

few prospectively randomized controlled trials conducted were unable to 

show to a positive clinical outcome as measured by implantation and ongoing 

pregnancy for IVF patients after PGS. (Hardarson, et al., 2008, Mastenbroek, 

et al., 2007, Staessen, et al., 2004). These results were very much debated in 

literature. PGS advocates argue that failure to improve pregnancy rates is due 

to the technical limitations of FISH to screen all chromosomes 

simultaneously and detect all aneuploid embryos. Currently, PGS using more 

effective methods, such as comparative genomic hybridization (CGH) and 

microarray-CGH are being investigated and seem to be showing more 

promise (Gutierrez-Mateo, et al., 2011, Hellani, et al., 2008, Schoolcraft, et 

al., 2011)}. Importantly, these new microarray methods enable simultaneous 

analysis of the whole chromosomal set.  

A major disadvantage to all genomic platforms being investigated, and even 

used in some laboratories, is their invasive nature. It is argued that removal of 

blastomeres can negatively affect embryo viability and if so, questions the 

wider application of these technologies to all IVF patients. This disadvantage 

may however be overcome by performing the biopsy at the blastocyst stage 
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instead of the more traditional 8-cell stage (Fragouli, et al., 2008, Jansen, et 

al., 2008). 

1.3.2 Noninvasive Techniques 

Morphokinetics 
Rate of human embryo development in culture has long been considered an 

important predictor of embryo viability. Most notably, the timing of the first 

cell division to the 2-cell stage around 25-27 hours post insemination/ICSI, 

has been reported as a positive predictor of human embryo viability and is 

routinely used as for selection of embryos for day 2 and 3 transfers (Lundin, 

et al., 2001, Shoukir, et al., 1997). Thereafter, an optimal rate of cell division 

has been proposed from studies demonstrating that embryos with slow and 

fast cleavage rates have reduced implantation potential and a high incidence 

of chromosomal abnormalities (Almeida, et al., 1996, Gardner, et al., 1999a, 

Giorgetti, et al., 1995, Marquez, et al., 2000, Tao, et al., 2002, Ziebe, et al., 

1997). From this work, we assess embryos at specific time intervals post 

insemination (PI) and favour embryos with a specific number of blastomeres 

and/or with specific morphological characteristics. For example, a 4 cell 

embryo at 44-46 hours, an 8 cell embryo at 66-68 hours, a compacting 

morula at 90-94 hours and an expanded blastocyst at 114-118 hours.  

More recently, time-lapse photography has been used to continuously 

observe the embryos allowing embryologists to review the sequence of 

events occurring during an embryos development, from the zygote to the 

blastocyst stage. The aim of this technology is to map the most optimal set of 

developmental sequences and create a predictive model for selecting the best 

embryo for transfer.  

Initial retrospective studies using this technology have nominated a number 

of morphokinetic parameters for selection of viable embryos. These include 

timing and synchrony of the first, second and third cell division, and uniform 

cleavage cycle patterns with short intervals in the 3 and 5-cell stage, and 

abrupt first cell division to three or more cells (Meseguer, et al., 2011, Wong, 

et al., 2010). More recently, preliminary data (interim analysis) from the 

ongoing prospective randomised controlled trials report improvement to 

clinical outcomes when using morphokinetic predictive models to select 

embryos for transfer (Mesenguer, ESHRE 2012). 

Targeting components of embryo spent culture media 
Although morphology and blastocyst development are good non-invasive 

methods to predict embryo viability many investigators are searching for 
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alternative, more quantitative, methods to use in adjunct. Many of these 

methods are targeting components in the spent culture media surrounding the 

embryo. The spent embryo culture media not only contains a great number of 

nutrients consumed by the embryo during development, but also many end 

products generated by the embryo. These end products are a result of many 

cellular processes or metabolic pathways driven by the embryo in response to 

genetic, nutritional and/or environmental factors. The complexity of some of 

the major pathways and their relationship to each other can be schematically 

viewed in Figure 5. 

Figure 5. A schematic diagram of the networking between major metabolic 

pathways within a eukaryotic cell. This file is available from Wikepedia and is 

licensed under the Creative Commons Attribution-Share Alike 3.0 Unported 

license. 

It is hypothesized that embryo consumption (uptake) and production of 

components within the culture media differ between embryos of high and low 

reproductive potential and measuring these differences can be used to predict 

embryo viability. Of course before we discuss these investigations, it is 

important to understand the evolution of IVF culture media and to know that 

there are many different schools of thought that have led to the development 

of different media with different formulations and these can affect the 

interpretation of data. Of concern to the IVF community, is the secrecy that 

surrounds the specific chemical composition of commercial media, while the 
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constituents are listed the concentrations are not given due to commercial 

confidentiality. 

Culture media 
Early IVF culture systems used simple media, such as Earle’s buffered saline 

solution (EBSS) supplemented with pyruvate and serum (Fishel, et al., 1984). 

Although fertilization can be achieved in very simple media, embryo 

development was not so successful and development past early cleavage 

stages was limited. Today, our understanding of the embryos changing 

metabolic and nutritional requirements has led to the development of more 

complex culture systems using chemically defined media.  There are many 

practical advantages for using chemically defined media in replacement of 

earlier serum supplemented media. Chemically defined media can be 

reproduced easily without significant batch to batch variation, changes to 

composition can be studied in a controlled manner, and they are free of 

unknown biological activities, such as enzymes and growth factors, which 

may have hidden affects on embryo development. To decide the exact 

chemical composition of media two approaches have been used; the so-called 

‘back to nature’ principle, and the ‘let the embryo choose’ principle.  

The ‘back to nature’ approach aims to mimic physiological conditions that 

the embryo is naturally exposed to, so that concentrations of constituents are 

close to those found in the oviduct and the uterus. Early work sampling the 

tubal and uterine fluids from non pregnant women during the luteal phase has 

provided information about the concentrations of Na+, K+, Cl-, Ca2+, Mg2+, 

glucose, pyruvate and lactate and has led to the development of human tubal 

fluids (HTF), synthetic oviductal fluid (SOF), M91 and P1 (Borland, et al., 

1980, Casslen, et al., 1984, Gardner, et al., 1996, Gardner, et al., 2000b, 

Mortimer, 1986, Mortimer, et al., 1998, Quinn, 1995, Quinn, et al., 1995). 

Although these media have been tested extensively in animal models and are 

able to support human preimplantation development there is some debate 

about how close they mimic the concentrations of components found in the 

oviduct and uterus, due to technical/practical limitations when sampling and 

analysing biological fluids (Sturmey, et al., 2008, Summers, et al., 2003). 

Further works testing these media in animal models, mostly mouse and 

bovine embryos, and on spare human embryos have supported the notion that 

embryos have different nutritional requirements at different stages of 

development and these should be reflected in the culture media (Devreker, et 

al., 2001, Gardner, et al., 1994, Gardner, et al., 2000c, Lane, et al., 1994, 

Lane, et al., 1998, Leese, 1991). This extensive work has led to stage-specific 

modifications to culture media and the progression to two-step sequential 

media systems (Barnes, et al., 1995, Gardner, et al., 1997, Lane, et al., 1997a, 
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Lane, et al., 1997b). The most discussed differences at early cleavage stages 

include introducing EDTA, up to 8-cell stage, pyruvate and lactate as primary 

energy substrates and a limited supply of only seven non-essential (not 

required by diet) amino acids. Past the 8-cell stage, all 20 naturally occurring 

amino acids both essential (required by diet) and non-essential are included at 

physiological levels, a few vitamins (eg. Inositol and pantothenate), and 

glucose is the primary source of energy while pyruvate, lactate, taurine, 

EDTA concentrations are decreased (Gardner, 1998, Gardner, et al., 1998a, 

Lane, et al., 1998, Lane, et al., 2003). More recently, media companies have 

started to add essential amino acids and glucose to cleavage stage media as 

past studies are revised and new investigations show that their presence is 

more physiological and not detrimental as previously suggested. The biggest 

advocates for sequential media systems would have to be Gardner and 

colleagues, whose work with mouse embryos has led to the development of 

G1/G2 media now sold commercially by Vitrolife AB. 

The’let the embryo choose’ principle is a more traditional approach, whereby 

concentration-response experiments are conducted to test varying 

concentrations of only a single component to define the optimal response.  

This principle led to the design of sequential simple optimization (SOM) 

media (Lawitts, et al., 1991a, Lawitts, et al., 1991b), later modified to give a 

medium called KSOM (Lawitts, et al., 1993). Today, KSOM supplemented 

with amino acids is basis of the commercially available one-step single media 

formulation called Life Global media. The use of one-step single medium for 

culture of all stages of embryo development is not as widely adopted as the 

two-step culture systems. 

 

Carbohydrates 
During the early cleavage stages of development the level of metabolic 

activity is low (Leese, 1991). At this stage, energy is generated by the aerobic 

consumption of pyruvate, lactate and glutamine in the Krebs cycle 

(Tricarboxylic acid cycle, TCA) (Hardy, et al., 1989, Leese, 1991, Leese, et 

al., 1993)}. After the 8-cell stage, metabolic activity increases dramatically 

and glucose utilization via glycolysis (anaerobic metabolism) becomes the 

primary source of energy (Gardner, et al., 1987, Leese, et al., 1993, Sturmey, 

et al., 2003). In addition, many of the carbon metabolites in the glycolytic 

pathway are shuttled to other metabolic pathways, such as the pentose 

phosphate pathway, TCA cycle, and amino acid synthesis pathways. These 

pathways are especially important at this stage of development when the 
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embryonic genome is activated and is being replicated and transcribed to 

produce new DNA, RNA, proteins and enzymes 

Studies of animal and human embryos have demonstrated that embryos of the 

same morphological grade have distinctive differences in energy metabolism. 

More importantly, these differences are related to developmental and 

reproductive potential.  

Early animal studies of glucose uptake by day 10 bovine blastocysts (Renard, 

et al., 1980) and day 4 mouse blastocysts (Gardner, et al., 1987) were the first 

to demonstrate that elevated uptake was positively associated to better 

development and live birth outcome. Importantly, it was later demonstrated 

by Lane and Gardner that glycolytic activity, glucose uptake and conversion 

to lactate measured by ultramicroflourescence assay, could be used 

prospectively to select between morphologically identical mouse embryos 

before transfer (Lane, et al., 1996). Using glycolytic activity as a selection 

criterion increased the pregnancy rate four-fold compared to random 

selection. Similar retrospective studies have also been performed for human 

embryos (Conaghan, et al., 1993, Gardner, et al., 2001, Hardy, et al., 1989, 

Van Den Bergh, 2001). For example, Van den Bergh et al. showed that 

transferred blastocysts that successfully implanted had higher glucose 

uptakes and lower glycolytic rates than those that failed to implant (Van Den 

Bergh, 2001). In addition, Gardner et al. showed significantly higher 

pyruvate and glucose uptakes on day 4 by human embryos that went on to 

form blastocysts (Gardner, et al., 2001). More recently, Gardner et al. has 

revalidated earlier work demonstrating high glucose uptake on day 4 as a 

predictive marker of pregnancy (fetal heart activity at 8 weeks), although 

beneficially a new more rapid screening technique, microflourimetry was 

used. This method analysed small volumes (<10µL) of spent media using an 

enzyme linked reaction and quantitative fluorescence microscopy and has the 

capacity to analyse samples in real time with results obtained within a few 

minutes (Gardner, 2007). Even though it is unlikely that the turnover of only 

one metabolite will be able to predict embryo viability, this sampling 

methodology could prove to be very useful for other profiling technologies. 

 

Amino acids and Proteins  
Amino acids are another essential component supplied in the culture media 

during in vitro development (Brison, et al., 2004, Lamb, et al., 1994). A 

physiological mixture of 20 amino acids has been shown to be important 

from cleavage stage to blastocyst development (Brison, et al., 2004, 
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Houghton, et al., 2002, Jozwik, et al., 2006, Tay, et al., 1997). Primarily, 

amino acids are used to synthesize new proteins and nucleic acids. However, 

amino acid metabolism by the embryo and spontaneous break down of in the 

culture medium can lead to the accumulation of embryo-toxic ammonium. 

Ammonium accumulation has been shown to have a negative impact on 

embryo cleavage and blastocyst development and cell number (Lane, et al., 

2003, Zander, et al., 2006) and alter metabolism and increase apoptosis 

(Lane, et al., 2003). These negative effects are the main reasons for limiting 

the number and concentrations of amino acids supplied in the culture media. 

Using high performance liquid chromatography (HPLC) studies have showed 

that changes to amino acid turnover can predict the ability of early cleavage 

embryos to develop to blastocysts and implant (Brison, et al., 2004, 

Houghton, et al., 2002). For these studies, in-house culture media containing 

all 20 amino acids at physiological concentrations were used. Between days 1 

and 2 of development turnover of three amino acids Asparagine, Glycine 

(non-essentail) and Leucine (essential) were significantly related to clinical 

pregnancy and live birth (Brison, et al., 2004). For cleavage stage embryos 

that developed to blastocysts only serine (non-essential), arginine, leucine, 

methionine and valine (all non-essential) were taken up from the mixture. A 

more recent study has even demonstrated that amino acid metabolism is 

positively related to DNA damage in human embryos suggesting that viable 

embryos can be selected by low amino acid turnover rates (Sturmey, et al., 

2009). The authors of this work state that the HPLC technology used to 

complete an amino acid profile takes about 45 minutes to perform for each 

embryo. Considering that on any given day within the laboratory an average 

of 8 patients will receive embryo transfer, and each will probably have 

multiple embryos available for analysis, the time needed to analyse and 

obtain results is too long.  If this time can be shortened, as the authors 

suggest, then amino acid profiling may become a useful technique in the 

future. Nevertheless, amino acid profiling will certainly be of considerable 

use for optimization of amino acid concentrations in culture media (Sturmey, 

et al., 2008).  

A number of studies have also investigated the release of proteins into the 

culture media as markers of embryo viability. For example, embryo 

production of human leukocyte antigen-G (HLA-G) is thought to play an 

important role in embryo implantation and maternal tolerance of foetal tissue 

(Kanai, et al., 2001, Marchal-Bras-Goncalves, et al., 2001, Rajagopalan, et 

al., 1999). Detection of soluble HLA-G levels in spent culture media of day 3 

embryos, by enzyme-linked immunosorbent assay (ELISA), was reported to 

be associated with higher pregnancy rates (Noci, et al., 2005, Sher, et al., 
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2005). However, other investigators (Menezo, et al., 2006, Sageshima, et al., 

2007) subsequently challenged these reports and the methods used. Another 

important protein secreted by blastocysts is human chorionic gonadotrophin 

(hCG). This secreted protein initiates early recognition of the preimplantation 

embryo and acts as a LH superagonist to rescue progesterone synthesis and 

secretion by the corpus luteum (Niswender, et al., 2000, Van De Sompel, et 

al., 2008).  hCG has also been shown to modulate the receptive endometrium 

to facilitate implantation and induce immunological tolerance (Licht, et al., 

2001a, Licht, et al., 2001b, Tsampalas, et al., 2010). More specifically, 

hyperglycosylated hCG (H-hCG) is produced by cytotrophoblasts during 

implantation. It has been suggested that poor implantation and even 

miscarriage is due to inadequate production of H-hCG by implanting 

blastocysts (Cole, 2012). Secretion of hCG has been detected in spent culture 

media of cleavage stage embryos as early as on day 2 of development (Fishel, 

et al., 1984, Ramu, et al., 2011). At the blastocyst stage, embryos of higher 

grades have been shown to secrete higher levels of hCG in culture, for both 

hatched and zona-enclosed blastocysts (Dokras, et al., 1993, Lopata, 1996). 

The specific detection of H-hCG in vitro has not yet been reported. 

More recently, new methods enabling more sensitive protein profiling by 

mass spectrometry have revealed that embryos have stage specific protein 

profiles that are independent of morphology (Katz-Jaffe, et al., 2005, Katz-

Jaffe, et al., 2006). These investigators have also identified an 8.5kDa protein 

biomarker that is expressed through all stages of development for embryos 

that develop to blastocyst, but is relatively absent in arresting and 

degenerating embryos (Katz-Jaffe, et al., 2006). Unfortnately, the advanced 

technique used to profile small media samples, surface enhanced laser 

desorption and ionization time of flight mass spectrometry (SELDI TOF-MS) 

and protein chips, is not going to be available to an IVF laboratory due to its 

complexity and cost. But may help to identify a combination of new 

biomarkers that can serve as targets for embryo selection 

 

Metabolomic profiling 
Recently, an interesting analytical technology, which is non-invasive requires 

and no reagents or sample preparation, has been introduced for evaluating a 

broad spectrum of metabolites, the metabolome, found within a biological 

system at one particular time point. The aim of this approach, called 

metabolomic profiling, is to quantify this dynamic inventory of metabolites 

and associate the resulting biochemical profile (“fingerprint”), with the 

functional status of the biological system, for example normal vs. abnormal. 
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This technology has now been proposed for analysis of spent embryo culture 

media. It is proposed that biochemical profiles of spent embryo culture media 

differ between embryos that implant and those that fail to implant and can 

thereby be used to prospectively predict reproductive potential.  

To generate a biochemical profile this technology uses a type of vibrational 

spectroscopy, called Near-infrared spectroscopy (NIR). Briefly, NIR light is 

applied to a biological sample; the chemical bonds within functional groups 

absorb energy at specific wavelengths and begin to vibrate at characteristic 

frequencies, dependent on their chemical structure and bond strength. 

Applying a set of wavelengths between 920-1675nm (NIR light) generates a 

spectrum due to vibrations of N-H, C-H, O-H, S-H, C=C and C=O functional 

groups. The intensity of the light absorbed is directly proportional to the 

concentrations of biomarkers present in the sample and these biomarkers 

reflect changes in media constituents such as albumin, lactate, pyruvate, 

glutamate and glucose, due to oxidative and energy metabolism. Spectral 

profiles for implanted embryos and non-implanted embryos are 

comparatively analysed. The most parsimonious combination of spectral 

regions that are predictive of pregnancy outcome is determined by inverse 

least-squares regression and genetic algorithm optimization. The resulting 

multivariate algorithm is then used to calculate viability scores for unknown 

samples (Figure 6).  

Recent proof of principle studies using Raman and NIR spectroscopy to 

analyze spent embryo culture media, collected after embryo transfer on day 2, 

3 and day 5 have shown that spectral profiles exhibited discrete differences 

between embryos with positive and negative pregnancy outcomes (Scott, et 

al., 2008, Seli, et al., 2007, Vergouw, et al., 2008). Furthermore, these mean 

spectral differences could be successfully quantified in a multivariate 

algorithm to generate viability scores that are related to implantation 

potential. So, mean viability scores of embryos that implanted were 

significantly higher than mean viability scores for embryos that failed to 

implant.  

This technology became of great interest to our clinic and we were given the 

opportunity to test this technology through observational studies and clinical 

studies. Of course we used morphology as our benchmark method, and it 

soon became apparent that morphology was not as optimized and simple as 

the textbooks suggest, but questions remain about how to best use the 

parameters we observe. 
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Figure 6. NIR spectroscopic analysis of spent embryo media samples. a) After the 

embryo is removed an aliquot of the spent culture media is sampled and analysed 

using NIR spectroscopy. A complementary control sample is also sampled and used 

as a reference to mean ratio the embryo spectrum. b) The most parsimonious spectral 

regions are quantified in a multivariate algorithm and used to calculate a viability 

score c). 
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2 AIMS OF THIS THESIS 

The main objective of this thesis was to evaluate the predictive value of 

blastocyst morphology and Near Infrared spectroscopy for selection of the 

best single embryo for transfer. 

 

Thesis aims were: 

 

I. To assess the application of NIR technology in a clinical setting only 

performing SET and determine if an algorithm generated from NIR analysis 

of media samples at one clinical setting can blindly predict implantation 

potential of blastocysts cultured at another clinic in a different culture media 

and culture volume. 

 

II. To investigate if NIR spectroscopic analysis of spent embryo culture 

medium in an on-site, prospective setting could improve the ongoing single 

embryo transfer (SET) pregnancy rate. 

 

III. To determine the independent predictive power of each morphological 

parameter, grade of expansion, trophectoderm and inner cell mass, in relation 

to live birth. 

 

IV. To determine if 1) pre-freeze morphology, 2) a three part post-thaw 

scoring system and 3) combination of pre-free and post thaw morphological 

parameters could be used to predict live birth outcome after frozen-thawed 

blastocyst transfer cycles. 

. 
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3 PATIENTS AND METHODS 

More detailed descriptions of the different methods used in this thesis can be 

found in the respective papers. In this section the standard methods used are 

outlined, followed by more detailed discussion of the limitations and 

advantages of the methods used in each paper. 

General Considerations 

 

Ovarian stimulation 
All patients were down regulated with either gonadotrophin-releasing 

hormone (GnRH) agonist (Suprecur; Hoecht, Germany or Synarela, Pfizer, 

USA) or GnRH antagonist (Olgalutran; MSD, USA or Cetrotide, Merck 

Serono, Germany) was used ina short protocol. Controlled ovarian 

stimulation was performed with recombinant FSH (Gonal-F, Merck Serono, 

Germany or Puregon, MSD, USA) or highly purified human menopausal 

gonadotropin (Menopur). Follicular aspiration was performed 36-38 hours 

after s.c. hCG (Ovitrelle, Merck Serono, Germany) administration.  

 

Embryo culture 
All culture dishes were pre-incubated and maintained during embryo culture 

in incubators controlled at 37ºC under 6-7% CO
2
, 5% O

2
 and 90% N

2
. 

Fertilization was assessed 16-18 hours after insemination/ICSI and blastocyst 

transfer was decided primarily by the presence of more than 5 fertilized 

zygotes. Fertilized zygotes were cultured individually in 25uL droplets of 

cleavage medium (Cook Medical, Australia) under mineral oil and then 

transferred on day 2 of culture to 25uL droplets of CCM medium (Vitrolife 

AB, Sweden) for culture to blastocyst stage. On day 5 all embryos were 

transferred to fresh pre-incubated culture dishes. Morphological assessment 

of embryos remaining in culture was performed on day 2, 5 and 6 according 

to the criteria described in paper I, II, III and IV. Embryo transfer at the 

blastocyst stage was only performed on day 5 of culture. All blastocyst 

transfers performed and analysed in this thesis were single embryo transfers. 
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Blastocyst cryopreservation and warming 
All supernumerary blastocysts were cryopreserved using a method of 

vitrification as described in paper IV. Only blastocysts of grade 3BB or 

higher, according to Gardner and Schoolcraft’s grading system, were 

vitrified. This three-step vitrification protocol uses increasing concentrations 

of ethylene glycol, DMSO and sucrose for dehydration and cryoprotection 

(Nidacon AB, Sweden). Individual blastocysts were then loaded on a 

cryoloop (Vitrolife AB, Sweden) and plunged into liquid nitrogen, followed 

by storage in nitrogen filled tanks. 

Blastocysts were warmed in decreasing concentrations of sucrose in base 

medium before being transferred into culture dishes containing 1mL of CCM 

medium (Vitrolife AB, Sweden). 

 

Blastocyst Grading 
There were a total of 8 embryologists grading the blastocysts over the five 

year study period. All blastocysts were assessed by two embryologisits 

before assignment of the blastocysts grade, reducing the intra-variability of 

grading. Grading of morphology is a qualitative method and can be 

subjective. To avoid variability in our assessment of embryos, we annually 

perform an internal and external validation. Briefly, together with 4 other 

clinics we individually grade embryos (recorded by video) at all stages of 

development and of various grades. The results are then summarised and 

discussed to ensure that we are homogenous in our assessment of these 

embryos both within the group and in relation to other clinics. An acceptable 

level of agreement between embryologists and clinics is set at 80 %. That is 

for 80% of embryos graded by an embryologists, allocated grades for each 

parameter (expansion, ICM and TE) must be the same as the grades set by 

other embryologists. The past five years we have achieved this level of 

agreement, and passed the validation criteria. 

 

Statistical Analysis (Paper III and IV) 
A statistical consultant group who recommended the following methods for 

best elucidation of our aims has performed all statistical analyses. For 

prediction of the clinical outcome live birth, Generalized Estimating 

Equations (GEE) models were used as they allow for adjustment of within-

individual correlation. This was important as within the sample population a 

number of patients had more than one single blastocyst transfer cycle, so for 
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some of the variables (i.e. patient characteristics) there are repeated 

measurements in the data analysed. Univariate GEE models were performed 

to identify the confounders that statistically significantly affect live birth 

outcome. This method simply looks at the relationship between each variable 

and the response (live birth) and ignores the relationship between variables. 

The variables we chose to include and test for significance were based upon 

what is known to affect pregnancy outcome and what information was 

available and documented accurately in the patients journal. Because multiple 

predictors contribute to live birth outcome and may  even be related to each 

other a multivariable GEE analysis was then performed to determine the 

independent affect of each significant variable (predictor) on live birth 

outcome. In this model all predictors are included at the same time and the 

‘pure effect’ of each predictor can be estimated by the coefficient. In 

comparison, in a linear (univariate) model the affect of a predictor on 

outcome may be exaggerated or reduced by its relationship to another 

predictor not included in the model. Stepwise logistic regression was used for 

selection of independent statistically significant predictors among the 

morphology variables and the confounders. Once variables were selected, the 

GEE models were performed including the selected variables to obtain the 

odds-ratios (OR), 95% confidence intervals (CI) and associated p-values. All 

significance tests were two-tailed and conducted at the 0.05 significance level 

 

Specific Methodological Considerations 
 

Paper I 
 

Ethical considerations 
The ethical committee at the University of Gothenburg did not review this 

study. This was decided for two main reasons. First, the sampling of the spent 

culture media, which is otherwise discarded when embryos are removed for 

transfer, would in no way impair or affect the treatment of the patient. 

Secondly, no information regarding the patients’ identity was used in this 

study. The only information used was the morphological grade of the embryo 

and implantation and live birth outcome. This decision may have been 

presumptuous on our part, but when the same reasoning and methodology 

was reviewed for Paper II and IV the Ethics committee granted approval.   
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Sampling and data collection 
The sampling of spent embryo culture media performed at Shady Grove 

Fertility Centre and Fertilitetscentrum occurred during the same time period 

during 2009. Sampling methods used were the same. Briefly, approximately 

15 µL of spent culture media was sampled directly after removal of the 

blastocyst in preparation for transfer. Collected media was then snap frozen 

in liquid nitrogen and stored at -80ºC. Control samples incubated under the 

same conditions were also collected at the same time. Blastocysts cultured at 

Fertilitetscentrum remained within the same media droplet for approximately 

72 hours of culture before collection. At the Shady Grove clinic blastocysts 

were cultured for 24 hours in the same media droplet before collection. 

Collected samples were sent to a central laboratory for analysis by NIR 

spectroscopy. Information regarding the embryo score and implantation 

outcome was also provided to the central laboratory. 

Unfortunately, no validation of blastocyst grading was performed between 

the two clinics to assess possible variability in assignment of morphological 

scores. Both clinics use a standard blastocyst grading system described by 

Gardner and Schoolcraft (Gardner, et al., 1999b). For the purpose of this 

study these scores were reassigned into one of four grades, A, B, C or D. 

Although these four grades A, B, C, and D are clearly described and are 

broader categories than Gardner’s grading system, some variability in 

allocation of grade may exist. If so, the most likely source of variability 

would have arisen from grading poor versus excellent/good ICM and TE. 

This may have affected the assignment between grade A or B to Grade C and 

vice versa. 

 

Statistical Analysis 
Parametric statistical methods were used to investigate the viability score and 

its relationship to pregnancy outcome and morphological grade. The normal 

distribution of the viability score was tested by the Kolmogorov-Smirnov (p-

value 0.041) and Shapiro-Wilk test (p-value 0.004). The histogram 

(Appendix 1) shows the normal distribution of the viability score. 
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Paper II 
 

Randomisation and study design 
All patients that fulfilled the inclusion criteria and signed informed consent 

were included in this study. On the day of embryo transfer the patients’ 

cohort of embryos were first morphologically graded to identify patients with 

two or more good quality embryos before randomisation into either the 

control or NIR study group. Only good quality embryos were included in this 

study and analysed by NIR spectroscopy. Although Paper I and other proof 

of principle studies showed that the viability score was related to pregnancy 

outcome irrespective of morphological grade we still decided to exclude all 

morphologically poor embryos in our study. This was decided as none of the 

proof of principle studies had looked at the variation of viability scores 

within a patients’ cohort of embryos, only transferred embryos were 

retrospectively analysed. We therefore considered it unethical to test this new 

method independently of the routine morphological criteria we use to qualify 

and select a good embryo for transfer.  

Patients were allocated into one of the two study groups by a computerized 

randomization program that balanced for several known confounders of 

pregnancy outcome that we chose, such as female age and number of good 

quality embryos on the day of transfer. We decided not to balance for the 

morphological grade of the transferred embryo during randomization 

knowing that poorer grades of embryos would be transferred in the NIR 

group compared to the control group.  We predicted that balancing for this 

effect would have lead to allocation of a better cohort of embryos and 

patients into the NIR group and been unfavourable to our study design. Other 

approaches could have been used for this study. We could have limited the 

study to include only patients with embryos of the same morphological grade 

on the day of transfer, for example only 4 cell embryos with no fragmentation 

on day 2. However, this would have limited inclusion of patients and 

completion of this study would have required a multicentre collaboration. 

Alternatively, we could have balanced for the morphological grade of the 

cohort. Although, it was also balanced in our chosen study design. 

For approximately 6% of embryos randomized to the NIR group there was a 

technical failure that prevented analysis and calculation of a viability score. 

For this there were two main reasons. The first was the inability to obtain 

enough sample volume to run the analysis. Although the recommended 

volume for analysis was 10µL, we soon realised that at least 15µL was 
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required to ensure a fully loaded sample cell. This was sometimes impossible 

due to small volumes lost during transfer of the embryo from the spent 

culture media droplet.  The other reason for technical failure arose when 

loading the sample cell. This procedure required precision to prevent the 

presence of air bubbles and mineral oil within the sample chamber, which 

inhibited NIR analysis and calculation of a viability score. By increasing the 

culture volume we could have solved these problems, however this would 

most likely dilute the metabolic changes being measured and possibly the 

threshold of signal required for detection.  

At the start of this controlled trial we were using a prototype NIR 

spectrometer that was entrusted to our lab for research purposes by Molecular 

Biometrics (MB). This instrument was not commercially available. At the 

end of this study (at 287 randomized patients) this early prototype was 

replaced and we were given a commercially available instrument to analyse 

our samples (from randomized patient 288). For a short period of time we run 

samples parallel to obtain spectral data, which were later sent MB. It became 

apparent from this spectral data that there were some inconsistencies between 

the two instruments (prototype versus commercial) and the spectral data 

obtained. Because of slow patient recruitment to the study we had already 

planned an early Data Safety Monitoring Board (DSMB) analysis, so we 

continued the study in spite of some growing concerns about the stability of 

the instrument. At the end of the study we performed a sub group analysis to 

determine if the commercially available instrument was a better instrument, 

and a time analysis to determine if the predictive value of the NIR analysis 

changed during the time course of the study. Refer to results. 

 

Statistical Analysis 
A statistical consultant group has performed all statistical analyses. 

Demographics and baseline variables were analysed by treatment group and 

subsequently corrected for in the statistical analysis as possible confounders. 

All data was analysed from all of the randomised couples, i.e. intention-to-

treat (ITT) analysis and from couples that were without any protocol 

violations that might have had a significant effect on the analysis, i.e. a per 

protocol (PP) analysis. The main analysis performed compared between the 

two groups of the ITT population. Unadjusted comparison between the two 

groups was analyzed using the Fisher’s exact test for dichotomous variables, 

Mann-Whitney U-test for continuous variables, Mantel-Haenszel Chi-square 

test for ordered categorical variables and Chi-square test for non-ordered 

categorical variables. The two groups could be either the two study groups or 



Aisling Ahlström 

25 

pregnancy/not pregnancy. Complementary unadjusted analyses were also 

performed between the two groups on the PP population. All significance 

tests were two-sided and conducted at the significance level of 0.05. 

To study if the Viability Score increases pregnancy rate over time (6 month 

time intervals) a complememtary analysis was performed and pregnancy 

outcome between study groups compared using Fisher exact test. 

 

Paper III 
 

Study design 
To investigate the odds of live birth for each morphological parameter and 

each grade we conducted a retrospective study of all patients who received a 

fresh single blastocyst transfer on Day 5 from January 2006 through to June 

2010 at our clinic. The advantage of performing a retrospective study was 

that all the data was immediately available for analysis. As such, we were 

able to obtain our results quickly. We selected a time period we believed to 

be most consistent and representative of how we work today in our IVF lab. 

Even so, we are aware that this study design can also minimise the ability to 

control for known confounding and unknown variables during the time 

period selected. For example, changes in methods, improvement of blastocyst 

grading precision, trends for optimizing IVF treatment, such as reasons for 

selection of patients who receive blastocyst culture.  

Another disadvantage of this design is the inability to control for the 

distribution of each characteristic, i.e. each grade of each morphological 

parameter, when fairly evaluating the odds of live birth outcome. For 

example, when selecting blastocysts for transfer we prioritized higher grades 

of ICM compared to higher grades of TE. As such, blastocysts with grade A 

TE were more often transferred in companionship of grade A ICM, or when 

no grade A ICM was available. Furthermore, grade C TE and ICM were only 

ever transferred when no other blastocyst of higher grade was available 

indicating a poor treatment cycle or patient group. An alternative study 

design would have been to test our aim prospectively by randomly selecting 

the blastocyst grade to be transferred balancing for all known confounding 

factors. This study design would not include selecting grade C ICM and TE 

in favour of grades above as this would be unethical. 

 



Prediction of embryo viability 

26 

Paper IV 
 

Study design 
Soon after introducing blastocyst vitrification (2005) to our clinic, we began 

to search for parameters that could be used to indicate cryosurvival and 

predict pregnancy outcome. This information would then help us to decide if 

a thawed blastocyst is ‘good enough’ to be transferred or if another sibling 

frozen stored blastocyst should be thawed, if available. The following criteria 

were chosen: 1. Blastocoele re-expansion that was already in use for 

determination of cryosurvival, although the degree of expansion and time 

needed for re-expansion was ill defined. 2. Degree of cellular 

transparency/viability. 3. Cell contour was chosen because of observations 

that the structure of the ICM and TE was compromised in many of the 

thawed blastocysts. Around 2008 we began to systematically grade thawed 

blastocysts for each of these three parameters. However, for this paper we 

chose to limit the study period from March 2008 to October 2011. This was 

decided because it was at this time we had changed the intervals (10%) we 

use to grade the degree of each parameter, greater intervals were used before 

this period. Previous intervals were 100%, 75%, 66%, 50%, 33%, 25% and 

0% for degree of re-expansion and for degree of cell contour and viability 

100%, 66% 33% and 0% were used. These intervals were too large and there 

was a tendency to grade up and grade down for the different parameters. 

 

Measurement of hCG 
 

Sandwich ELISA 
Spent embryo culture media samples were collected daily, from day 2 

through to day 10, and the embryo transferred to a new culture dish. Control 

media samples were also collected. These samples were frozen stored at -

80ºC until analysis. A sandwich ELSIA method described by Ramu et al. was 

used to quantify the concentration of hCG in the samples (Ramu, et al., 

2011). Briefy, ELISA microtiter plates were coated with goat polyclonal 

antibody to hCG (Abcam). This antibody binds to common variants of hCG 

found in urine and serum in pregnancy. Synthetic hCG protein (Abcam) was 

serially diluted to generate a standard curve. A pure media blank control was 

included to measure background noise. Spent media culture samples were 

added to the plate to allow for any free hCG to be bound by the coating 
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antibody. Bound hCG was detected using a mouse monoclonal antibody (α-

hCG-β). A horseradish peroxidase conjugated antibody (goat-α--mouse IgG-

HRP, Leinco Technologies Inc.) was then used to bind to the antibody 

complex and colorimetric substrates, SureBlue reserve TMB (KPL, Inc), was 

added. The substrate reaction was allowed to proceed until colour intensity 

was detected at the lower standard concentrations. The optical density of the 

colour was measured using an ultra micro plate spectrophotometric plate 

reader at 450nm. hCG concentrations for unknown samples were calculated 

using the standard curve.  

 

Measurement of hyperglycosylated hCG by 
ultramicroflourescence   
Measurement of samples was performed at Quest Diagnostics Nichols 

Institute (San Juan, CA) using a highly sensitive microflourescence assay. 

Briefly, this assay uses a capture antibody B207 that is specfic for the hCG-β 

subunit, followed by labelling with B152 antibody, specific for the H-hCG 

isoform detection antibody. B152 is the only antibody available for detection 

of H-hCG and is the property of Quest diagnositics. This method is the 

property of Quest diagnostics and therefore Commercial-in-confidence 

applies. 
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4 RESULTS 

 

Paper I 
 

This paper demonstrated that metabolomic profiling by NIR spectroscopic 

analysis of day 5 spent embryo culture media from 137 transferred 

blastocysts could predict implantation and live birth outcome. Calculated 

viability scores were found to be significantly higher for blastocysts resulting 

in FCA positive (0.63 ± 0.31) and live birth outcomes (0.63 ± 0.32) compared 

to FCA negative outcomes (0.36±0.31). It was also demonstrated that the 

morphological grade of top versus good scoring blastocysts (grade A; ≥ 4BB 

versus grade B; 3AA ≥3BB) could not predict pregnancy outcome, whereas 

the viability score of these blastocysts were significantly related to their 

outcome. This predictive algorithm was further developed and refined 

through analysis of subsequent day 5 samples and then used prospectively in 

our RCT, paper II. Four spectral regions were found to be important 

predictors of pregnancy outcome. 

Furthermore, in this paper a blinded cross-validation of a predictive algorithm 

trained at one clinical site showed that it could maintain its predictive value 

when assessing viability of blastocysts cultured at another clinic using 

different culture media. It was encouraging to know that this technology was 

tolerant to some changes within the IVF culture system.  

 

Paper II 
 

This study was a prospective randomised controlled trial (RCT) to test the 

ability of the NIR technology to select the best single embryo for transfer and 

thereby increase the ongoing pregnancy rate. Unfortunately, after a DSMB 

analysis we were advised to stop the study before completion (performed 

after 287 patients had been randomized). Final analysis of the 327 

randomized patients, 164 in the NIR group and 163 in the control group, 

showed no significant improvement of the ongoing pregnancy rate (34.8% 
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versus 36.2%) using the NIR spectroscopic technique. Furthermore, no 

significant improvement was found for ongoing pregnancy rate when looking 

at only day 2 or day 5 transfers.  

Subgroup analysis was performed for all samples analysed by the new 

commercial instrument (patients randomized 288 to 327) on the ITT 

population. Similar to the total population no significant differences between 

the NIR and control group were found for patient and cycle characteristics 

analysed. However, unlike the total population, no significant differences 

were also found for morphological grades of embryos transferred. Of interest, 

no significant difference in the ongoing pregnancy rate was found between 

the control group (40.0%) and the NIR group (56.0%, p=0.5145) for the 

subgroup ITT population. 

In order to study if the ongoing pregnancy rates between the two treatment 

groups changed over time, a multiple logistic regression analysis was 

performed with pregnancy as the dependent variable and time in months and 

treatment groups as independent variables. An interaction term was included 

to account for a possible relationship between time and treatment group. The 

regression model was not significant (AUC 0.518) and ongoing pregnancy 

rate did not significantly change over time (Table 1 and Figure 7). 

Table 1. Time course analysis, grouped in 6 month intervals (ITT 
population). 
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Figure 7. Ongoing pregnancy rates at 6 month intervals and treatment group  

 

Paper III 
 

This paper found that of the three morphological parameters graded at the 

blastocyst stage, trophectoderm morphology was the most important 

predictor of live birth outcome after day 5 SET. Although all three 

morphological parameters were found to be significant predictors of live birth 

outcome it was found that a higher grade of trophectoderm should be 

prioritized for transfer instead of ICM and grade of expansion when looking 

at good quality embryos. For example a 4BA should be selected instead of a 

4AB, and a 3AA should be selected instead of a 4AB. 
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Paper IV 
 

In this study we found that blastocoele expansion and trophectoderm grade 

were the most significant pre-freeze morphological predictors of live birth. 

Furthermore, we showed that degree of re-expansion was the best post-thaw 

parameter for prediction of live birth. As such, for frozen-thawed blastocyst 

transfer cycles blastocysts with higher pre-freeze grades of expansion and 

TE, irrespective of day of cryopreservation, should be given priority when 

thawing. Furthermore, re-expanding blastocysts, assessed within 2-4 hours, 

with greater than 60% viability should be transferred. For thawed blastocysts 

with slower rates of re-expansion, degree of cell contour can be used to 

determine the fate of the embryo. 

 

Measurement of hCG 
 

To determine the possible relationship between trophectoderm grade and 

production of hCG. We hypothesized that blastocysts with higher grades of 

trophectoderm produce higher concentrations of hCG and at earlier time 

points. This assumption may explain the predictive value of TE grade on live 

birth outcome. 

When spent culture media samples collected from blastocysts cultured in 

fresh IVF cycles were analysed using the sandwich ELISA method, no hCG 

was detected for all trophectoderm grades (A, B or C) on day 5 or day 6 of 

development. Ten cryopreserved day 5 blastocysts (5 blastocysts with grade 

A TE and 5 with grade B TE, donated to research) were then thawed to 

culture until day 10. Spent media samples were collected daily to test for the 

onset of hCG. Using the sandwich ELISA method hCG onset was detected 

on day 8 and day 9 in 5 out of 10 blastocysts and by day 10, hCG was 

detected in 9 out of 10 spent media samples. No association was observed 

between TE grade and hCG onset. Unfortunately this method was not 

sensitive to hCG concentrations below 80pg/mL. 

To increase sensitivity and specificity of H-hCG testing we approached 

Nichols Institute for collaboration to test spent media samples. Their ultra 

sensitive microflourescence method can detect H-hCG concentrations as low 
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as 2pg/mL. Ten spent media samples collected on day 5 and 6 from 

blastocysts (5 of grade A TE and 5 of grade B TE) of fresh IVF cycles were 

tested for H-hCG. No H-hCG was detected. Again ten cryopreserved 

blastocysts (8 with grade A TE and 2 with grade B TE, donated to research) 

were thawed and cultured to day 8. Spent culture media samples collected on 

day 7 and then on 8 were tested for H-hCG. Results are shown in Table 2. 

Earliest detection of H-hCG in spent embryo culture media was on day 7 for 

both grades of TE; A and B. 

 

Table 2. Earliest detection of H-hCG in spent embryo culture media was on 
day 7 for both grade A and grade B TE. NA; not enough sample to analyse. 
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5 DISCUSSION 

 

Near infrared spectroscopy and prediction of 
embryo viability (Paper I and II) 
 

Metabolomic profiling of spent embryo culture media by NIR spectroscopy 

was proposed as a tool to predict reproductive competence of individual 

embryos. It was hypothesized that defining mean differences between NIR 

spectral profiles of spent embryo culture media of implanting embryos and 

non-implanting embryos, could be used to predict the probability of 

pregnancy for unknown samples. This probability estimate could then be 

used to select from a patients cohort of embryos. 

Before our investigations of NIR spectroscopy, two other studies using this 

methodology demonstrated that NIR spectral profiles of day 2 and day 3 

spent embryo culture media were related to pregnancy outcome (Seli, et al., 

2007, Vergouw, et al., 2008). Furthermore, it was demonstrated that distinct 

spectral regions could be used in predictive models to calculate viability 

scores for blinded samples that were significantly associated with 

implantation outcomes. Subsequently, our study (Paper I) produced similar 

results for NIR spectroscopic analysis of spent embryo culture media on day 

5 of culture (Ahlstrom, et al., 2011). Importantly, our study also showed, by a 

method of cross-validation, that a predictive algorithm was accurate even 

when used at different clinics using different blastocyst culture media. This 

had been previously demonstrated for different types of cleavage stage media 

(Seli, et al., 2007). This is an important attribute for any technology 

attempting to predict viability from analysis of spent culture media. Within 

most IVF laboratories commercial brands of media are used for optimal 

stage-specific embryo development and eventhough it is assumed that most 

media have similar constituents, the exact compositions of these media are 

unknown and are the proprietary of the commercial companies. It is therefore 

important that the metabolic differences being measured are not dependent on 

the starting composition of the media but are dependent on the metabolic 

activity of the embryo.  

Of benefit to the application of this technology was evidence that viability 

scores were not related to embryo morphology on either day 2, 3 or 5. In fact, 

NIR spectroscopy detected metabolic differences between morphologically 
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equivalent embryos, confirming the findings of earlier target metabolite 

studies. Importantly, these differences, expressed as a viability score, were 

significantly related to implantation potential. All of the above findings gave 

positive indications for the clinical application of this technology. 

Unfortunatley, when the application of this technology was tested in a 

prospective randomized controlled trial (RCT) for selection of embryos on 

day 2 and day 5 for transfer, its use in adjunct to morphology did not 

significantly improve the ongoing pregnancy rate when compared to 

morphology alone (Hardarson, et al., 2012). These conclusions were drawn 

from an interim analysis of the data after 37% of the patients were recruited. 

This interim analysis showed that the study had very little chance of showing 

any improvement to the ongoing pregnancy rate by using NIR spectroscopy, 

even if we had completed the study. As a consequence we ended the study 

and minimized the possible negative affects of applying this technology to 

more IVF cycles. These results were then supported by another RCT, fully 

completed soon after our study, which also failed to show improvement to 

the live birth rate after day 3 transfer when using NIR spectroscopy 

(Vergouw, et al., 2012).  

The failure of this technology to improve ongoing pregnancy and live birth 

rates when tested in two RCT’s was surprising. The proof of principle studies 

suggested that NIR analysis should substantially improve embryo selection 

and subsequent pregnancy rates. It is unlikely that the study design of both 

RCT’s were unfavourable to testing this technology, but more likely that the 

faults lay within the technology platform itself. 

To generate predictive algorithms a genetic algorithm optimization method is 

used to select the most parsimonious combination of spectral regions required 

to best separate implantation and non-implantation groups. It is important 

that the number of regions selected in the model is correctly optimized as too 

many can lead to “over-fitting” and too few can lead to “under-fitting”. Over 

fitting can lead to a predictive model that fits the training data set too well, 

but is unable to predict on a new data set. Both result in failure to predict 

reliably. In our study, the predictive algorithm used for analysis of day 2 

spent embryo culture media included four predictive regions while only three 

predictive regions were included in the day 5 predictive algorithm. The 

number of regions may explain why the algorithms performed poorly on a 

new data set, i.e. samples analysed in the RCT. 

The accuracy of this predictive model is also dependent upon the accuracy of 

the training data set. A training data set consists of samples with known 
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positive and negative pregnancy outcomes to build a predictive algorithm and 

a blinded data set to then validate the predictive model. The number of 

samples included and the size of the spectral differences being measured 

determine the accuracy of the training data set to generate a predictive model. 

So, it is presumed that larger signal differences will require smaller training 

data sets to establish a predictive model and vice versa. Although, as a rule 

the more samples included the more reliable the model. It is hard to evaluate 

if the size of the training set used to configure the predictive models we used 

were enough as the science of this technology was out of our hands and in the 

hands of a commercial company. However, we are aware that for the day 5 

algorithm only spectral data from our clinic and one other clinic (a total of 

137 samples) were used to train and validate the predictive model. It would 

seem that this might have been too few to obtain a reliable model. Another 

important factor that can affect the reliability of the training data set is the 

presence of outliers. Outliers are samples and their outcomes that don’t fit the 

‘norm’. Unfortunately, in IVF outliers are in abundance because there are so 

many different factors that we know about and more importantly don’t know 

about that can dictate over the success of a pregnancy. Embryo viability is 

not solely responsible.  

A presumed advantage of NIR spectroscopy and other metabolomic profiling 

technologies is that they can rapidly analyse and characterise the chemical 

profile made by an embryo, with little need for metabolite identification. As 

such, the cellular processes, which result in a ‘viable’ embryo profile versus a 

‘non-viable’ embryo profile, are not considered. Had this technology worked, 

knowledge about these cellular processes may have been overlooked. But, 

with little information about the metabolites that were responsible for 

prediction of embryo viability it is hard to speculate possible reasons why 

this technology failed to be clinically useful. By referring to Figure 5, insight 

into the complexity of the metabolic pathways taking place within the cell at 

any given time. This diagram shows how many of the metabolites being 

measured by the NIR technology, and the other profiling technologies are 

shuttled from one pathway to the next, and these enzymatic reactions occur at 

very fast and different rates so the metabolome changes from one millisecond 

to the next. So, without background understanding of the metabolites and 

metabolic pathways that are being measured, the profiling information will be 

difficult to link to definite functional activities of the cells and how they 

impact embryo viability. It is like we went on a fishing experiment and threw 

out our nets not knowing what we were catching in these nets, compared to 

fishing with a rod for one defined metabolite like glucose.  To move forward 

it may be better to choose technologies that enable biomarker identification 

such as nuclear magnetic resonance, mass spectroscopy and HPLC  (Brison, 
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et al., 2004, Katz-Jaffe, et al., 2006, Seli, et al., 2008). At least with these 

technologies changes in profiles can be linked to specific metabolites and 

cause and effect relationships may be elucidated.  

It is important to mention that NIR technology tried to do what the above-

mentioned technologies have not yet succeeded and that is to provide a 

laboratory friendly instrument that is easy to use and at low cost to the 

patient. An ‘industrial’ NIR spectrometer is usually about the size of a 

washing machine. The bench top we had working in our lab was the size of a 

small centrifuge. This conversion or minimization has been the biggest 

challenge for the manufacturers of this instrument. Along the way the 

accuracy and stability of the instrument may have been compromised just 

enough to affect the spectral data and thereby the ability of the NIR platform 

to predict embryo viability.  

 

Blastocyst morphology and prediction of Live birth 

 

Our studies looking at blastocyst morphology and prediction of live birth 

found that trophectoderm morphology is the most important predictor after 

fresh single blastocyst transfer cycles and one of the most important 

predictors after frozen thawed transfer cycles. Expansion grade was found to 

be the other most important predictor of live birth after frozen-thawed 

transfer cycles. ICM in both studies (Paper III and IV) was not shown to be 

one of the most significant predictor of live birth. Very few reports have 

demonstrated similar results for fresh (Zaninovic, et al., 2001) and frozen 

thawed cycles (Honnma, et al., 2012) after SET.  In fact, TE has repeatedly 

been considered to be of lowest significance when looking at the three 

morphological parameters. However, many of these conflicting studies fail to 

consider these parameters independently in logistic regression models and/or 

grouped blastocysts with different scores (Richter, et al., 2001, Shapiro, et al., 

2008b, Shapiro, et al., 2000, Yoon, et al., 2001). This has thereby impaired 

the ability of these studies to fully elucidate the predictive strength of each 

parameter.  

Our findings also showed that the live birth rates after fresh day 5 blastocyst 

transfer (37.8%) and frozen-thawed transfer cycles (38.9%) were not 

significantly different. Furthermore, live birth rates of blastocysts 

cryopreserved on day 5 (39.3%) were not significantly different to day 6 
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(38.2%), suggesting that the rate of development important for success of 

fresh blastocyst transfers is not crucial to post thaw success. Similar findings 

have been reported previously (Behr, et al., 2002, Veeck, et al., 2004).  

However, it is important to consider that a much higher standard of blastocyst 

quality (>3BB) is required for cryopreservation compared to fresh blastocyst 

transfer. Therefore, a more equal comparison would be to look at the live 

birth rate found in the NIR control group (Paper II). In this study, only good 

quality blastocysts were transferred (>3BB) and patients were required to 

have more than two good quality embryos available before randomization, 

mimicking the conditions required for cryopreservation on day 5. The 

reported live birth rate for this study was 45.6%, approximately 7% greater 

than day 5 frozen-thawed transfers (all ongoing pregnancies resulted in a live 

birth after the study was completed). These results suggest a difference in the 

live birth rate between fresh and frozen-thawed day 5 transfers. As we do not 

perform transfers on day 6 no comparisons can be made between fresh and 

frozen transfers. However, a very recent report showed that day 6 frozen-

thawed blastocysts have a significantly higher ongoing pregnancy rate than 

fresh day 6 blastocyst transfers (Shapiro, et al., 2012). Importantly, this study 

performed SET and compared morphologically equivalent blastocysts, unlike 

many other studies. This study supports suggestions that impaired results of 

day 6 transfers are due to poor embryo-endometrium synchrony 

(Barrenetxea, et al., 2005, Shapiro, et al., 2008a, Shapiro, et al., 2001). 

In paper IV, we also studied the predictive nature of three post thaw 

morphological parameters; degree of re-expansion, degree of viability and 

degree of cell contour. This study found that degree of re-expansion is the 

most important post thaw morphological predictor of live birth. This was 

comforting as re-expansion is one of the most extensively used indicators of 

blastocyst cryosurvival for both slow-freeze and vitrification methods (Cho, 

et al., 2002, Son, et al., 2007, Vanderzwalmen, et al., 2003, Vanderzwalmen, 

et al., 2002). Post thaw cell contour was also shown in a multivariate analysis 

to significantly predict live birth. In contrast to re-expansion, this parameter 

has not been used in previous reports. The difficulty when introducing and 

analyzing the significance of a new morphological parameter is the inability 

to compare and validate our findings with other published data. Furthermore, 

because the number of blastocysts graded for each parameter and available 

for analysis is a limitation of this study, we plan to continue using all three 

post thaw parameters to better assess their predictive value in the future. 

To explain the predictive strength of TE we speculate that TE quality is 

reflecting the functional ability of TE and at this stage of embryo 

development a blastocyst ready to start the complex process of implantation, 
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needs healthy TE cells that have the capacity to signal and invade the 

endometrium (Norwitz, et al., 2001). In contrast to the ICM which can 

develop more independently of the maternal endometrium during the early 

stages of implantation. A key function of TE is secretion of human chorionic 

gonadotrophin (hCG), a critical glycoprotein that has been studied for almost 

a century(Aschner, 1912, Fishel, et al., 1984, Handschuh, et al., 2007, 

Kovalevskaya, et al., 2002b). The earliest study showed that hCG rescued 

progesterone synthesis and secretion by the corpus luteum (Hirose, 1920). 

The extensive variety of roles hCG plays in the maternal-embryo crosstalk 

and the reproductive system has been eloquently reviewed by Cole (Cole, 

2009, Cole, 2010). Interesting to our findings, a report looking at hCG levels 

produced by blastocysts after TE biopsy showed that hCG levels significantly 

decreased when more than 10 cells were biopsied (Dokras, et al., 1991). So, a 

lower number of TE cells, as found in lower grades of TE, translates into 

fewer hCG producing cells and a weakened signalling capacity of the 

unimplanted blastocyst. More recently, another study showed that hCG could 

be detected in day 2 culture media (Ramu, et al., 2011). This was much 

earlier than older reports where earliest detection was found on day 7 of 

culture (Dokras, et al., 1993, Lopata, 1996). Our interest in detection of hCG 

to explain the predictive strength of TE and even identify a possible target 

biomarker for selection of blastocysts on day of transfer (day 5) lead us to 

explore hCG secretion. Unfortunately, when these experiments were repeated 

in our laboratory we were unable to detect hCG in day 2 spent embryo 

culture media using the same sandwich ELISA method. Earliest detection of 

hCG using this method was detected on day 8 of culture. The discrepancy in 

results between our two groups is hard to explain and personal 

communication with this group did not lead to any possible explanations.  

To ensure that this was not a technical failure on our part, we even tested 

specifically for H-hCG, the principal form of hCG produced at the time of 

implantation and in the first week of pregnancy (Bersinger, et al., 2008, 

Kovalevskaya, et al., 2002a, Sasaki, et al., 2008). However this time we only 

tested day 5 and 6 from blastocysts of fresh IVF cycles and day 7 and 8 from 

donated day 5 frozen-thawed blastocysts. Interestingly, using a more specific 

ultra-microflourescence assay to detect H-hCG (Nichols Institute) we found 

earliest detection on day 7 of culture. From this small sample size, the onset 

and concentration of H-hCG did not seem to be related to TE grade. Of 

interest to frozen-thawed transfer cycles is the knowledge that 

cryopreservation and subsequent thawing does not delay H-hCG production 

when compared to fresh blastocysts (Dokras, et al., 1993, Dokras, et al., 

1991, Lopata, 1996). However, to better determine if there is a relationship 

between TE grade and hCG production a larger study with donated day 2 
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frozen embryos is planned and has been approved by the Ethic committee. 

Unforunately, the donation of embryos is a slow process and sufficient 

numbers were not accumulated before the completion of this thesis. 

Lastly, it is important to discuss the drawbacks of using morphology. 

Morphology is a qualitative method and some variation can be expected 

within individuals (intra-variability), between individuals (inter-variability) 

and even between different IVF labs. These sources of variability can affect 

interpretation of study data. (Arce, et al., 2006, Baxter Bendus, et al., 2006, 

Paternot, et al., 2009). Most importantly, inter-variability has been shown to 

significantly affect embryo scores given on day 2 and 3. In these studies, 

better scoring agreement was observed for experienced embryologists and 

when training sessions were carried out. So far, no published studies have 

assessed the level of inter-variability when scoring blastocysts. Our clinic 

annually performs an internal (all embryologists within our lab) and external 

(embryologists at 4 other clinics) embryo assessment validation. The results 

of these validations indicate a high degree of intra-agreement for blastocyst 

scoring. However, we have found that agreement between laboratories can 

differ between those with and without experience. So that those laboratories 

with experience, (our lab included) have high level of agreement with other 

experienced laboratories.  

Some studies have tried to quantify the morphological parameters used to 

assess blastocysts by measurement of the blastocoele cavity, ICM dimensions 

and a cross-sectional number of TE cells (Richter, et al., 2001, Shapiro, et al., 

2008b). However, these measurements have not been widely applied. A 

suggestion would be to combine these methods with the Gardner and 

Schoolcraft scoring system to more accurately describe the different grades 

(A, B, and C) of ICM and TE. For example, a grade A TE is described as 

many cells forming a cohesive epithelium. Alternatively, it could be 

described as a cohesive epithelium with a cross-sectional cell count of more 

than 20 cells. Furthermore, ICM dimensions could be used to describe the 

different grades A, B and C together with degree of compaction/adhesion. 

For example, a grade A ICM having a size >4500µM
2
 and cells tightly 

packed, as according to Richter et al (Richter, et al., 2001).  
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6 CONCLUSION 

 

In summary, this thesis work showed that although NIR technology showed 

promise for use in selecting the most viable embryo for transfer, in its current 

form we were unable to use it to improve ongoing pregnancy rates after SET 

when assessed in a prospective randomised controlled trial.  Unfortunately, 

there is still a need for new non-invasive technologies to improve our 

selection methods. 

Furthermore, the findings of this thesis work suggest that a new hierarchy 

should be put in place when selecting top quality blastocysts for transfer. 

Although separate strategies should be used for fresh and frozen thawed 

cycles. For fresh IVF cycles and transfers on day 5, our study data suggest 

that TE grade should be prioritised when selecting between good quality 

expanding and expanded blastocysts. For frozen-thawed transfer cycles 

higher expansion and TE grades should be prioritised, irrespective of day of 

cryopreservation. Of course to fully evaluate if our new selection hierarchy 

can improve the live birth rate a prospective randomized controlled study is 

needed. In addition, post thaw morphology is important for prediction of live 

birth after frozen thawed cycles, and most importantly degree of re-

expansion. 
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7 FUTURE PERSPECTIVES 

 

Grading embryo morphology is a mainstay method for selection of the most 

viable embryos for transfer. However, morphology is like looking at the 

summary of many other genetic, transcriptional and metabolic functions that 

are required for successful embryo development. Only through better 

understanding of these cellular processes and how they relate to each other, 

can we identify potential biomarkers of embryo viability and improve current 

IVF success rates. It is unlikely that one biomarker will be enough, instead 

groups of biomarkers that can describe different functional status of the 

embryo, such as chromosomal abnormalities, epigenetic defects or even 

stress imposed by the culture condition, will be required. The best methods, I 

believe, are going to be those that limit their impact on the well being of the 

embryo, such as non-invasive sampling of the spent culture media. The 

biggest challenge will be to develop an easy to use, fast, relatively cheap 

method to measure these biomarkers. From our involvement with the NIR 

technology, we gained an insight into the amount of effort required to first do 

the basic research that leads to the commercial idea and design of a 

technology, followed by testing over and over again before reaching the level 

at which it can be trialed for clinical use. Unfortunately, NIR didn’t make it 

to daily clinical use and neither have any of the other technologies being 

researched to test spent embryo culture media. However, this is not to say 

they wont eventually get there but it will take time. Many researchers are 

close to the trial stages; amino acid profiling and protein profiling are 

promising new technologies and it looks like the ‘old’ glycolytic studies are 

being revived as possible pathways to measure. Of significant importance, 

these methods could not only help us predict the most viable embryo, but also 

help us to ‘produce’ a viable embryo so that we provide the best possible 

circumstances for all stages of an IVF cycle, from the acquiring of gametes to 

the return of the embryo to the uterus. Needless to say, this is a very exciting 

time in the IVF world with all the new technologies and multitude of 

parameters being investigated and developed to quantify embryo viability. A 

bit like the Cambrian explosion, 500 million years ago, and the explosion of 

weird and wonderful new species, some will survive and some wont measure 

up to the fitness level required. 

 



Prediction of embryo viability 

42 

ACKNOWLEDGEMENT 

To my supervisors; Thorir Hardarson, Matts Wikland and Torbjörn 

Hillensjö thanks for sharing your wealth of knowledge with me and for 

giving me the opportunity to complete my PhD, it has been one of my goals 

for some time now. And for taking care of all the ‘behind the scenes’ 

bureaucracy, you have ‘muscled and bustled’ around the past five years to 

make this happen….I am deeply grateful. 

To all the people at Fertilitetscentrum; the embryologists, Susanne, Eva, 

Cecilia, Stina, Lena and Sophie you guys have been more than generous 

with your support and kindness, this work has only been accomplished 

because you guys were there to help. Thanks to the doctors Margareta 

Wood, Göran Westlander and Anna-Karin Lind, the nursing staff 

Margaretha Hammar, Charlotta Ytterstad Annica Söderman, Ann-

Charlotte Carlsson, Birgitta Attebo, Elisabeth Nilsson, Eva Johansson, 

Kia Borg and Sheila Palangi, and everyone in administration Elisabeth 

Sandgate, Susanne Broz, Linda Sunden, and Agneta Rosengren, plus our 

computer programming genius Jonas Gudmundson for construction and 

reediting of all the excel spread sheets. All of you have been amazing and 

have kept me motivated even when it felt like my confidence was dropping 

and energy was being sucked out. Remember, we will always have 

Sperlonga. 

Most importantly, I have to thank my super patient and loving husband 

David. You have been there through all my trials and tribulations, and for all 

the plates of food you had waiting for me when I got home. To my kids, 

Luke, Oliver and Amber, for reminding me that my top job is being your 

mum. To my Mum, Dad and sister Sinead….I finally got there. Sinead I 

think I will be changing my email address pretty soon to 

dr_aish@hotmail.com…sound familiar? Thanks for all the phone cslls and 

pep talks. 

To David’s family; Pappa Robert, Mamma Britta, Olof and Sara, Simon 

and Anna, and Emmanuel, plus all the kids, for adopting me and making 

sure that I never felt alone in this country. When your ready to move to 

Australia let me know. 

Finally my deepest thanks to all my friends here and overseas, I’m not going 

to list you guys because you already know who you are, I hope you know 

how much your support means  



 

43 

REFERENCES 

 

ASRM and SART.Guidelines on number of embryos transferred. Fertil Steril 

2008;90:S163-4. 

Alpha Scientists. The Istanbul consensus workshop on embryo assessment: 

proceedings of an expert meeting. Hum Reprod 2011. 

Ahlstrom A, Wikland M, Rogberg L, Barnett JS, Tucker M, Hardarson T. 

Cross-validation and predictive value of near-infrared spectroscopy 

algorithms for day-5 blastocyst transfer. Reprod Biomed Online 

2011. 

Almeida PA, Bolton VN. The relationship between chromosomal 

abnormality in the human preimplantation embryo and development 

in vitro. Reprod Fertil Dev 1996;8:235-41. 

Antczak M, Van Blerkom J. Temporal and spatial aspects of fragmentation in 

early human embryos: possible effects on developmental competence 

and association with the differential elimination of regulatory 

proteins from polarized domains. Hum Reprod 1999;14:429-47. 

Arce JC, Ziebe S, Lundin K, Janssens R, Helmgaard L, Sorensen P. 

Interobserver agreement and intraobserver reproducibility of embryo 

quality assessments. Hum Reprod 2006;21:2141-8. 

Aschner B. Ueber die function der hypophyse. Pflug Arch Gest Physiol 

1912;146:1-147. 

Baart EB, Martini E, van den Berg I, Macklon NS, Galjaard RJ, Fauser BC, 

Van Opstal D. Preimplantation genetic screening reveals a high 

incidence of aneuploidy and mosaicism in embryos from young 

women undergoing IVF. Hum Reprod 2006;21:223-33. 

Balaban B, Urman B, Sertac A, Alatas C, Aksoy S, Mercan R. Blastocyst 

quality affects the success of blastocyst-stage embryo transfer. Fertil 

Steril 2000;74:282-7. 

Balaban B, Yakin K, Urman B. Randomized comparison of two different 

blastocyst grading systems. Fertil Steril 2006;85:559-63. 



Prediction of embryo viability 

44 

Barnes FL, Crombie A, Gardner DK, Kausche A, Lacham-Kaplan O, 

Suikkari AM, Tiglias J, Wood C, Trounson AO. Blastocyst 

development and birth after in-vitro maturation of human primary 

oocytes, intracytoplasmic sperm injection and assisted hatching. Hum 

Reprod 1995;10:3243-7. 

Barrenetxea G, Lopez de Larruzea A, Ganzabal T, Jimenez R, Carbonero K, 

Mandiola M. Blastocyst culture after repeated failure of cleavage-

stage embryo transfers: a comparison of day 5 and day 6 transfers. 

Fertil Steril 2005;83:49-53. 

Baxter Bendus AE, Mayer JF, Shipley SK, Catherino WH. Interobserver and 

intraobserver variation in day 3 embryo grading. Fertil Steril 

2006;86:1608-15. 

Behr B, Gebhardt J, Lyon J, Milki AA. Factors relating to a successful 

cryopreserved blastocyst transfer program. Fertil Steril 2002;77:697-

9. 

Beral V, Doyle P, Tan SL, Mason BA, Campbell S. Outcome of pregnancies 

resulting from assisted conception. Br Med Bull 1990;46:753-68. 

Bergh C. How to promote singletons. Reprod Biomed Online 2007;15 Suppl 

3:22-7. 

Bergh T, Ericson A, Hillensjo T, Nygren KG, Wennerholm UB. Deliveries 

and children born after in-vitro fertilisation in Sweden 1982-95: a 

retrospective cohort study. Lancet 1999;354:1579-85. 

Bersinger NA, Wunder DM, Nicolas M, Birkhauser MH, Porquet D, 

Guibourdenche J. Serum hyperglycosylated human chorionic 

gonadotropin to predict the gestational outcome in in vitro 

fertilization/intracytoplasmic sperm injection pregnancies. Fetal 

Diagn Ther 2008;24:74-8. 

Blake DA, Farquhar CM, Johnson N, Proctor M. Cleavage stage versus 

blastocyst stage embryo transfer in assisted conception. Cochrane 

Database Syst Rev 2007:CD002118. 

Bollen N, Camus M, Staessen C, Tournaye H, Devroey P, Van Steirteghem 

AC. The incidence of multiple pregnancy after in vitro fertilization 



 

45 

and embryo transfer, gamete, or zygote intrafallopian transfer. Fertil 

Steril 1991;55:314-8. 

Bolton VN, Hawes SM, Taylor CT, Parsons JH. Development of spare 

human preimplantation embryos in vitro: an analysis of the 

correlations among gross morphology, cleavage rates, and 

development to the blastocyst. J In Vitro Fert Embryo Transf 

1989;6:30-5. 

Bolton VN, Wren ME, Parsons JH. Pregnancies after in vitro fertilization and 

transfer of human blastocysts. Fertil Steril 1991;55:830-2. 

Borland RM, Biggers JD, Lechene CP, Taymor ML. Elemental composition 

of fluid in the human Fallopian tube. J Reprod Fertil 1980;58:479-

82. 

Brison DR, Houghton FD, Falconer D, Roberts SA, Hawkhead J, 

Humpherson PG, Lieberman BA, Leese HJ. Identification of viable 

embryos in IVF by non-invasive measurement of amino acid 

turnover. Hum Reprod 2004;19:2319-24. 

Bromer JG, Seli E. Assessment of embryo viability in assisted reproductive 

technology: shortcomings of current approaches and the emerging 

role of metabolomics. Curr Opin Obstet Gynecol 2008;20:234-41. 

Casslen B, Nilsson B. Human uterine fluid, examined in undiluted samples 

for osmolarity and the concentrations of inorganic ions, albumin, 

glucose, and urea. Am J Obstet Gynecol 1984;150:877-81. 

Cho HJ, Son WY, Yoon SH, Lee SW, Lim JH. An improved protocol for 

dilution of cryoprotectants from vitrified human blastocysts. Hum 

Reprod 2002;17:2419-22. 

Cole LA. New discoveries on the biology and detection of human chorionic 

gonadotropin. Reprod Biol Endocrinol 2009;7:8. 

Cole LA. Biological functions of hCG and hCG-related molecules. Reprod 

Biol Endocrinol 2010;8:102. 

Cole LA. Hyperglycosylated hCG and pregnancy failures. J Reprod Immunol 

2012;93:119-22. 



Prediction of embryo viability 

46 

Conaghan J, Handyside AH, Winston RM, Leese HJ. Effects of pyruvate and 

glucose on the development of human preimplantation embryos in 

vitro. J Reprod Fertil 1993;99:87-95. 

Craft I. Factors affecting the outcome of assisted conception. Br Med Bull 

1990;46:769-82. 

Cummins JM, Breen TM, Harrison KL, Shaw JM, Wilson LM, Hennessey 

JF. A formula for scoring human embryo growth rates in in vitro 

fertilization: its value in predicting pregnancy and in comparison 

with visual estimates of embryo quality. J In Vitro Fert Embryo 

Transf 1986;3:284-95. 

de Jong D, Eijkemans MJ, Beckers NG, Pruijsten RV, Fauser BC, Macklon 

NS. The added value of embryo cryopreservation to cumulative 

ongoing pregnancy rates per IVF treatment: is cryopreservation 

worth the effort? J Assist Reprod Genet 2002;19:561-8. 

Delhanty JD. Chromosome analysis by FISH in human preimplantation 

genetics. Hum Reprod 1997;12:153-5. 

Devreker F, Hardy K, Van den Bergh M, Vannin AS, Emiliani S, Englert Y. 

Amino acids promote human blastocyst development in vitro. Hum 

Reprod 2001;16:749-56. 

Dokras A, Sargent IL, Barlow DH. Human blastocyst grading: an indicator of 

developmental potential? Hum Reprod 1993;8:2119-27. 

Dokras A, Sargent IL, Gardner RL, Barlow DH. Human trophectoderm 

biopsy and secretion of chorionic gonadotrophin. Hum Reprod 

1991;6:1453-9. 

Edwards RG, Fishel SB, Cohen J, Fehilly CB, Purdy JM, Slater JM, Steptoe 

PC, Webster JM. Factors influencing the success of in vitro 

fertilization for alleviating human infertility. J In Vitro Fert Embryo 

Transf 1984;1:3-23. 

Egozcue J. Preimplantation diagnosis in older patients. Of course not. Hum 

Reprod 1996;11:2077-8. 



 

47 

Fishel SB, Edwards RG, Evans CJ. Human chorionic gonadotropin secreted 

by preimplantation embryos cultured in vitro. Science 1984;223:816-

8. 

Fragouli E, Lenzi M, Ross R, Katz-Jaffe M, Schoolcraft WB, Wells D. 

Comprehensive molecular cytogenetic analysis of the human 

blastocyst stage. Hum Reprod 2008;23:2596-608. 

Gardner DK. Development of serum-free media for the culture and transfer 

of human blastocysts. Hum Reprod 1998;13 Suppl 4:218-25. 

Gardner DK. Noninvasive metabolic assessment of single cells. Methods Mol 

Med 2007;132:1-9. 

Gardner DK, Lane M. Culture and selection of viable blastocysts: a feasible 

proposition for human IVF? Hum Reprod Update 1997;3:367-82. 

Gardner DK, Lane M. Culture of viable human blastocysts in defined 

sequential serum-free media. Hum Reprod 1998a;13 Suppl 3:148-59; 

discussion 60. 

Gardner DK, Lane M, Calderon I, Leeton J. Environment of the 

preimplantation human embryo in vivo: metabolite analysis of 

oviduct and uterine fluids and metabolism of cumulus cells. Fertil 

Steril 1996;65:349-53. 

Gardner DK, Lane M, Spitzer A, Batt PA. Enhanced rates of cleavage and 

development for sheep zygotes cultured to the blastocyst stage in 

vitro in the absence of serum and somatic cells: amino acids, 

vitamins, and culturing embryos in groups stimulate development. 

Biol Reprod 1994;50:390-400. 

Gardner DK, Lane M, Stevens J, Schlenker T, Schoolcraft WB. Blastocyst 

score affects implantation and pregnancy outcome: towards a single 

blastocyst transfer. Fertil Steril 2000a;73:1155-8. 

Gardner DK, Lane M, Stevens J, Schoolcraft WB. Noninvasive assessment of 

human embryo nutrient consumption as a measure of developmental 

potential. Fertil Steril 2001;76:1175-80. 



Prediction of embryo viability 

48 

Gardner DK, Lane MW, Lane M. EDTA stimulates cleavage stage bovine 

embryo development in culture but inhibits blastocyst development 

and differentiation. Mol Reprod Dev 2000b;57:256-61. 

Gardner DK, Leese HJ. Assessment of embryo viability prior to transfer by 

the noninvasive measurement of glucose uptake. J Exp Zool 

1987;242:103-5. 

Gardner DK, Pool TB, Lane M. Embryo nutrition and energy metabolism and 

its relationship to embryo growth, differentiation, and viability. 

Semin Reprod Med 2000c;18:205-18. 

Gardner DK, Schoolcraft WB. Culture and transfer of human blastocysts. 

Curr Opin Obstet Gynecol 1999a;11:307-11. 

Gardner DK, Schoolcraft WB. In virto culture of human blastocyst. . In: In 

Janson R, Mortimer,D. Eds., editor. Towards reproductive certainty: 

infertilityand genetics beyond1999.: Carnforth: Parthenon Press, 

1999b:378-88. 

Gardner DK, Schoolcraft WB, Wagley L, Schlenker T, Stevens J, Hesla J. A 

prospective randomized trial of blastocyst culture and transfer in in-

vitro fertilization. Hum Reprod 1998b;13:3434-40. 

Gardner DK, Surrey E, Minjarez D, Leitz A, Stevens J, Schoolcraft WB. 

Single blastocyst transfer: a prospective randomized trial. Fertil 

Steril 2004;81:551-5. 

Gardner DK, Vella P, Lane M, Wagley L, Schlenker T, Schoolcraft WB. 

Culture and transfer of human blastocysts increases implantation 

rates and reduces the need for multiple embryo transfers. Fertil Steril 

1998c;69:84-8. 

Giorgetti C, Terriou P, Auquier P, Hans E, Spach JL, Salzmann J, Roulier R. 

Embryo score to predict implantation after in-vitro fertilization: 

based on 957 single embryo transfers. Hum Reprod 1995;10:2427-

31. 

Gissler M, Silverio MM, Hemminki E. In-vitro fertilization pregnancies and 

perinatal health in Finland 1991‚Äì1993. Human Reproduction 

1995;10:1856-61. 



 

49 

Gutierrez-Mateo C, Colls P, Sanchez-Garcia J, Escudero T, Prates R, 

Ketterson K, Wells D, Munne S. Validation of microarray 

comparative genomic hybridization for comprehensive chromosome 

analysis of embryos. Fertil Steril 2011;95:953-8. 

Handschuh K, Guibourdenche J, Tsatsaris V, Guesnon M, Laurendeau I, 

Evain-Brion D, Fournier T. Human chorionic gonadotropin produced 

by the invasive trophoblast but not the villous trophoblast promotes 

cell invasion and is down-regulated by peroxisome proliferator-

activated receptor-gamma. Endocrinology 2007;148:5011-9. 

Hardarson T, Ahlstrom A, Rogberg L, Botros L, Hillensjo T, Westlander G, 

Sakkas D, Wikland M. Non-invasive metabolomic profiling of Day 2 

and 5 embryo culture medium: a prospective randomized trial. Hum 

Reprod 2012;27:89-96. 

Hardarson T, Caisander G, Sjogren A, Hanson C, Hamberger L, Lundin K. A 

morphological and chromosomal study of blastocysts developing 

from morphologically suboptimal human pre-embryos compared 

with control blastocysts. Hum Reprod 2003;18:399-407. 

Hardarson T, Hanson C, Lundin K, Hillensjo T, Nilsson L, Stevic J, Reismer 

E, Borg K, Wikland M, Bergh C. Preimplantation genetic screening 

in women of advanced maternal age caused a decrease in clinical 

pregnancy rate: a randomized controlled trial. Hum Reprod 

2008;23:2806-12. 

Hardy K, Hooper MA, Handyside AH, Rutherford AJ, Winston RM, Leese 

HJ. Non-invasive measurement of glucose and pyruvate uptake by 

individual human oocytes and preimplantation embryos. Hum 

Reprod 1989;4:188-91. 

Hellani A, Abu-Amero K, Azouri J, El-Akoum S. Successful pregnancies 

after application of array-comparative genomic hybridization in PGS-

aneuploidy screening. Reprod Biomed Online 2008;17:841-7. 

Hirose T. Exogenous stimulation of corpus luteus formation in the rabbit: 

influence of extracts of human placenta, decidua, fetus, hytatid mole, 

and corpus lueum on the rabbit gonad. J Jpn Gynecol Soc 

1920;16:1055. 



Prediction of embryo viability 

50 

Honnma H, Baba T, Sasaki M, Hashiba Y, Ohno H, Fukunaga T, Endo T, 

Saito T, Asada Y. Trophectoderm morphology significantly affects 

the rates of ongoing pregnancy and miscarriage in frozen-thawed 

single-blastocyst transfer cycle in vitro fertilization. Fertil Steril 

2012;98:361-7. 

Houghton FD, Hawkhead JA, Humpherson PG, Hogg JE, Balen AH, 

Rutherford AJ, Leese HJ. Non-invasive amino acid turnover predicts 

human embryo developmental capacity. Hum Reprod 2002;17:999-

1005. 

Jansen RP, Bowman MC, de Boer KA, Leigh DA, Lieberman DB, McArthur 

SJ. What next for preimplantation genetic screening (PGS)? 

Experience with blastocyst biopsy and testing for aneuploidy. Hum 

Reprod 2008;23:1476-8. 

Jozwik M, Teng C, Battaglia FC. Amino acid, ammonia and urea 

concentrations in human pre-ovulatory ovarian follicular fluid. Hum 

Reprod 2006;21:2776-82. 

Kanai T, Fujii T, Unno N, Yamashita T, Hyodo H, Miki A, Hamai Y, 

Kozuma S, Taketani Y. Human leukocyte antigen-G-expressing cells 

differently modulate the release of cytokines from mononuclear cells 

present in the decidua versus peripheral blood. Am J Reprod Immunol 

2001;45:94-9. 

Karlstrom PO, Bergh C. Reducing the number of embryos transferred in 

Sweden-impact on delivery and multiple birth rates. Hum Reprod 

2007;22:2202-7. 

Katz-Jaffe MG, Linck DW, Schoolcraft WB, Gardner DK. A proteomic 

analysis of mammalian preimplantation embryonic development. 

Reproduction 2005;130:899-905. 

Katz-Jaffe MG, Schoolcraft WB, Gardner DK. Analysis of protein expression 

(secretome) by human and mouse preimplantation embryos. Fertil 

Steril 2006;86:678-85. 

Kitchen WH, Bowman E, Callanan C, Campbell NT, Carse EA, Charlton M, 

Doyle LW, Drew J, Ford GW, Gore J, et al. The cost of improving 

the outcome for infants of birthweight 500-999 g in Victoria. The 



 

51 

Victorian Infant Collaborative Study Group. J Paediatr Child Health 

1993;29:56-62. 

Kovacic B, Vlaisavljevic V, Reljic M, Cizek-Sajko M. Developmental 

capacity of different morphological types of day 5 human morulae 

and blastocysts. Reprod Biomed Online 2004;8:687-94. 

Kovalevskaya G, Birken S, Kakuma T, Ozaki N, Sauer M, Lindheim S, 

Cohen M, Kelly A, Schlatterer J, O'Connor JF. Differential 

expression of human chorionic gonadotropin (hCG) glycosylation 

isoforms in failing and continuing pregnancies: preliminary 

characterization of the hyperglycosylated hCG epitope. J Endocrinol 

2002a;172:497-506. 

Kovalevskaya G, Genbacev O, Fisher SJ, Caceres E, O'Connor JF. 

Trophoblast origin of hCG isoforms: cytotrophoblasts are the 

primary source of choriocarcinoma-like hCG. Mol Cell Endocrinol 

2002b;194:147-55. 

Kovalevsky G, Patrizio P. High rates of embryo wastage with use of assisted 

reproductive technology: a look at the trends between 1995 and 2001 

in the United States. Fertil Steril 2005;84:325-30. 

Kutlu P, Atvar O, Vanlioglu OF, Kutlu U, Arici A, Yilmaz S, Yilmaz E, 

Delikara N, Bener F, Kamar A, Alpak O, Ozekici U. Effect of the 

new legislation and single-embryo transfer policy in Turkey on 

assisted reproduction outcomes: preliminary results. Reprod Biomed 

Online 2011;22:208-14. 

Lamb VK, Leese HJ. Uptake of a mixture of amino acids by mouse 

blastocysts. J Reprod Fertil 1994;102:169-75. 

Lane M, Gardner DK. Increase in postimplantation development of cultured 

mouse embryos by amino acids and induction of fetal retardation and 

exencephaly by ammonium ions. J Reprod Fertil 1994;102:305-12. 

Lane M, Gardner DK. Selection of viable mouse blastocysts prior to transfer 

using a metabolic criterion. Hum Reprod 1996;11:1975-8. 

Lane M, Gardner DK. Differential regulation of mouse embryo development 

and viability by amino acids. J Reprod Fertil 1997a;109:153-64. 



Prediction of embryo viability 

52 

Lane M, Gardner DK. Nonessential amino acids and glutamine decrease the 

time of the first three cleavage divisions and increase compaction of 

mouse zygotes in vitro. J Assist Reprod Genet 1997b;14:398-403. 

Lane M, Gardner DK. Amino acids and vitamins prevent culture-induced 

metabolic perturbations and associated loss of viability of mouse 

blastocysts. Hum Reprod 1998;13:991-7. 

Lane M, Gardner DK. Ammonium induces aberrant blastocyst 

differentiation, metabolism, pH regulation, gene expression and 

subsequently alters fetal development in the mouse. Biol Reprod 

2003;69:1109-17. 

Lawitts JA, Biggers JD. Optimization of mouse embryo culture media using 

simplex methods. J Reprod Fertil 1991a;91:543-56. 

Lawitts JA, Biggers JD. Overcoming the 2-cell block by modifying standard 

components in a mouse embryo culture medium. Biol Reprod 

1991b;45:245-51. 

Lawitts JA, Biggers JD. Culture of preimplantation embryos. Methods 

Enzymol 1993;225:153-64. 

Leese HJ. Metabolism of the preimplantation mammalian embryo. Oxf Rev 

Reprod Biol 1991;13:35-72. 

Leese HJ, Conaghan J, Martin KL, Hardy K. Early human embryo 

metabolism. Bioessays 1993;15:259-64. 

Licht P, Russu V, Lehmeyer S, Wildt L. Molecular aspects of direct LH/hCG 

effects on human endometrium--lessons from intrauterine 

microdialysis in the human female in vivo. Reprod Biol 2001a;1:10-

9. 

Licht P, Russu V, Wildt L. On the role of human chorionic gonadotropin 

(hCG) in the embryo-endometrial microenvironment: implications 

for differentiation and implantation. Semin Reprod Med 

2001b;19:37-47. 

Lopata A. Implantation of the human embryo. Hum Reprod 1996;11 Suppl 

1:175-84; discussion 93-5. 



 

53 

Lundin K, Bergh C, Hardarson T. Early embryo cleavage is a strong indicator 

of embryo quality in human IVF. Hum Reprod 2001;16:2652-7. 

Magli MC, Gianaroli L, Ferraretti AP. Chromosomal abnormalities in 

embryos. Mol Cell Endocrinol 2001;183 Suppl 1:S29-34. 

Maheshwari A, Griffiths S, Bhattacharya S. Global variations in the uptake of 

single embryo transfer. Hum Reprod Update 2011;17:107-20. 

Marchal-Bras-Goncalves R, Rouas-Freiss N, Connan F, Choppin J, Dausset 

J, Carosella ED, Kirszenbaum M, Guillet J. A soluble HLA-G 

protein that inhibits natural killer cell-mediated cytotoxicity. 

Transplant Proc 2001;33:2355-9. 

Marquez C, Sandalinas M, Bahce M, Alikani M, Munne S. Chromosome 

abnormalities in 1255 cleavage-stage human embryos. Reprod 

Biomed Online 2000;1:17-26. 

Martin JA, Hamilton BE, Sutton PD, Ventura SJ, Menacker F, Munson ML. 

Births: final data for 2002. Natl Vital Stat Rep 2003;52:1-113. 

Martin JA, Park MM. Trends in twin and triplet births: 1980-97. Natl Vital 

Stat Rep 1999;47:1-16. 

Mastenbroek S, Twisk M, van Echten-Arends J, Sikkema-Raddatz B, 

Korevaar JC, Verhoeve HR, Vogel NE, Arts EG, de Vries JW, 

Bossuyt PM, Buys CH, Heineman MJ, Repping S, van der Veen F. 

In vitro fertilization with preimplantation genetic screening. N Engl J 

Med 2007;357:9-17. 

Menezo Y, Elder K, Viville S. Soluble HLA-G release by the human embryo: 

an interesting artefact? Reprod Biomed Online 2006;13:763-4. 

Meseguer M, Herrero J, Tejera A, Hilligsoe KM, Ramsing NB, Remohi J. 

The use of morphokinetics as a predictor of embryo implantation. 

Hum Reprod 2011;26:2658-71. 

Mortimer D. Elaboration of a new culture medium for physiological studies 

on human sperm motility and capacitation. Hum Reprod 1986;1:247-

50. 



Prediction of embryo viability 

54 

Mortimer D, Henman M, Peters K, Catt JW. Inhibitory effects of isoleucine 

and phenylalanine on early embryo development. Hum Reprod 

1998;13:218-19. 

Munne S, Alikani M, Tomkin G, Grifo J, Cohen J. Embryo morphology, 

developmental rates, and maternal age are correlated with 

chromosome abnormalities. Fertil Steril 1995;64:382-91. 

Munne S, Chen S, Fischer J, Colls P, Zheng X, Stevens J, Escudero T, Oter 

M, Schoolcraft B, Simpson JL, Cohen J. Preimplantation genetic 

diagnosis reduces pregnancy loss in women aged 35 years and older 

with a history of recurrent miscarriages. Fertil Steril 2005;84:331-5. 

Munne S, Lee A, Rosenwaks Z, Grifo J, Cohen J. Diagnosis of major 

chromosome aneuploidies in human preimplantation embryos. Hum 

Reprod 1993;8:2185-91. 

Munne S, Magli C, Adler A, Wright G, de Boer K, Mortimer D, Tucker M, 

Cohen J, Gianaroli L. Treatment-related chromosome abnormalities 

in human embryos. Hum Reprod 1997;12:780-4. 

Munne S, Marquez C, Reing A, Garrisi J, Alikani M. Chromosome 

abnormalities in embryos obtained after conventional in vitro 

fertilization and intracytoplasmic sperm injection. Fertil Steril 

1998;69:904-8. 

Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW. 

Mechanisms controlling the function and life span of the corpus 

luteum. Physiol Rev 2000;80:1-29. 

Noci I, Fuzzi B, Rizzo R, Melchiorri L, Criscuoli L, Dabizzi S, Biagiotti R, 

Pellegrini S, Menicucci A, Baricordi OR. Embryonic soluble HLA-G 

as a marker of developmental potential in embryos. Hum Reprod 

2005;20:138-46. 

Norwitz ER, Schust DJ, Fisher SJ. Implantation and the survival of early 

pregnancy. N Engl J Med 2001;345:1400-8. 

Papanikolaou EG, Camus M, Kolibianakis EM, Van Landuyt L, Van 

Steirteghem A, Devroey P. In vitro fertilization with single 

blastocyst-stage versus single cleavage-stage embryos. N Engl J Med 

2006;354:1139-46. 



 

55 

Papanikolaou EG, Kolibianakis EM, Tournaye H, Venetis CA, Fatemi H, 

Tarlatzis B, Devroey P. Live birth rates after transfer of equal 

number of blastocysts or cleavage-stage embryos in IVF. A 

systematic review and meta-analysis. Hum Reprod 2008;23:91-9. 

Papiernik E. Financing multiple births: a personal point of view. Int J Fertil 

1990;35:330-2. 

Paternot G, Devroe J, Debrock S, D'Hooghe TM, Spiessens C. Intra- and 

inter-observer analysis in the morphological assessment of early-

stage embryos. Reprod Biol Endocrinol 2009;7:105. 

Peters H, Newell SJ, Obhrai M. Impact of assisted reproduction techniques 

on neonatal care. Lancet 1991;337:797. 

Petterson B, Blair E, Watson L, Stanley F. Adverse outcome after multiple 

pregnancy. Baillieres Clin Obstet Gynaecol 1998;12:1-17. 

Quinn P. Enhanced results in mouse and human embryo culture using a 

modified human tubal fluid medium lacking glucose and phosphate. 

J Assist Reprod Genet 1995;12:97-105. 

Quinn P, Moinipanah R, Steinberg JM, Weathersbee PS. Successful human 

in vitro fertilization using a modified human tubal fluid medium 

lacking glucose and phosphate ions. Fertil Steril 1995;63:922-4. 

Racowsky C, Vernon M, Mayer J, Ball GD, Behr B, Pomeroy KO, Wininger 

D, Gibbons W, Conaghan J, Stern JE. Standardization of grading 

embryo morphology. Fertil Steril 2010;94:1152-3. 

Rajagopalan S, Long EO. A human histocompatibility leukocyte antigen 

(HLA)-G-specific receptor expressed on all natural killer cells. J Exp 

Med 1999;189:1093-100. 

Ramu S, Acacio B, Adamowicz M, Parrett S, Jeyendran RS. Human 

chorionic gonadotropin from day 2 spent embryo culture media and 

its relationship to embryo development. Fertil Steril 2011;96:615-7. 

Renard JP, Philippon A, Menezo Y. In-vitro uptake of glucose by bovine 

blastocysts. J Reprod Fertil 1980;58:161-4. 



Prediction of embryo viability 

56 

Richter KS, Harris DC, Daneshmand ST, Shapiro BS. Quantitative grading of 

a human blastocyst: optimal inner cell mass size and shape. Fertil 

Steril 2001;76:1157-67. 

Rizk B, Doyle P, Tan SL, Rainsbury P, Betts J, Brinsden P, Edwards R. 

Perinatal outcome and congenital malformations in in-vitro 

fertilization babies from the Bourn-Hallam group. Hum Reprod 

1991;6:1259-64. 

Sageshima N, Shobu T, Awai K, Hashimoto H, Yamashita M, Takeda N, 

Odawara Y, Nakanishi M, Hatake K, Ishitani A. Soluble HLA-G is 

absent from human embryo cultures: a reassessment of sHLA-G 

detection methods. J Reprod Immunol 2007;75:11-22. 

Sandalinas M, Sadowy S, Alikani M, Calderon G, Cohen J, Munne S. 

Developmental ability of chromosomally abnormal human embryos 

to develop to the blastocyst stage. Hum Reprod 2001;16:1954-8. 

Sasaki Y, Ladner DG, Cole LA. Hyperglycosylated human chorionic 

gonadotropin and the source of pregnancy failures. Fertil Steril 

2008;89:1781-6. 

Schoolcraft WB, Treff NR, Stevens JM, Ferry K, Katz-Jaffe M, Scott RT, Jr. 

Live birth outcome with trophectoderm biopsy, blastocyst 

vitrification, and single-nucleotide polymorphism microarray-based 

comprehensive chromosome screening in infertile patients. Fertil 

Steril 2011;96:638-40. 

Scott LA, Smith S. The successful use of pronuclear embryo transfers the day 

following oocyte retrieval. Hum Reprod 1998;13:1003-13. 

Scott R, Seli E, Miller K, Sakkas D, Scott K, Burns DH. Noninvasive 

metabolomic profiling of human embryo culture media using Raman 

spectroscopy predicts embryonic reproductive potential: a 

prospective blinded pilot study. Fertil Steril 2008;90:77-83. 

Seli E, Botros L, Sakkas D, Burns DH. Noninvasive metabolomic profiling 

of embryo culture media using proton nuclear magnetic resonance 

correlates with reproductive potential of embryos in women 

undergoing in vitro fertilization. Fertil Steril 2008;90:2183-9. 



 

57 

Seli E, Sakkas D, Scott R, Kwok SC, Rosendahl SM, Burns DH. Noninvasive 

metabolomic profiling of embryo culture media using Raman and 

near-infrared spectroscopy correlates with reproductive potential of 

embryos in women undergoing in vitro fertilization. Fertil Steril 

2007;88:1350-7. 

Seoud MA, Toner JP, Kruithoff C, Muasher SJ. Outcome of twin, triplet, and 

quadruplet in vitro fertilization pregnancies: the Norfolk experience. 

Fertil Steril 1992;57:825-34. 

Shapiro BS, Daneshmand ST, Garner FC, Aguirre M, Ross R. Contrasting 

patterns in in vitro fertilization pregnancy rates among fresh 

autologous, fresh oocyte donor, and cryopreserved cycles with the 

use of day 5 or day 6 blastocysts may reflect differences in embryo-

endometrium synchrony. Fertil Steril 2008a;89:20-6. 

Shapiro BS, Daneshmand ST, Garner FC, Aguirre M, Thomas S. Large 

blastocyst diameter, early blastulation, and low preovulatory serum 

progesterone are dominant predictors of clinical pregnancy in fresh 

autologous cycles. Fertil Steril 2008b;90:302-9. 

Shapiro BS, Daneshmand ST, Restrepo H, Garner FC, Aguirre M, Hudson C. 

Matched-cohort comparison of single-embryo transfers in fresh and 

frozen-thawed embryo transfer cycles. Fertil Steril 2012. 

Shapiro BS, Harris DC, Richter KS. Predictive value of 72-hour blastomere 

cell number on blastocyst development and success of subsequent 

transfer based on the degree of blastocyst development. Fertil Steril 

2000;73:582-6. 

Shapiro BS, Richter KS, Harris DC, Daneshmand ST. A comparison of day 5 

and day 6 blastocyst transfers. Fertil Steril 2001;75:1126-30. 

Sher G, Keskintepe L, Fisch JD, Acacio BA, Ahlering P, Batzofin J, 

Ginsburg M. Soluble human leukocyte antigen G expression in phase 

I culture media at 46 hours after fertilization predicts pregnancy and 

implantation from day 3 embryo transfer. Fertil Steril 2005;83:1410-

3. 

Shoukir Y, Campana A, Farley T, Sakkas D. Early cleavage of in-vitro 

fertilized human embryos to the 2-cell stage: a novel indicator of 

embryo quality and viability. Hum Reprod 1997;12:1531-6. 



Prediction of embryo viability 

58 

Son WY, Lee SY, Yoon SH, Lim JH. Pregnancies and deliveries after 

transfer of human blastocysts derived from in vitro matured oocytes 

in in vitro maturation cycles. Fertil Steril 2007;87:1491-3. 

Staessen C, Platteau P, Van Assche E, Michiels A, Tournaye H, Camus M, 

Devroey P, Liebaers I, Van Steirteghem A. Comparison of blastocyst 

transfer with or without preimplantation genetic diagnosis for 

aneuploidy screening in couples with advanced maternal age: a 

prospective randomized controlled trial. Hum Reprod 2004;19:2849-

58. 

Stromberg B, Dahlquist G, Ericson A, Finnstrom O, Koster M, Stjernqvist K. 

Neurological sequelae in children born after in-vitro fertilisation: a 

population-based study. Lancet 2002;359:461-5. 

Sturmey RG, Brison DR, Leese HJ. Symposium: innovative techniques in 

human embryo viability assessment. Assessing embryo viability by 

measurement of amino acid turnover. Reprod Biomed Online 

2008;17:486-96. 

Sturmey RG, Hawkhead JA, Barker EA, Leese HJ. DNA damage and 

metabolic activity in the preimplantation embryo. Hum Reprod 

2009;24:81-91. 

Sturmey RG, Leese HJ. Energy metabolism in pig oocytes and early 

embryos. Reproduction 2003;126:197-204. 

Summers MC, Biggers JD. Chemically defined media and the culture of 

mammalian preimplantation embryos: historical perspective and 

current issues. Hum Reprod Update 2003;9:557-82. 

Tao J, Tamis R, Fink K, Williams B, Nelson-White T, Craig R. The 

neglected morula/compact stage embryo transfer. Hum Reprod 

2002;17:1513-8. 

Tay JI, Rutherford AJ, Killick SR, Maguiness SD, Partridge RJ, Leese HJ. 

Human tubal fluid: production, nutrient composition and response to 

adrenergic agents. Hum Reprod 1997;12:2451-6. 

Tesarik J, Greco E. The probability of abnormal preimplantation 

development can be predicted by a single static observation on 

pronuclear stage morphology. Hum Reprod 1999;14:1318-23. 



 

59 

Tesarik J, Kopecny V, Plachot M, Mandelbaum J. Ultrastructural and 

autoradiographic observations on multinucleated blastomeres of 

human cleaving embryos obtained by in-vitro fertilization. Hum 

Reprod 1987;2:127-36. 

Tsampalas M, Gridelet V, Berndt S, Foidart JM, Geenen V, Perrier 

d'Hauterive S. Human chorionic gonadotropin: a hormone with 

immunological and angiogenic properties. J Reprod Immunol 

2010;85:93-8. 

Ubaldi F, Rienzi L, Baroni E, Ferrero S, Iacobelli M, Minasi MG, Sapienza 

F, Martinez F, Anniballo R, Cobellis L, Tesarik J, Greco E. 

Cumulative pregnancy rates after transfer of fresh and thawed 

embryos. Eur J Obstet Gynecol Reprod Biol 2004;115 Suppl 1:S106-

9. 

Van de Sompel D, Brady M. A systematic performance analysis of the 

simultaneous algebraic reconstruction technique (SART) for limited 

angle tomography. Conf Proc IEEE Eng Med Biol Soc 

2008;2008:2729-32. 

Van den Bergh M, Devreker,F.,  Emiliani, S., Englert, Y.  . Glycolytic 

activity: a possible tool for human blastocyst selection. . Reprod 

BioMedicine Online 2001;3:8. 

Vanderzwalmen P, Bertin G, Debauche C, Standaert V, Bollen N, van 

Roosendaal E, Vandervorst M, Schoysman R, Zech N. Vitrification 

of human blastocysts with the Hemi-Straw carrier: application of 

assisted hatching after thawing. Hum Reprod 2003;18:1504-11. 

Vanderzwalmen P, Bertin G, Debauche C, Standaert V, van Roosendaal E, 

Vandervorst M, Bollen N, Zech H, Mukaida T, Takahashi K, 

Schoysman R. Births after vitrification at morula and blastocyst 

stages: effect of artificial reduction of the blastocoelic cavity before 

vitrification. Hum Reprod 2002;17:744-51. 

Veeck LL, Bodine R, Clarke RN, Berrios R, Libraro J, Moschini RM, 

Zaninovic N, Rosenwaks Z. High pregnancy rates can be achieved 

after freezing and thawing human blastocysts. Fertil Steril 

2004;82:1418-27. 



Prediction of embryo viability 

60 

Vergouw CG, Botros LL, Roos P, Lens JW, Schats R, Hompes PG, Burns 

DH, Lambalk CB. Metabolomic profiling by near-infrared 

spectroscopy as a tool to assess embryo viability: a novel, non-

invasive method for embryo selection. Hum Reprod 2008;23:1499-

504. 

Vergouw CG, Kieslinger DC, Kostelijk EH, Botros LL, Schats R, Hompes 

PG, Sakkas D, Lambalk CB. Day 3 embryo selection by 

metabolomic profiling of culture medium with near-infrared 

spectroscopy as an adjunct to morphology: a randomized controlled 

trial. Hum Reprod 2012;27:2304-11. 

Vidal F, Gimenez C, Rubio C, Simon C, Pellicer A, Santalo J, Egozcue J. 

FISH preimplantation diagnosis of chromosome aneuploidy in 

recurrent pregnancy wastage. J Assist Reprod Genet 1998;15:310-3. 

Westergaard HB, Johansen AM, Erb K, Andersen AN. Danish National In-

Vitro Fertilization Registry 1994 and 1995: a controlled study of 

births, malformations and cytogenetic findings. Hum Reprod 

1999;14:1896-902. 

Winston NJ, Braude PR, Pickering SJ, George MA, Cant A, Currie J, 

Johnson MH. The incidence of abnormal morphology and 

nucleocytoplasmic ratios in 2-, 3- and 5-day human pre-embryos. 

Hum Reprod 1991;6:17-24. 

Wong CC, Loewke KE, Bossert NL, Behr B, De Jonge CJ, Baer TM, Reijo 

Pera RA. Non-invasive imaging of human embryos before embryonic 

genome activation predicts development to the blastocyst stage. Nat 

Biotechnol 2010;28:1115-21. 

Yoon HJ, Yoon SH, Son WY, Im KS, Lim JH. High implantation and 

pregnancy rates with transfer of human hatching day 6 blastocysts. 

Fertil Steril 2001;75:832-3. 

Zander DL, Thompson JG, Lane M. Perturbations in mouse embryo 

development and viability caused by ammonium are more severe 

after exposure at the cleavage stages. Biol Reprod 2006;74:288-94. 

Zaninovic N, Berrios R, Clarke RN, Bodine R, Ye Z, Veeck LL. Blastocyst 

expansion, inner cell mass (ICM) formation, and trophectoderm 



 

61 

(TM) quality: is one more important for implantation? Fertil Steril 

2001;76:S8. 

Ziebe S, Petersen K, Lindenberg S, Andersen AG, Gabrielsen A, Andersen 

AN. Embryo morphology or cleavage stage: how to select the best 

embryos for transfer after in-vitro fertilization. Hum Reprod 

1997;12:1545-9. 

 

 
  



Prediction of embryo viability 

62 

APPENDIX 
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