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 12 | Summary and Introduction 
 

Worldwide, it is estimated that almost 10% of all couples experience fertility problems for at 

least one year. These statistics can be partly ascribed to the increasing trend to postpone 

childbirth because of a variety of economical and societal reasons. Yearly, about 1.5 million 

IVF cycles are reported. The overall success rate per IVF cycle is around 20-30%, with up to 

20% failures remaining unexplained. As a result, IVF attempts may fail repeatedly, with 

important emotional, societal, and economical consequences. For conception, both embryo 

and uterine quality are important factors determining successful embryo implantation and 

ongoing pregnancy.  

Many efforts have focussed on the assessment of embryo quality to improve IVF outcome. 

Yet, the ideal day to perform embryo transfer is still under debate. In the Netherlands, a 

cleavage stage (laboratory day 3) embryo transfer (ET) policy is regularly performed. Whereas 

in Belgium, most centres transfer embryos at the blastocyst stage (laboratory day 5). Improved 

ongoing implantation rates of fresh ET are observed at day 5, but there is a lack of convincing 

randomised controlled trials (RCT). A longer observation time can provide more information 

on embryo quality and development, resulting in better embryo selection. On the other hand, 

not all embryos will survive the period between day 3 and 5 in the laboratory, resulting in 

fewer embryos for cryo-preservation and transfer at a future moment.  

In order to improve IVF success, in the first part of this thesis we evaluated an IVF prediction 

model based on day-3 ET. After that, we created a new prediction model based on day-5 ET. 

This day-5 model is based on machine learning, enabling the identification of more 

connections and patterns in comparison to classic multivariate logistic regression (MuLR) 

models. Hereby, a higher accuracy and sensitivity was achieved. Moreover, we investigated 

the embryo development between cleavage-stage (day 3) and blastocyst-stage (day 5) and 

showed new probabilities as an additional feature to predict successful IVF treatment. 

However, this possible feature should be evaluated more broadly in an RCT.  

Besides embryo quality, a good uterine quality is also important to achieve a successful 

pregnancy. Uterine contractions (UCs) have numerous reproductive functions including 

menstruation, transport of sperm cells, oocytes and embryos, pregnancy and delivery. During 

IVF treatment, UCs provide nutrients, prevent the embryo from being expelled from the 

cavity, and contribute to the positioning of the embryo before implantation. Dysfunction of 

uterine activity can contribute to subfertility. Different methods such as 

hysterosalpingoscintigraphy, visual inspection by two (2D) and three (3D) transvaginal 

ultrasound (TVUS), intrauterine pressure measurements and magnetic resonance imaging 
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(MRI) have been used for uterine activity assessment. Unfortunately, these methods are not 

suitable for objective, non-invasive and quantitative assessment of uterine activity in the non-

pregnant uterus, especially in combination with ET.  

To address the lack of quantitative measurement tools, in the second part of this thesis we 

proposed a novel quantitative method to characterise uterine motion by analysis of TVUS 

loops. This method, based on speckle tracking, was first validated and optimised by a 

dedicated experimental setup with an ex-vivo uterus. The method was then translated to 

healthy in-vivo uteri to characterise the menstrual cycle and compare this with existing 

literature. The proposed method showed promising results, demonstrating the feasibility of 

quantification and characterisation of uterine motion in the non-pregnant uterus. This 

encouraged us to use this method during the IVF cycle and assess its clinical value for 

prediction of IVF success. Our results suggest the combination of higher-frequency and lower-

amplitude uterine activity favour implantation after ET. This may be explained by the need for 

moderate uterine contractions to facilitate embryo positioning and implantation. Conversely, 

strong (high amplitude) contractions may cause embryo expulsion out of the uterine cavity. 

The estimated motion features were successfully combined by machine learning with features 

reflecting the uterine electrical activity in order to predict IVF outcome with accuracy up to 

94%.  

Finally, we studied the implications of uterine quality on IVF outcome in patients with 

endometriosis based on a retrospective matched-control study. Endometriosis patients were 

matched 1:1 to patients suffering from male subfertility. Matching criteria were embryo 

quality (equal), female age (± 1 year) and parity (± 1 delivery). Our results suggest that besides 

the lower number of retrieved oocytes and lower oocyte quality, an impaired uterine factor 

in patients with endometriosis (and probably adenomyosis) caused subfertility. 

This motivates us to use TVUS speckle tracking in future work for the diagnosis and 

characterisation of uterine pathologies not limited to the IVF cycle.
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Wereldwijd wordt geschat dat bijna 10% van alle koppels vruchtbaarheidsproblemen heeft 

voor gedurende minimaal een jaar (WHO). Dit kan gedeeltelijk worden toegeschreven aan de 

trend om op latere leeftijd zwanger te worden vanwege verschillende economische en 

maatschappelijke redenen (1). Jaarlijks worden ongeveer 1.5 miljoen IVF-cycli gerapporteerd. 

Het totale slagingspercentage per IVF-cyclus is ongeveer 20-30%, waarbij tot 20% de reden 

van de gefaalde IVF behandelingen onverklaard blijft (2). Als gevolg hiervan mislukken IVF 

behandelingen soms herhaaldelijk, met belangrijke emotionele, maatschappelijke en 

economische gevolgen (3,4). Voor de conceptie zijn zowel de kwaliteit van het embryo als de 

baarmoeder belangrijke factoren die een succesvolle implantatie van het embryo en een 

doorgaande zwangerschap bepalen. 

Er is veel onderzoek gedaan om de beoordeling van de embryo kwaliteit te optimaliseren om 

de IVF-resultaten te verbeteren. Toch staat de ideale dag om embryotransfer (ET) uit te voeren 

nog ter discussie. In Nederland wordt regelmatig een ET met embryo in het splitsingsstadium 

(laboratorium dag 3) uitgevoerd. Terwijl in België in de meeste centra embryo's worden 

teruggeplaatst in het blastocyst stadium (laboratorium dag 5). Toegenomen implantatie bij 

verse ET wordt waargenomen op dag 5, maar er is een gebrek aan overtuigende 

gerandomiseerde controleerde studies (RCT). Een langere observatietijd kan meer informatie 

geven over de kwaliteit en ontwikkeling van embryo's, wat resulteert in een betere 

embryoselectie. Aan de andere kant zullen niet alle embryo's de periode tussen dag 3 en 5 in 

het laboratorium overleven, wat resulteert in minder embryo's voor cryopreservatie en 

transfer op een later moment.  

Om het succes van IVF te verbeteren, hebben we in het eerste deel van dit proefschrift een 

IVF-voorspellingsmodel geëvalueerd op basis van dag-3 ET. Daarna hebben we een nieuw 

voorspellingsmodel gemaakt op basis van dag-5 ET. Dit model op dag 5 is gebaseerd op een 

machine learning techniek, waardoor meer verbindingen en patronen kunnen worden 

geïdentificeerd in vergelijking met klassieke multivariate logistische regressiemodellen 

(MuLR). Hierdoor werd een hogere nauwkeurigheid en gevoeligheid bereikt. Bovendien 

onderzochten we de ontwikkeling van het embryo tussen het splitsingsstadium (dag 3) en het 

blastocyst stadium (dag 5), en toonden we aan dat dit mogelijk als extra variabele om een 

succesvolle IVF behandeling te voorspellen kan worden gebruikt. Dit moet echter nog breder 

worden geëvalueerd in een RCT. 

Naast embryokwaliteit is ook een goede baarmoeder kwaliteit belangrijk om een succesvolle 

zwangerschap te bereiken. Baarmoeder samentrekkingen hebben tal van reproductieve 
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functies, waaronder menstruatie, transport van zaadcellen, eicellen en embryo's, 

zwangerschap en bevalling. Tijdens IVF-behandelingen leveren deze baarmoeder-

samentrekkingen voedingsstoffen en moeten voorkomen dat het embryo uit de 

baarmoederholte wordt verdreven. Daarnaast hebben ze hun rol bij het positioneren van het 

embryo vóór implantatie (5,6). Dysfunctie van de baarmoeder activiteit kan bijdragen aan 

subfertiliteit (7–15). Verschillende methoden zoals hysterosalpingoscintigrafie, visuele 

inspectie bij twee- (2D) en driedimensionale (3D) transvaginale echografie (TVUS), intra-

uteriene drukmetingen en magnetische resonantiebeeldvorming (MRI) zijn gebruikt voor de 

beoordeling van de baarmoeder-activiteit. Helaas zijn deze methoden niet geschikt voor een 

objectieve, niet-invasieve en kwantitatieve beoordeling van de baarmoeder-activiteit in de 

niet-zwangere baarmoeder, vooral niet in combinatie met ET.  

Om het gebrek aan kwantitatieve meetinstrumenten aan te pakken, hebben we in het tweede 

deel van dit proefschrift een nieuwe kwantitatieve methode voorgesteld om de beweging van 

de baarmoeder te karakteriseren door analyse van TVUS-video’s. Deze methode, gebaseerd 

op het volgen van spikkels (speckle tracking), werd eerst gevalideerd en geoptimaliseerd door 

een speciale experimentele opstelling met een ex-vivo baarmoeder. De methode werd 

vervolgens vertaald naar gezonde in-vivo baarmoeder om de menstruatiecyclus te 

karakteriseren en te vergelijken met bestaande literatuur. De voorgestelde methode toonde 

veelbelovende resultaten, wat de haalbaarheid aantoonde van kwantificering en 

karakterisering van baarmoeder activiteit in de niet-zwangere baarmoeder. Dit moedigde ons 

aan om deze methode te gebruiken tijdens de IVF-cyclus en de klinische waarde ervan te 

beoordelen voor het voorspellen van IVF-succes. Onze resultaten suggereren dat de 

combinatie van baarmoeder-activiteit met een hogere frequentie en een lagere amplitude na 

ET de implantatie van het embryo bevorderen. Dit kan worden verklaard door de noodzaak 

van matige samentrekkingen van de baarmoeder om de positionering en implantatie van het 

embryo te vergemakkelijken. In plaats daarvan kunnen sterke (hoge amplitude) 

samentrekkingen de expulsie van het embryo uit de baarmoederholte veroorzaken. De 

verschillende kenmerken van de baarmoeder-samentrekkingen werden met succes 

gecombineerd door middel van machine learning met kenmerken die de activiteit van de 

baarmoeder weerspiegelen om de IVF-uitkomst met een nauwkeurigheid tot 94% te 

voorspellen. 

Ten slotte hebben we de implicaties van baarmoeder-kwaliteit op de IVF-uitkomst bij 

patiënten met endometriose bestudeerd op basis van een retrospectieve matched-cohort 



 18 | Summary and Introduction 
 

studie. Endometriose patiënten werden 1:1 vergeleken met koppels die waren 

gediagnosticeerd met mannelijke subfertiliteit. Matchende criteria waren embryokwaliteit 

(gelijk), vrouwelijke leeftijd (± 1 jaar) en pariteit (± 1 bevalling). Onze resultaten suggereren 

dat naast een lager aantal eicellen en een lagere eicelkwaliteit, een verminderde baarmoeder-

kwaliteit bij patiënten met endometriose (en waarschijnlijk adenomyose) subfertiliteit 

veroorzaakte. 

Dit motiveert ons om TVUS-speckle tracking te gebruiken in toekomstige studies voor de 

diagnose en karakterisering van baarmoeder-pathologieën die niet beperkt zijn tot de IVF-

cyclus. 
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SUBFERTILITY 
BACKGROUND 

According to the World Health Organisation (WHO), subfertility is defined as a disease of the 

reproductive system characterized by failure to achieve a clinical pregnancy after 12 months 

or more of regular unprotected sexual intercourse (WHO). For many couples, the path to 

parenthood can be long and cumbersome. If natural conception is not possible, the process 

to conceive can be a complex, frustrating and challenging experience, especially if Assisted 

Reproductive Technologies (ART) like In-Vitro Fertilisation (IVF) are the last resort to get 

pregnant. Indeed, ART is required more often than some might think.  Globally, almost 10% of 

couples experience some struggles to get pregnant for at least one year during their 

reproductive lifetime (women aged 20-44). Increasing women’s age when starting a family is 

nowadays one of the most common explanations (1). Additionally, increasing educational 

enrolment, growing economic independence and importance of working career are essential 

factors contributing to the trend of postponed childbearing (1). Other common, relevant 

factors for subfertility include pelvic factors, endometriosis, cervical hostility, ovarian 

dysfunction and male subfertility.  

 

IN-VITRO FERTILISATION 

Since the birth of Louisa Brown, the first IVF baby, born in 1978, more than 7 million babies 

have been born using this technique (2). In Belgium, 4% of all babies are currently born 

following IVF (2). Every year, around 1.5 million IVF cycles are reported of which, despite of 

major efforts to improve IVF, the overall success rate per treatment cycle is estimated to be 

20-30% (2). The reason for the IVF failure remains unclear in up to 20% of cases (2), resulting 

in repeated IVF failures whose emotional, societal and economic implications are a serious 

concern (3,4).  

In the Netherlands, IVF is offered to subfertile couples caused by fallopian tubal dysfunction, 

in women over age 38, severe male subfertility and in cases of unsuccessful intra-uterine 

inseminations (16). In Belgium, the guidelines for offering IVF treatment are comparable. 

In short, IVF treatment consists of the following steps: after pituitary downregulation, 

controlled ovarian hyperstimulation is achieved using a daily doses of recombinant follicle 

stimulating hormone or human menopausal gonadotropin depending on age, anti-Mullerian 

hormone (17) and previous ovarian response (18). Oocytes are then retrieved 34-36 hours 
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after a human chorionic gonadotropin injection or a GnRH agonist. After the laboratory phase, 

embryos are transferred into the uterine cavity three to five days after oocyte retrieval (Figure 

1.1). 

For successful IVF treatment, a good quality embryo and an optimal uterine quality 

(endometrial receptivity) are necessary. In most of the cases it is clear that subfertility is 

caused by poor oocytes, semen or embryo quality, fallopian tubal dysfunction or by a uterine 

factor. In the presence of endometriosis, extensive literature describes a lower number of 

retrieved oocytes and a lower oocyte quality (19–23) but the impact of endometriosis, 

probably combined with adenomyosis, on uterine quality remains unclear (also discussed in 

Chapter 9) (19,21,24–27). 

 
Figure 1.1  IVF procedure from ovarian hyperstimulation to the oocyte pick-up, laboratory  

phase and embryo transfer. 
 

PREDICTION MODELS AND SELECTION SYSTEMS 

To support clinical decision making in embryo selection, several IVF prediction models have 

been developed during the last two decades. Based on these models and scoring systems, the 

success rate of embryo implantation can be predicted using patient, embryo and uterine 

characteristics. Classic and the most frequently applied prediction models are based on 

multivariate logistic regression (MuLR) describing two or more weighted features predicting 

implantation probability (also discussed in Chapter 2 and 4). Nowadays, prediction models 

based on machine learning (ML) show promising results with higher accuracy, sensitivity and 

specificity compared to MuLR models. ML approaches automatically find patterns within the 



 24 | Summary and Introduction 
 

dataset. The most commonly used algorithms for labelled data are supervised models, 

applying data inputs as well as output measurements (also discussed in Chapter 4 and 8). 
 

EMBRYO QUALITY  
MORPHOLOGICAL EMBRYO DEVELOPMENT 

Fertilisation is the first step to successful pregnancy. When a sperm cell has successfully 

entered the ovum (gametes) and genetic material fuses, generally one single diploid cell is 

formed (zygote). By natural conception, fertilisation usually takes place in the isthmus or 

ampulla of one of the fallopian tubes. In IVF, a sample with a progressive motile sperm 

concentration between 0.1 and 0.5 x 106/mL is added to the fertilisation medium together 

with the oocyte (28). In the case of a low sperm count, an active form of fertilisation, using 

intracytoplasmic sperm-injection (ICSI), is chosen. This involves direct injection of a single 

sperm cell into the cytoplasm of the oocyte. Normally, through mitosis, the zygote divides into 

four cells (blastomeres (BL)) on day 2 after fertilisation and then into eight BL on day 3. This 

part of the embryo development is also known as the cleavage stage.  

The progressive activity of cleavage and thereby vitality or quality of the embryo can be 

expressed by the number of BL on day 2 and day 3. Fragmentation resulting from uneven cell 

division can occur, in which small parts of the cytoplasm break off and form a bleb. In embryos 

containing a high degree of fragmentation, the embryo quality is lowered due to loss of 

cytoplasm in the BL. The degree of fragmentation (< 10% = 1, 10-20% = 2, 21-50% = 3 and > 

50% = 4) and uniformity of the BL size is assessed in most laboratories. If an embryo shows 16 

or more BL and shows signs of compaction, the embryo is classified as a morula (normally day 

4 after fertilisation) (29). Thereafter, the blastulation stage starts when the BL differentiate 

into the trophectoderm (TE), the outer layer, and the inner cell mass (ICM) (Figure 1.2). 

 
Figure 1.2  Embryo development in the laboratory from day 1 to day 5. 

(Figure based on a picture of https://nigerianscholars.com) 
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CLEAVAGE STAGE EMBRYO VS BLASTOCYST STAGE EMBRYO TRANSFER 

Even in neighbouring countries with relatively comparable health systems, transfer policies 

are different. In the Netherlands, most fertility centres still perform cleavage stage transfer, 

while in Belgium a tendency to perform blastocyst transfer has been observed in recent years. 

Blastocyst transfer provides a longer observation time that can conceivably offer more 

opportunity for the developing embryos to express their individual quality, resulting in better-

quality selection at the time of embryo-transfer (30). Furthermore, blastocyst transfer may be 

advantageous because of physiological synchronization of the embryo with the uterine 

receptivity (31–33). Moreover, reduced uterine activity at the time of blastocyst transfer  

should prevent the embryo from being expelled from the uterus (34,35) (see section Uterine 

Quality). On the other hand, by limiting the time spent in embryo culture media, early 

replacement in the uterus may be beneficial for embryo quality and survival (35,36). Another 

argument against blastocyst transfer is related to the higher incidence of cycle cancellation 

due to having fewer cryopreserved embryos as a result of failed embryo development (35).  
 

UTERINE QUALITY 
 
UTERINE ANATOMY 

The uterus is a female hormone-responsive, muscular organ located within the pelvic region, 

anterior to the rectum and posterior to the bladder (Figure 1.3). Parts of the uterus as well as 

the Fallopian tubes are formed embryologically out of the Mullerian ducts. The uterus is 

divided in three anatomical segments: fundus, corpus and cervix (from cranial to caudal 

respectively). The Fallopian tubes facilitate transport of embryos and oocytes between the 

ovaries and the fundal part of the uterus (37). The uterine wall is made of three tissue layers. 

The inner epithelial layer along with its mucous membrane is known as the endometrium and 

responds to reproductive hormones. The perimetrium, on the outside of the uterine wall, is a 

serous layer of visceral peritoneum (38).   

The myometrium is the middle layer and consists of three different layers of uterine smooth 

muscle cells (39) (Figure 1.3). The inner one-third of the circular myometrium is the stratum 

subvasculare layer (also referred to as the sub-endometrial layer). The thickest middle layer is 

the stratum vasculare, which contains crisscrossing ‘mesh-like’ muscle fibres, numerous 

venous plexuses and lymphatic drainage (38).  
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The stratum supravasculare is the outer myometrium layer and consists of longitudinal 

smooth muscle cells. It is suggested that the sub-endometrial layer and the endometrium 

originate from the Mullerian ducts, while the outer layers of the myometrium are of non-

Mullerian origin (40).  

 
Figure 1.3   
Sagittal view of the female pelvis.  
The uterus is located between 
the bladder (anterior) and the 
rectum (posterior). Layers of the 
human uterus are displayed in 
the box. The myometrium of the 
uterus consists of three layers: 
the inner layer with circular 
orientation of the muscle fibers, 
the middle layer with a more 
mesh like orientation of the 
muscle fibers and the outer layer 
with a longitudinal orientation of 
the muscle fibers. 

 
 

 

 

 

UTERINE INNERVATION AND INITIATION OF CONTRACTIONS 

The uterus is innervated by the parasympathetic and sympathetic nervous system. The 

parasympathetic nerves of the uterus derive from the radix of sacral vertebrae 2, 3 and 4. They 

pass through the sacral plexus and form the pudendal nerve before inserting at the uterus at 

the cervical end. The effect of the parasympathetic nerve system is dependent on the released 

neurotransmitter, which stimulates relaxation or contraction (this is knowledge based on rat 

studies since the autonomic nervous system of humans is known to be comparable with that 

of rat uteri) (41–43). The sympathetic nerves leave the spinal cord between the last thoracic 

(10-12) and the first lumbal vertebrae, and pass the superior hypogastric plexus, the 

hypogastric nerve, and the inferior hypogastric plexus before reaching the uterovaginal 

plexus. The latter plexus enters the uterus on the lateral side of the fundus (44). The release 

of noradrenaline from the sympathetic nerves promotes contraction by binding to alpha-

adrenergic receptors; whereas binding to beta-adrenergic receptors promotes relaxation (also 

based on rat studies) (45).  
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Considering that women with paraplegia are able to deliver vaginally, it is suggested that in  

addition to the autonomic nervous system, local mechanisms might also be involved in the 

contraction-relaxation mechanism of the uterus (46). Interstitial cells of Cajal (ICC) or ICC-like 

cells (ICLC) behave as pacemakers in smooth muscle cell by producing rhythmic oscillations of 

membrane potentials in organs such as the bladder and intestines (47–49). ICLC have been 

identified in human uteri and express oestrogen and progesterone receptors (50–52). 

Conclusive evidence of the role of these cells in the contraction-relaxation mechanism of the 

uterus remains lacking however. 

 

PHYSIOLOGY OF UTERINE CONTRACTIONS 

Based on their embryological origin, two units of the uterus can be classified: the inner layers 

(endometrium and stratum subvasculare (sub-endometrial layer)) and the outer layers 

(stratum vasculare and supravasculare). The uterus is almost constantly producing uterine 

contractions (UCs) in the inner layers which differ from the better-known and mostly painful 

contractions of the outer layers; which occur during menstruation and labour (53). Knowledge 

of these UCs is limited. 

The myometrium consists of smooth muscle cells (SMCs), which can also be found in the 

bladder (54) and intestine (55). SMCs contain actin and myosin protein filaments that slide 

over each other through cross-bridges. This results in shortening of the filaments, which 

changes the cellular shape, and produces strain in the muscular layer. The contractions are 

initiated by action potentials induced by sudden influx of calcium ions (Ca2+) (56). Ca2+ influx 

into the smooth muscle cell originates extracellularly or from the sarcoplasmic reticulum (SR) 

through the calcium channels. The Ca2+ ions bind to calmodulin, a calcium-modulated protein, 

which activates myosin light chain kinase (MLCK) (57). The MLCK adds phosphate (PO4), 

causing the cross-bridging cycle that allows actin and myosin to slide over each other. 

Adenosine triphosphate-ase (ATP-ase) is activated by phosphorylation of the regulatory light 

chain of the myosin, and converts ATP into adenosine diphosphate (ADP) and inorganic 

phosphate. By this step, the myosin connects to a position on the actin filament. This cycle 

repeats itself, with myosin connecting to the next position on actin, as long as enough PO4 is 

present in the cytosolic part of the cell (57). Myosin light chain phosphatase (MLCP) is a protein 

with the opposite effect as MLCK and takes the PO4 off the myosin.  MLCK activity will overrule 

the MLCP activity as long as there is sufficient Ca2+ to keep propagating the cycle. When the 
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Ca2+levels drop however, the MLCP will become dominant and interrupt the cross-bridging 

cycle, resulting in relaxation of the muscle cell (57,58) (Figure 1.4) 

 
Figure 1.4  Contraction mechanism in a smooth muscle cell. Contractile system consists of dense bands 

and dense bodies which form a connection with the cytoskeleton of the cell. They transfer the 
contraction to the rest of the cell and consists of thin actin filaments (blue) and thick myosin 
filaments (yellow). The last two interact through crossbridges creating the contractions. With 
Ca2+ influx through either calcium channels on the cell membrane (voltage-dependent, or 
activated by hormonal or mechanical stimuli), or from the sarcoplasmic reticulum (SR) a 
contraction starts. When cytosolic Ca2+ rises, it forms a complex with Calmodulin, which 
activates myosin light chain kinase (MLCK), which phosphorylates the light chain (neck) of the 
myosin filament by attaching a PO4 to it. As long as the PO4 is in place, the cross bridging cycle 
will be active, facilitating muscle contraction. After the contraction, Ca2+ is transported out of 
the cell or back into the SR through NA+ interchange and ATPase operated calcium channels. 
As cytosolic Ca2+ decreases, MLCK is no longer stimulated and myosin light chain phosphatase 
(MLCP) becomes dominant, removing the PO4 and stopping the cross bridging cycle. The cell 
relaxes. (Figure based on a picture of the thesis of Nienke Kuijsters) 

 

HORMONAL EFFECTS ON THE UTERUS 

The menstrual cycle starts on the first day of the menses, and is characterised by the shedding 

of the endometrium due to decreased progesterone levels (59). During menses, the pituitary 

gland starts producing follicle stimulating hormone (FSH) and stimulates follicle growth. One 

of these follicles will grow to dominance, supressing the others, leading to a single ovulation. 

This dominant follicle produces oestrogen which peaks just before ovulation (60). The 

endometrium responds to the produced oestrogen and is renewed to prepare for embryo 

implantation. When oestrogen levels are high enough, the peak of luteinizing hormone (LH) 

will be induced, which triggers ovulation. The corpus luteum is formed in the ovary from the 

matured and released oocyte and mainly produces progesterone (61). The progesterone 

secreted by the corpus luteum supports (potential) early pregnancy by influencing the 
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endometrium and decreasing uterine muscular activity (62). If no successful implantation 

follows, no supportive hCG is produced and the corpus luteum deteriorates, causing levels of 

progesterone drops down, and initiating subsequent onset of menses (61). 

 

THE ROLE OF UTERINE CONTRACTIONS  

UCs are important for several reproductive functions including menstruation, transport of 

sperm cells, oocytes and embryos, pregnancy and delivery. Previous studies have reported 

specific contractile patterns of the uterus during the menstrual cycle of healthy, non-pregnant 

women (53,63). During menstruation until the mid-follicular phase, UC direction from fundus 

to cervix is observed, which then decreases during the peri-ovulatory phase. A switch of 

direction of the UCs occurs around this period, so as to support sperm cell transport from 

cervix to fundus (CF) (64,65). During this phase, the uterine contraction frequency 

(UC/min)( 𝑓𝑓𝑐𝑐) is highest and their direction is predominantly to the ipsilateral side of the ovary 

with the dominant follicle (66). It is hypothesised that local production of oestrogen at the site 

of the dominant follicle stimulates the asymmetrical UC (67). This theory is supported by the 

fact that both sides are able to act semi-independently based on embryological development, 

since both sides of the uterus corpus derive from separate (Mullerian) ducts (40).  

Opposing UCs can be observed if simultaneous contractions originate both in the cervix and 

in the fundus of the uterus after ovulation. The function of these opposing UCs is to provide 

nutrients, prevent the embryo from being expelled from the uterus, and favour positioning of 

the embryo for implantation (5,6). Subsequently, in order to provide an optimal environment 

for the embryo to implant during the late luteal phase, the uterus enters into a quiescent state 

(68,69).  

Dysfunction of the uterine activity, caused by uterine disease (e.g., endometriosis (7,8), 

adenomyosis (9–11), or leiomyomas (12–14)) can contribute to subfertility. According to a 

study by Bulletti et al. (69), uterine 𝑓𝑓𝑐𝑐 in patients with endometriosis is significantly increased. 

This may explain why women with endometriosis, which is expected to be closely related to 

adenomyosis, show lower implantation rates and a higher number of spontaneous 

miscarriage (69). Moreover, increased cervix to fundus UCs were observed during the early 

follicular phase, supporting the theory of retrograde menstruation (8,70). De Ziegler et al. (7) 

suggested that endometriosis causes abnormal uterine activity by an increased level of 

oestrogen, produced by ectopic endometrial cells stimulated by prostaglandins, which then 



 30 | Summary and Introduction 
 

lead to hypercontractility. Other studies reveal that abnormal uterine activity during the mid-

follicular phase in patients with myomas also may cause decreased implantation rates (12,13).  

 

TECHNOLOGIES TO ASSESS UTERINE CONTRACTIONS  

During the past decades, several different techniques have been used to assess UCs and their 

characteristics. Currently, only intra-uterine pressure (IUP) measurement can quantitatively 

measure UCs (69,71,72). However, a major disadvantage is the invasive nature of this 

technique. The catheter, placed in the uterine cavity, can cause discomfort and irritation that 

possibly interferes with the physiological characteristics of UCs. Furthermore, it is impossible 

to use an IUP catheter during IVF treatment since it might damage the endometrium or the 

embryo itself. 

Hysterosalpingoscintigraphy (HSSG) can be used for indirect assessment of contraction 

direction by measuring the displacement of the radioactive labelled content traced by a 

gamma camera (15,66,70,73). The main drawbacks of HSSG are the cost and duration, with 

added risks related to radiation exposure. It is thus also not suitable in the context of IVF. 

Magnetic resonance imaging (MRI) provides detailed images of the different layers of the 

uterine wall, and is able to measure uterine 𝑓𝑓𝑐𝑐  (74–81) However, contraction amplitude 

measurements are not possible with MRI; furthermore, MRI is expensive, time-consuming and 

has a low availability (82). Transvaginal ultrasound (TVUS) can assess 𝑓𝑓𝑐𝑐  and allows 

visualisation of the direction of the contractions (6,65,83–87). The most frequently used 

method to analyse TVUS recordings consists of observing the videos in normal or accelerated 

speed, and to count the number of contractions and evaluate the direction. This method is 

highly operator dependent however, and unsuitable for continuous recording (86,87). In 

addition, the fact that the analyses of the videos are generally done by visual inspection makes 

these measurements very subjective. Moreover, TVUS recordings using visual inspection 

analysis are unable to detect the amplitude of the UCs (6).  

A recent feasibility study by Sammali et al. (88), showed promising results for non-invasive 

characterization of UCs by electrohysterography (EHG) during the natural cycle of non-

pregnant women. EHG has already shown non-invasive and accurate characterisation of UC 

during pregnancy and labour (89–91). 

In conclusion, among the previously discussed techniques, especially IUP, TVUS and MRI have 

potential to provide reliable characterisation of UCs, as long as their drawbacks are 

considered. Potential future techniques for the non-invasive, accurate and quantitative 



1

 

General Introduction and Outline Thesis | 31 
 

assessment of UCs, especially during fertility treatment, might include automated analysis of 

TVUS and EHG recordings.  

 

UTERINE BENIGN PATHOLOGIES 

Uterine benign pathologies, such as leiomyomas (benign fibrous tumours) and adenomyosis 

(aberrant endometrium located in the myometrium), are common diseases in fertile as well 

subfertile women. It has been estimated that almost 70% of the Caucasians and in more than 

80% of the African women are diagnosed with leiomyomas. Similarly, adenomyosis can be 

identified in op to 35% of women during the reproductive age (92). Adenomyosis is a uterine 

pathology defined by the presence of basal endometrial glands and hypertrophy of the stroma 

in the myometrium (92). Adenomyosis has been described in up to 91.1% of women with 

endometriosis according to Leyendecker et al. (93). Leyendecker et al. suggest uterine auto-

traumatization and subsequent endometrial repair as the main process causing both 

endometriosis and adenomyosis (tissue injury and repair: TIAR theory) (93,94). Adenomyosis 

is a uterine disease which has been associated with implantation failure (95). A meta-analysis 

by Younes et al. reported lower implantation, clinical pregnancy, ongoing pregnancy and live 

birth rates in women with adenomyosis (95). Hereby, co-existent adenomyosis in women with 

endometriosis might contribute to endometriosis-associated impairment of both embryo and 

uterine quality (also discussed in Chapter 9).  
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OBJECTIVE 
In fertility treatment, both, embryo and uterine quality are important factors for the 

implantation and pregnancy outcome. Nowadays, the overall effectiveness remains around 

30% per IVF/ICSI treatment cycle. With the aim of optimizing the IVF/ICSI success rate, the 

first objective is to evaluate individual morphological embryo parameters and propose 

prediction models to estimate embryo quality and its impact on fertility outcome. The second 

objective is to evaluate uterine quality based on uterine activity of the natural cycle of healthy 

women and during IVF/ICSI treatment and, based on uterine receptivity in endometriosis 

patients during IVF/ICSI treatment. Furthermore, probabilistic classification of uterine activity 

for IVF/ICSI success will be investigated.   

 
 
OUTLINE THESIS 
EMBRYO QUALITY  

Chapter 2 presents an external validation of the IVF prediction model from the Amsterdam 

University Medical Centre, the Netherlands, by van Loendersloot et al 2014 (VL). To assess the 

diagnostic efficacy, the area under the receiver operating characteristics curve (AUROC) was 

used. For testing the validity of the VL model, a calibration plot was created and the Hosmer-

Lemeshow goodness-of-fit test was executed. 

Chapter 3 provides an evaluation of the predictive value of the dynamic process of 

morphological development between cleavage-stage (day-3 embryos) and blastocyst-stage 

(day-5 embryos). Embryos were scored as excellent, good, moderate and poor on day 3 and 

day 5 of the laboratory phase based on Alpha/ESHRE guidelines and Gardner and Schoolcraft 

scoring-system. Positive and negative change of direction between excellent, good, moderate, 

poor was expressed in number of steps. 

Chapter 4 reports on the development and comparison of a random forest model (RFM) and 

multivariate logistic regression model (MuLRM) to predict the implantation potential of a 

single transferred blastocyst-stage embryo. The performance of both models was evaluated 

using the AUROC, classification accuracy, specificity and sensitivity.  
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UTERINE QUALITY 

Chapter 5 presents an experimental set-up based on a human ex-vivo uterus able to generate 

controlled uterine motion for evaluating the accuracy of ultrasound motion analysis by speckle 

tracking performance. 

Chapter 6 reports on a dedicated method for uterine-motion quantification by B-mode 

transvaginal ultrasound (TVUS). Motion analysis was implemented by speckle tracking based 

on block matching after speckle-size regularization. This method is tested on healthy women, 

to distinguish between the menses, late follicular (LF), early luteal (EL) and late luteal (LL) 

phase. Two-dimensional (2D) TVUS-recordings were performed for 4-minutes in each phase 

while the operator was holding the probe in a steady position. Four sites of the uterine fundus 

were tracked over time and strain (SS) and distance signals (DS) along the longitudinal (LD) 

and transversal direction (TD) were extracted. From these signals, frequency- related (the 

median (MDF) and mean frequency (MF) in Hz and the number of uterine contractions per 

minute (  𝑓𝑓𝑐𝑐 )) and amplitude-related (amplitude in standard deviation (SD) and energy 

described by the unnormalized first statistical moment (UFM)) features were extracted and 

compared for all different phases of the menstrual cycle.  

Chapter 7 presents a prospective study of women undergoing IVF or ICSI with a fresh single 

blastocyst transfer, between January 2017 and July 2019 at the department of Assisted 

Reproductive Medicine of the Ghent University hospital. Patients underwent three 2D-

recordings of four minutes during the follicle stimulation phase, one hour before embryo 

transfer, and 5-7 days after embryo transfer. During the first and third measurement blood 

samples for hormonal evaluation were taken. Motion analysis using the method proposed in 

Chapter 5 and Chapter 6 was evaluated by frequency- (MF, MDF, 𝑓𝑓𝑐𝑐) and amplitude-related 

(SD and UFM) features in relation with IVF/ICSI outcome.  

Chapter 8 provides a method to predict the success of embryo implantation based on features 

extracted from B-mode TVUS and EHG recording of patients undergoing IVF treatment with a 

fresh blastocyst. Multiple features were selected by a forward feature selection and optimally 

combined by different machine learning methods, including support vector machine (SVM), 

K-nearest neighbours (KNN), and Gaussian mixture model (GMM). Validation and optimisation 

of each model were performed using a nested cross validation loop.  
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Chapter 9 presents a retrospective matched cohort study of patients who underwent IVF/ICSI 

with a fresh single embryo at the department of Assisted Reproductive Medicine of the Ghent 

University Hospital. The impact of endometriosis on implantation (uterine quality) and 

pregnancy outcomes in IVF/ICSI cycles was evaluated. Patients diagnosed with endometriosis 

by laparoscopy, Magnetic Resonance Imaging (MRI) or transvaginal ultrasound (TVUS) were 

matched to male subfertility patients (according to WHO criteria), in whom the uterine factor 

was assumed to be normal. Matching criteria were embryo quality (based on Gardner and 

Schoolcraft criteria), female age ( ± 1 year) and parity ( ± 1 delivery). 

Evaluation was based on the Positive Human Chorionic Gonadotropin serum test on day 16, 

ongoing implantation (foetal heart rate on TVUS at 6.5-7 weeks), ongoing pregnancy (at least 

a gestational age of 11 weeks) and live birth rate (28-40 weeks). 

 

DISCUSSION AND FUTURE PERSPECTIVES 

Chapter 10 summarises and critically discusses the data presented in this thesis. Moreover, 

future perspectives and implications for improved clinical protocols were also presented and 

evaluated. 
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
2D, 3D  Two-, Three-Dimensional 

ART          Assisted reproductive technology 

AVI           Audio Video Interleave 

CF  Cervix to fundus (in terms of contraction direction) 

CV                   Cross validation 

𝑑𝑑  Distance 

DS             Diamond search 

DL                Distance signal along the longitudinal direction 

DT                 Distance signal along the transversal direction 

EF            Early follicular (phase of the menstrual cycle) 

EHG          Electrohysterography 

EL  Early luteal (phase of the menstrual cycle) 

ER  Energy ratio 

ET  Embryo transfer 

ET1                 1 hour before ET (phase of the IVF treatment) 

ET5-7             Five to seven days after ET (phase of the IVF treatment) 

FC            Fundus to cervix (in terms of contraction direction) 

𝑓𝑓   Frequency 

𝑓𝑓𝑐𝑐   Contraction frequency 

𝑓𝑓𝑠𝑠  Samping frequency 

FFT  Fast Fourier transform 

FGS  Full grid search 

FP  Unsuccessful pregnancy 

FSH  Follicle stimulating hormone 

GMM             Gaussian mixture model 

GnRH-a           Gonadotropin-releasing hormone agonist 

hCG  Human chorionic gonadotropin 

Hd                    Hausdorff distance 

HSSG           Hysterosalpingoscintigraphy 

HW                Healthy women 

ICA          Independent component analysis 
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ICSI               Intracytoplasmatic sperm injection 

IQ               Interquartile 

IQR  Interquartile range 

IUP  Intra-uterine pressure 

IUPC              Intra-uterine pressure catheter 

IVF  In-vitro fertilization 

KNN              K-nearest neighbour 

LD                  Longitudinal direction 

LDSP  Large diamond search pattern 

LF  Late follicular (phase of the menstrual cycle) 

LH  Luteinizing hormone 

LL  Late luteal (phase of the menstrual cycle) 

MDF             Median frequency 

MF  Mean frequency 

MRI  Magnetic resonance imaging 

MSE  Mean squared error 

MuLRM Multivariate Logistic Regression Model 

OI                    Ongoing implantation 

OF  Optical flow 

OS  Ovarian stimulation (phase of the IVF treatment) 

OP                  Ongoing pregnancy 

PVC            Polyvinyl chloride 

r                    Correlation coefficient 

rbf                Radial based function 

RF  Radio frequency 

RFM  Random Forest Model 

RMS  Root mean squared 

ROC-AUC     Area under the Receiver Operating Characteristics curve 

SAD  Sum of absolute differences 

SD  Standard deviation 

SDSP  Small diamond search pattern 
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SL                  Strain signal along the longitudinal direction 

SP  Successful pregnancy 

ST                Strain signal along the transversal direction 

SVD  Singular value decomposition 

SVM             Support vector machine 

TD                  Transversal direction 

TDE              Thickness of endometrial layer 

TE           Teager energy 

TVUS  Transvaginal ultrasound 

UC  Uterine contraction 

UFM  Unnormalised first statistical moment 

UP  Uterine peristalsis 

US  Ultrasound 

VL  Van Loendersloot 

𝑉𝑉(𝑡𝑡)  Temporal-variation signal 

WHO          World Health Organization 

𝜖𝜖  Strain 
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ABSTRACT  
OBJECTIVE  
To evaluate the multivariate embryo selection model by van Loendersloot et al. (2014) (VL) in 

a different geographical context.  

DESIGN  
This is a retrospective external validation study of a 5-year cohort of women undergoing IVF 

or intracytoplasmatic sperm injection (ICSI).  

SETTING 

Two outpatient fertility clinics  

PATIENTS 

A total of 1,197 women who underwent 1,610 fresh IVF or ICSI cycles with single embryo 

transfer were included.  

INTERVENTION(S) 

None 

MAIN OUTCOME MEASURE(S) 

The area under the receiver operating characteristics curve (AUROC) for diagnostic efficacy 

was used to assess the discriminative value of the model. Calibration for testing the validity of 

the VL model was performed using the Hosmer-Lemeshow goodness-of-fit test and a 

calibration plot.  

RESULT(S) 

Three hundred thirty-three patients (21%) achieved a viable pregnancy of at least 11 weeks. 

The AUROC using the VL model was 0.68. No significant difference between the predicted 

implantation rate and the observed implantation rates was showed using the Hosmer-

Lemeshow (X2 = 6.70, p = 0.24). The calibration plot showed an intercept of the regression line 

of 0.34 and the estimated slope was 0.72. 

CONCLUSION 

The investigated VL model was able to distinguish between higher and lower implantation 

potential of embryos in our clinical setting. 
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INTRODUCTION 
Although the number of in vitro fertilisation (IVF) treatments have increased, outcomes of IVF 

treatment in the Netherlands remains around 30% per treatment cycle (96). The choice to 

transfer more than one embryo is often made in order to increase the success rate per cycle 

(97). However, due to the increased risks of a multiple pregnancy, several researchers have 

developed prediction models to determine the chance of implantation per embryo based on 

various embryo characteristics (98–101). More recently, single embryo transfer (SET) using 

high quality embryos based on these predictors was advocated to reduce risks of multiple 

pregnancies.  

Prediction models and decision aids have improved the quality of counselling patients to 

choose between single or double embryo transfer (SET/DET) by predicting the chance of 

(multiple) pregnancy (98–103). Prediction models help in selection of embryos with the best 

quality to improve chance of implantation in fresh cycles (100,101).   

Several scoring systems have been developed to rank embryos according to their implantation 

potential (98–101,104–108). Unfortunately, most of these studies were based on small data 

sets and no external validation was performed (104,105,107,109–111). Based on the 

differences in study outcomes, consensus lacks on the optimal day of embryo transfer, 

developmental embryo evaluation and the combinations of the various clinical predictors 

(106). Van Loendersloot et al. (101) (VL) developed a multivariable prediction model to rank 

traceable embryos on day three according to their implantation potential. Although a 

tendency towards day-five transfer is observed worldwide, there is a lack of real convincing 

RCT’s of improved implantation rates as described in the recently updated Cochrane Review 

(35). Improvement and validation of prediction models on day three can still be of clinical 

value. 

The VL model evaluated eight potential predictive factors. The final model included five 

factors: early cleavage (EC), the number of blastomeres (BL) on days two (BL2) and three (BL3), 

morphological score (MS) on day three and the presence of a morula on day three. The 

internal validation of the model showed a discriminative capacity (AUROC of 0.70) and good 

calibration (Calibration slope of 0.89, 95% CI 0.69 to 1.09). Hence, this model is able to 

distinguish embryos with lower to higher ongoing implantation potential. To prove the 

reliability of the model as an objective tool to rank embryos, external validation is necessary 

(112,113). 
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To the best of our knowledge this is the first external validation of the VL model. The aim of 

this work is to evaluate the VL model for the selection and ranking of embryos based on 

morphological scoring.  

 
MATERIALS AND METHODS 
PATIENT SELECTION 

All women, aged 18 to 42 years, who underwent oocyte retrieval for IVF or ICSI at the 

outpatient fertility clinics of Catharina Hospital Eindhoven or Maxima Medical Centre 

Veldhoven in the Netherlands between January 1, 2007 and December 31, 2012, were 

included. These data were used for the external validation of the prediction model for 

implantation based on the embryo ranking proposed by VL. Overall, our inclusion criteria and 

treatment procedures were comparable with those of the VL model. 

The inclusion criteria for couples to perform subfertility treatment are standardised in the 

Netherlands, according to the guidelines of the Dutch Society of Obstetrics and Gynaecology 

(NVOG, 2004). They also had to meet the criteria to start IVF or ICSI according to the Dutch 

IVF guidelines (NVOG, 1998). ICSI was directly offered if subfertility was caused by severe 

oligozoospermia (115). IVF or ICSI treatment was started in case of subfertility caused by one-

sided tubal pathology, endometriosis, mild male oligozoospermia, cervical hostility or 

following unexplained subfertility treated by six intrauterine inseminations. Ovulation 

disorders were treated with twelve cycles of ovulation induction with or without 

inseminations, before starting IVF treatment. The number of previous treatment cycles was 

not included in the dataset. In contrast to the VL model, where single, double and triple 

embryo transfer were included, in our database women were excluded if they underwent IVF 

or ICSI with more than one embryo per transfer. According to the strict Dutch guidelines, SET 

was performed in all patients aged under 38 years. 

 

OVARIAN STIMULATION 

All women received downregulation with a daily dose of gonadotropin-releasing hormone 

agonist (GnRH-a) Triptorelin (Decapeptyl; Ferring, Hoofddorp, the Netherlands) for at least 7 

days, following pre-treatment of 16 days with ethinylestradiol30/levonorgestrel150 

(Microgynon ‘30’; Bayer Pharma AG, Berlin, Germany). Controlled ovarian hyperstimulation 

was achieved by recombinant follicle stimulating hormone (Gonal-F, Serono Benelux, London, 
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UK; or Puregon; MSD, Oss, the Netherlands) or human menopausal gonadotropin (Menopur; 

Ferring, Hoofddorp, the Netherlands) starting on day 10 of the treatment combined with the 

previously described daily GnRH-a. Oocytes were aspirated before 36 hours after human 

chorionic gonadotropin injection (Pregnyl; MSD Oss, the Netherlands or Ovitrelle; Serono 

Benelux, London, UK). Embryo transfer was performed on day three after oocyte retrieval. In 

all cases, the best quality embryo based on the Alpha scoring system (116), was transferred. 

Women were treated with intravaginal progesterone (Utrogestan Besins Healthcare, Brussels, 

Belgium) starting on the day of human chorionic gonadotropin (HCG)-injection to support the 

luteal phase. A urine HCG test was performed sixteen days after embryo transfer.  

 

LABORATORY PHASE AND EMBRYO SCORING  

Oocytes were inseminated with spermatozoa (IVF) or injected with a single spermcell (ICSI) 

between two to six hours after retrieval. Embryos were cultured individually in human tubal 

fluid (HTF; Gynotec, Malden, the Netherlands) supplemented with G5 medium (Vitrolife, 

Goteborg, Sweden) or 10% pasteurised plasma protein solution (Albuman; Sanquin, 

Amsterdam, the Netherlands) in a 5% (HTF) or 6% (G5) CO2 incubator at 37⁰C.  

Embryos were scored and selected according to the Alpha scoring system (116). All predictors 

used in the VL model were scored, with the exception of EC. EC was not a significant predictor 

in the multivariate analysis by VL and also not scored in our laboratory. Fertilisation was 

checked and pronuclear scoring was performed 17-20h after insemination or sperm-injection. 

The number of BL was assessed on day two and day three. A MS was given to each embryo on 

day three and was graded from 1 to 4 and based on degree of fragmentation ( < 10% = 1, 10-

20% = 2, 21-50% = 3 and > 50% = 4) and uniformity of the BL (if the BL were non-uniform in 

size, the score was increased with one point) (van Loendersloot et al., 2014). If the embryo 

showed signs of compaction on day three, the embryo was classified as a morula. The morula 

could show different degrees of compaction (1 = > 99% of compaction, 2 = 50-99% of 

compaction and 3 = < 50% of compaction) (van Loendersloot et al., 2014). 

 

PRIMARY OUTCOME 

The primary outcome, similar as in the VL model, was ongoing implantation, defined as 

ongoing pregnancy with positive foetal heart rate at a gestational age of at least 11 weeks.  
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DATABASE AND STATISTICAL ANALYSIS 

Relevant maternal and laboratory information was extracted from patient records and 

recorded in an Excel database. Confidence intervals were calculated for the baseline 

characteristics using the Wilson method, to compare our dataset with the VL dataset 

(117).The embryo quality prediction variables as used in the VL model were EC, BL2 and BL3, 

the MS on day three and presence of a morula on day three. The predicted probability (P) of 

implantation after IVF was calculated using the VL model: 

 

Probability (P) = Exp (Y) / (1+ Exp (Y)) 

Y = -1.0579 + (0.2492 x EC (yes = 1, no = 0)) + (-0.3324 x number of BL2 deviating from 

4) + (-0.3128 x number of BL3 deviating from 8 (morula = 0)) + (-0.5305 x MS on day 

three (morula = 0) + (-1.1940 x morula on day three (yes = 1, no = 0)). 

 

Since EC was not available in our dataset, we performed a sensitivity analysis to evaluate the 

necessity to incorporate this parameter in our analysis by calculating discrimination and 

calibration in five different ways. First, we calculated EC absent in all cases (ECno). To test the 

sensitivity we calculated EC present in all cases (ECyes) and we randomly selected 22, 44, 62 

percent of the cases for the presence of EC (EC22, EC44 and, EC62), based on widely described 

incidences in literature (108,118–120). To avoid coincidence this procedure with random 

section was 3 times repeated for each percentage. To assess model performance, various 

methods were used (121,122). The Nagelkerke’s R square was used to evaluate the overall 

performance, which quantifies the amount of explained variation of the model (121). 

Discriminative value of the model was assessed by calculation of the area under the receiver 

operating characteristics curve (AUROC) for diagnostic efficacy. Values for the AUROC range 

from 0.0 to 1.0, whereas 0.5 means that the test is not able to discriminate between the 

different embryo qualities and should be considered as the minimum AUROC value (123). 

Calibration of a prediction model indicates the agreement between observed and predicted 

outcomes (122,124). In a calibration plot the predicted implantation probabilities were 

compared with the observed implantation rates. The intercept and slope for the regression 

line were calculated. Calibration of our data in the prediction model was also assessed using 

the Hosmer-Lemeshow goodness-of-fit test. Application of this test assess the hypothesis that 

the observed outcomes and the model appeared to be in agreement (122,125).  
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A p-value < 0.05 was considered statistically significant. Statistical analysis was performed 

using SPSS software version 23. 

 

ETHICAL APPROVAL 

This study was exempt from Regional Ethics Review Board approval, under the legal 

requirements for clinical research in the Netherlands. 

 

RESULTS 
GENERAL CHARACTERISTICS 

Data of 1,197 patients were included that met all inclusion criteria and had SET (IVF cycles: 

853; ICSI cycles: 757).  

Baseline characteristics of the embryos and implantation outcome of all women are 

summarised in Table 2.1 and compared to the characteristics of the VL model. Comparing the 

population of VL and our study population (SP), significant difference in age was found (35.6 

years VL vs. 33.1 years SP). Furthermore, significant difference in primary indications to 

perform IVF and/or ICSI was observed (tubal pathology 20% VL vs. 12% SP; unexplained 

subfertility 28% VL vs. 23% SP; male subfertility 44% VL vs. 52% SP; endometriosis 3% VL vs. 

6% SP; oocyte donation 1% VL vs. 0% SP; others 12% VL vs. 16% SP). Moreover, the fertilisation 

method was well comparable (IVF 52% VL vs. 53% SP and ICSI 48% VL vs. 47% SP). Although 

oocyte characteristics resembled those of the study by van Loendersloot et al. (101), the 

number of embryos transferred and the ongoing implantation rate differed. Three hundred 

thirty-three embryos (21%) had an ongoing implantation at least 11 weeks of pregnancy. In 

contrast, VL described a much lower implantation rate of seven per cent in their development 

dataset with traceable embryos. However, the ongoing implantation rate in patients with 

single embryo transfer was comparable (20% VL, vs. 21% SP). The overall implantation rate in 

the VL dataset (including the singletons and twins following double and triple ET respectively) 

was 14%.  

 

EXTERNAL VALIDATION 

The VL model used in our SP showed moderate discriminative capacity (AUROC: 0.68 (95% CI 

0.65 to 0.71, p < 0.001) (ECno)) (Figure 2.1). Sensitivity analyses showed no significant 

difference when ECyes, EC22, EC44 or EC62 (AUROC of 0.68, 95% CI 0.65 to 0.71). 
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Table 2.1  Baseline characteristics of the studied women who underwent fresh IVF or ICSI treatment. 

  Validation model Van Loendersloot’s model 

    (Development set) 

  N % 95% CI N % 

Number of patients 1197 -   1790 - 
      
Number of traceable transferred 
embryos  1610 -  5028 - 

   With single ET  1610 100%*  605 12%* 
   With double ET (leading to none or 2    
   implantations) - -  3586 71%* 

   With triple ET (leading to none or 3    
   implantations) - -  837 17%* 

      

Number of IVF cycles      

   With traceable embryos 1610 -  2677 - 

   With all embryos 1610 -  3143 - 
      

Age (SD) (of all embryos) 33.1 (4.3) - 32.9-33.4 35.5 (4.5) - 
      

Indication for IVF/ICSI***      

   Tubal pathology 196 12%** 11-14 % 616 20%** 

   Unexplained subfertility 374 23%** 21-25% 875 28%** 

   Male subfertility 839 52%** 50-55% 1395 44%** 

   Endometriosis 93 6%** 5-7% 99 3%** 

   Oocyte donation 0 0%** - 24 1%** 

   Others 265 16%** 15-18% 380 12%** 
      

Fertilisation method (of all embryos)      

   IVF 853 53%** 50-55% 1642 52%** 

   ICSI 757 47%** 45-49% 1501 48%** 
      

Number of ongoing implantation 
including only traceable embryos 333 21%*  374 7%* 

   with single ET 333 21%*  120 20%* 

   with double ET   -  -  254 7%* 

   with triple ET  -  -  0 0%* 

*          Percentage of number transferred traceable embryos IVF      In-vitro Fertilisation  

**        Percentage of number of IVF cycles (of all embryos) ICSI     Intracystoplasmatic sperm injection  

***      More indications per patient are possible ET        Embryo transfer  

  CI Confidence Interval  

 

 

The Nagelkerke’s R square for the overall performance of the VL model was 10.8% (EC22: 

10.8%-11.0%; EC44: 10.4%-10.5%; EC62: 10.6%-10.7% and ECyes: 10.8%). The Hosmer-
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Lemeshow test showed no significant difference between the predicted implantation rate and 

the observed implantation rate (X2 = 6.70, p = 0.24) (EC22: X2 = 5.7-7.4, p = 0.3-0.5; EC44: X2 = 

7.1-11.4, p = 0.1-0.3; EC62: X2 = 4.4-7.6, p = 0.0.3-0.7; ECyes: X2 = 6.7, p = 0.2).  

 

Figure 2.1   

Receiver operating characteristic (ROC) 

testing the external validity of van 

Loendersloot et al. (2014) model with our 

dataset. to predict implantation of 

embryos after IVF or ICSI. The black line 

(ROC-curve) represents the performance 

of the model (prediction) for the 

observed (true) implantation rate. The 

area under the ROC curve was 0.68 (95% 

CI 0.65 - 0.71. p < 0.001).  

 

 

 

 

The probabilities of an implantation after IVF/ICSI calculated with the VL model are compared 

with the observed implantation rates in Figure 2.2. With the VL model the predicted 

implantation probabilities are all represented above the line demonstrating perfect 

agreement between the observed implantation rates and predicted implantation 

probabilities. The intercept of the regression line was 0.34 (EC22: 0.30-0.31; EC44: 0.21-0.23; 

EC66: 0.20-0.21; ECyes: 0.17), which demonstrates that in general the predictions are too low. 

The estimated slope was 0.72 (EC22: 0.71-0.72; EC44: 0.70; EC66: 0.70-0.71; ECyes: 0.72), 

indicating to be too optimistic, where low probabilities are too low and high probabilities are 

too high. Figure 2.3 shows the distribution of the predicted implantation probabilities per 

embryo using the VL model. Six hundred fifty-eight embryos were similar in all predictors (BL2: 

4, BL3: 8, MS: 1 and no morula) and had a predicted implantation probability of 0.17 (ECyes: 

0.21). All remaining embryos were divided in 57 groups with a predicted outcome between 

0.00 and 0.17 (ECyes, EC22, EC44 and EC62: 0.00 – 0.21). No embryos had a predicted 

implantation probability of 0.14-0.16. 
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Figure 2.2

Calibration plot. showing 

relationship between predicted 

(calculated) implantation 

probabilities and observed 

implantation rates. The diagonal 

line represented a perfect 

agreement between observed 

implantation rates and predicted 

implantation probabilities. The 

open circles represent our cases 

tested in the model by van 

Loendersloot et al. (2014).

Figure 2.3 

Distribution of predicted 

implantation probabilities 

according to the frequency of 

embryos in our dataset tested in 

the van Loendersloot et al. (2014) 

model. The bars represent the 

numbers of embryos (cases) of 

each predicted implantation rate. 

This figure shows that of 658 

embryos the predicted 

implantation rate was 0.17. while 

no embryos had a predicted 

implantation rate of 0.14-0.16.
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DISCUSSION 
Due to increasing social, medical and political pressure to reduce the occurrence and 

subsequent risks of multiple pregnancies, transferring one single embryo in assisted 

reproductive technology (ART) has become a gold standard. This has led to the development 

of guidelines by embryologists improving and standardizing selection of embryos prior to 

embryo transfer. Subsequently, prediction models are increasingly used as an instrument to 

assess individual success/failure of medical interventions. Van Loendersloot developed a 

model in 2013 to calculate the prediction probabilities of first or subsequent IVF cycles (126). 

External validation of this model (126) was performed by Sarais et al. (127), in a different 

cultural and geographic context (Italy). The results showed a slightly better performance of 

the model by van Loendersloot for the prediction of IVF treatments than existing developed 

prediction models (128–131). These results matched the internal validation by van 

Loendersloot et al. (126). 

Due to lack of consensus regarding the optimal day for embryo transfer, several studies 

performed ET on different intervals (day three and day two) (98,99,101,104,107,118). 

Additionally, a minority of models included patient characteristics, to correct for possible 

patient-related influence on oocyte quality and implantation success (99,106). The choice to 

evaluate the large sized prediction model by van Loendersloot et al. (101) in this article was 

based on their choice to solely include morphological embryo characteristics and results after 

day-three transfer. Embryo selection on day three, as performed in the VL model, is in line 

with the Alpha scoring system and ESHRE guideline (116), and application seems to be 

acceptable in clinical practice. However, until now, validation of the VL prediction model for 

embryo selection and ranking was performed in a local setting; an external validation is 

required for more general application of this scoring system.  

This study assessed the external validity of the VL model, which calculates ongoing 

implantation after IVF or ICSI based on standardised embryo scoring (116).   

Overall, the fertilisation method of our dataset were comparable with data of the VL model.  

However, the case mix of our dataset was significantly different to the dataset of the VL model. 

This dissimilarity is most likely related to a variance in patient population of our non-university 

teaching hospitals and the patient population of an academic hospital used in the VL model. 

Moreover, the mean age of subfertile women in the VL is higher than that of our SP; this is 

possibly due to the fact that recent changes in restrictive SET under the age of 38 years of age 

in the Netherlands have decreased the number of women over 37 in our group.  
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No difference was observed between the modes of IVF or ICSI treatment (medication, ART 

protocol) between the VL clinic and our hospitals. Laboratory differences were negligible, 

based on similarity of instruments, and choice of embryo culture media. Nevertheless, 

dissimilarity in the assessment of the embryos differing between laboratories should be 

considered. During the embryologic assessment (division day 2 and day 3, early cleavage, 

uniformity and fragmentation), only fragmentation and uniformity are semi- qualitative and 

subjective evaluations. The grade of fragmentation and the uniformity of embryos, as 

estimated during individual examination by an embryologist, is based on well trained skills of 

the professionals and audited by colleagues, in line with prevailing guidelines of the Alfa 

scoring system (116). Comparing the absolute differences in specific embryo characteristics 

(number of BL2, number of BL3 and MS on day two and day three) between both groups was 

not possible, since these numbers were not specifically noted in the published VL data.  

The absence of information concerning EC may be a flaw in our dataset. That being said, it 

remains unclear why VL chooses to use EC as a predictor in their model. This predictor is not 

significant in the VL multivariate analysis and the importance of EC in prediction of embryo 

quality is concluded to be of varying clinical importance (de Los Santos et al. (108) no 

significance; Giorgetti et al. (118) significant predictor). Moreover, as stated above, the 

possible importance of EC as predictor can be investigated in our database using sensitivity 

calculations based on 0%, 22%, 44%, 62% and 100% presence of EC in all embryos. No 

significant difference and changes in overall prediction rate per embryo was noted using EC in 

all, none, 22%, 44% or 62% of the cases. Finally, in most studies EC is not included as predictor 

in the respective models (98,99,104–107). 

The observed difference in implantation rate of our group (21%) compared to the VL model 

(7%) is striking. A possible explanation may be that VL determined ongoing implantation in 

case of presence of a singleton after SET, twin after DET and triplet after triple ET (TET), 

whereas we included exclusively implantation after SET. Due to inclusion of results after 

multiple implantations after ET of multiple embryos (DET: 7% TET: 0%), the overall ongoing 

implantation rate in the VL model was lowered. SET implantation outcome in both study 

groups was comparable (VL 20% vs. 21% SP). Considering that the SET policy has been 

increasingly implemented in the Netherlands since 2006, and as several studies found results 

which suggested that replacing multiple embryos possibly negatively influence each other in 

order to implantation, we choose to only include SET cycles. De Sutter et al. (132) found that 

the incidence of first-trimester bleeding was increased with an increasing number of 
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transferred embryos, leading to reduced pregnancy outcome. Furthermore, the study by 

Tummers et al. (133) showed that singletons after SET have a lower miscarriage risk than 

singletons after DET. Additionally, difference in hCG levels in the study by Delbaere et al. (134) 

suggested that implantation after DET is delayed or hindered due to the presence of a second 

embryo that will not implant.  

Based on our dataset, the external validation of the VL model showed a moderate applicability 

(AUROC: 0.679, p < 0.001). The overall performance, discrimination and calibration of the VL 

model with our SET dataset were also adequate. All calculated implantation probabilities of 

our dataset using the VL model were considerably lower than the actual observed 

implantation rates after IVF or ICSI. Application of the VL model in our dataset leads to a lower 

(probably underestimation) but reasonable distribution of predicted implantation probability 

of our embryos.  

It has to be considered that assessment of embryo characteristics on day three may be too 

early for substantial prediction. Natural embryo selection likely occurs after the cleavage stage 

and prediction at the blastocyst phase (by ET on day five after oocyte retrieval) should be more 

accurate. However, numerous IVF clinics proceed with day-three selection and embryo 

transfer. Their concern of day-five transfer is based on several factors; the epigenetic factor 

of longer culture media influences as described by Nelissen et al. (135) and Kleijkers et al. 

(136), the cost-effectiveness (extra costs of embryologists for extra assessments, more 

embryo culture fluid and storage space in the laboratories) and the lack of real convincing 

RCT’s of improved implantation rates as described in the recently updated Cochrane Review 

(35). In case day-three selection is performed, improvement of this embryo assessment on 

this day with the use of externally validated prediction models will still be of clinical value. 

Moreover, it may be of help in the comparison of day-three and day-five embryos, in case 

knowledge about important implantation predictors are published.   

In conclusion, our results show that the model by van Loendersloot et al. (101) performed well 

in our outpatient clinics for the ranking embryos on day three. New models to rank embryos 

on day five, developed with a SET dataset and possibly including additional predictive features, 

are needed. 
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ABSTRACT  
OBJECTIVE 

The aim of this study was to evaluate the predictive value of the dynamic morphological 

development process between cleavage-stage and blastocyst-stage embryos. 

STUDY DESIGN 

A retrospective study was executed between 2015 and 2017 at Ghent University Hospital. A 

total of 996 first fresh IVF/ICSI cycles resulting in a single embryo transfer on day 5 were 

included. Embryos were scored on day 3 and day 5 as excellent, good, moderate or poor based 

on Alpha/ESHRE guidelines and Gardner and Schoolcraft scoring-system. If embryos changed 

category between day 3 and 5, the number of steps (between excellent; good; moderate; 

poor) in positive and negative direction was expressed.  

RESULTS  

On day 5, the ongoing pregnancy rate (OPR) of excellent embryos was 37.4 %. Univariate 

analyses showed that on day 5, both a higher cell stage, better inner cell mass and better 

trophectoderm were significantly associated with an ongoing pregnancy. In case of 

deterioration in quality of individual embryos between day 3 and day 5, the OPR was 

significantly lower. Conversely, improvement of embryo quality between day 3 and day 5 

showed higher ongoing pregnancy rates (overall OPR of good day-3 embryos improving to 

excellent day-5 embryos: 30%; moderate day 3 to excellent day 5: 50 %; poor day 3 to excellent 

day 5: 42 %; poor day 3 to good day 5: 20 %; poor day 3 to moderate day 5: 16 %). When 

embryos improved from poor on day 3 to excellent day 5 the OPR was significantly higher in 

comparison with embryos that did not change in quality scoring during development (steady 

embryos) (OR: 1.785, p < 0.05).  

CONCLUSION  

Our results suggest that it is more likely to achieve an ongoing pregnancy when transferring 

an embryo that has improved in quality between days 3 and 5 as opposed to one that has 

remained stable.  
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INTRODUCTION 
In IVF, embryo selection is mainly based on clinical experience and local protocols (98). During 

the first two decades of IVF, embryos were transferred at early cleavage stages. In 1995, the 

first ongoing pregnancy after blastocyst stage embryo transfer (BT) was described (137).  

In the last few years, a tendency to perform BT has been observed based on moderate quality 

evidence that BT is associated with higher clinical pregnancy rates than cleavage stage 

transfer. It is likely that a longer observation period gives more time for the embryos to 

demonstrate their individual quality, resulting in improved embryo selection at the time of 

transfer (30). However, since the in-vitro environment of embryo culture media is different to 

the in-vivo endometrial environment, embryonic development may progress differently after 

embryo transfer (ET) (35). Furthermore, it is possible that prolonged embryo culture 

negatively influences pregnancy outcome by epigenetic factors (135,136).  

Since cleavage-stage morphological variables are not directly comparable with blastocyst-

stage variables, different scorings systems and prediction models are developed to select the 

best embryo according to development stage. Several prediction models analyzing different 

variables for the selection of cleavage stage embryos have already been developed 

(98,99,141,101,104–107,138–140). Existing scorings systems of blastocyst-stage embryos are 

mainly based on the model developed by Gardner and Schoolcraft (142). This scoring system 

is exclusively based on morphological variables on day 5, whereas variables of day 2, 3 or 4 

and development over time are not included. For the development of cleavage-stage embryos 

using semi-automated embryonic time-lapse evaluation (143), several studies show benefits 

in uniformly selecting the best cleavage stage embryo (143–148). This technique has the 

advantage that it also includes the development and uniformity of cleavage over time, 

alongside the static embryo variables at the moment of selection for transfer (e.g. number of 

blastomeres (BL), fragmentation and multinucleation). Only a few studies have investigated 

the value of automatic image analysis in blastocyst development (149–151). In these studies, 

static variables related to, for example, thickness of trophectoderm (TE) and the ratio of the 

inner cell mass (ICM) and blastocyst volume are included in the analysis. However, the 

dynamic process of development between day 3 and day 5 is disregarded. 

Although the relationship between day 3 and day 5 variables to predict ongoing implantation 

potential is investigated in numerous studies (30,152–159), developmental dynamics between 

cleavage-stage and blastocyst-stage embryos have, to our knowledge, never been used as 

parameter for embryo selection. Therefore, the aim of this study is to assess the additional 
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predictive value of the process of development of blastocyst-stage embryos in combination 

with the existing static day 3 and day 5 variables. 

 
MATERIALS AND METHODS 
PATIENT SELECTION AND HORMONAL TREATMENT 

Between July 1st, 2015 and August 31st, 2017, A total of 1052 patients underwent ovum pick-

up (OPU) for IVF or ICSI treatment at the Department for Reproductive Medicine of Ghent 

University Hospital, Belgium. Data of first IVF/ICSI cycles using fresh day five ET were included. 

996 cases showed no missing values in embryo characteristics. Standardised fertility 

treatment according to the European guidelines (116) was followed. In a majority of cases, 

male subfertility was one of the reasons for treatment (83.4%) (Table 3.1). 695 patients were 

diagnosed with only one cause of infertility (69.8%), 263 with two causes (26.4%), 35 with 

three causes (3.5%) and three with four causes (0.3%) (Table 3.1).  

For pituitary down-regulation, three protocols (short agonist: 71%; long agonist: 6%; 

antagonist: 23%) were used (160). Controlled ovarian hyperstimulation was achieved using a 

daily dose of gonadotropins between 150UI and 300UI, determined by clinical characteristics 

(age, anti-Mullerian hormone (AMH) (17)) and previous (day 3) stimulation response.  

 

OOCYTE RETRIEVAL AND LABORATORY PHASE 
OOCYTE RETRIEVAL AND SEMEN PREPARATION 

Between 34 and 36 h after human chorionic gonadotropin (hCG) (Pregnyl 5.000IU; MSD Oss, 

the Netherlands) or recombinant hCG (Ovitrelle 6500IU, Serono Benelux, London, UK) 

administration, follicle aspiration was performed. Semen quality was assessed according the 

WHO 2010 guidelines (161).  

 

EMBRYO CULTURE, SELECTION AND TRANSFER 

All embryos were individually cultured in sequential media (Sydney IVF Cleavage Medium, 

Cook, USA) and transferred on day 3 to blastocyst media (Sydney IVF Blastocyst Medium, 

Cook, USA) in a 6% CO2, 5% O2 and 89% N2 incubator at 37⁰C.  

 On day 5 after OPU, the best embryo was transferred based on the Alpha scoring system (116) 

and local guidelines (162). Luteal phase was supported using intravaginal progesterone 

(Utrogestan, Besins Healthcare, Brussels, Belgium). A serum-hCG test was performed 

sixteen days after ET. At around a gestational age (GA) of 11 weeks, presence of a fetal 
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heartbeat was investigated using transvaginal ultrasound to evaluate viability of the embryo 

(ongoing pregnancy rate (OPR)). 

 

 
Table 3.1 Baseline characteristics of studied cases 

  Overall Ongoing implantation No ongoing 
implantation P-value 

Included cycles 996 238 (23.9%) 758 (76.1%)  

      

Age     

   Women* 33.8 (4.8) 32.7 (4.5) 34.2 (4.8)  < 0.001 
   Male 36.2 (8.0) 36.0 (8.0) 35.0 (7.0) 0.143   
Previous Pregnancies     

   Gravidity* 1 (1) 2 (1) 1 (1) 0.001 
   Parity* 0 (1) 1 (1) 0 (1)  < 0.001 
   Abortus* 1 (2) 1 (1) 1 (2) 0.373 
 
Indication 

    

   Tubal causes 88 (8.8%) 21 (23.9%) 67 (75.1%) 1.00 
   Endometriosis 117 (11.7%) 24 (20.5%) 93 (79.5%) 0.42 
   Ovarian causes 91 (9.1%) 21 (23.1%) 70 (76.9%) 0.90 
   Genetic causes (female) 8 (0.8%) 1 (12.5%) 7 (87.5%) 0.69 
   Uterine causes 25 (2.6%) 3 (12.0%) 22 (88.0%) 0.23 
   Cervical causes 2 (0.2%) 0 (0%) 2 (100.0%) 1.00 
   Repeated miscarriage 20 (2.0%) 4 (20.0%) 16 (80.0%) 0.80 
   Hypothalamic dysfunction 1 (0.1%) 0 (0%) 1 (100.0%) 1.00 
   Immunologic causes 13 (1.3%) 4 (30.8%) 9 (69.2%) 0.53 
   Oncological indication 11 (1.1%) 3 (27.3%) 10 (72.7%) 0.73 
   Genetic causes (male) 6 (0.6%) 0 (0.0%) 6 (100.0 %) 0.35 
   Male factor 825 (82.8%) 195 (23.6%) 630 (76.4%) 0.70 
   Non-medical causes 64 (6.4%) 14 (21.9%) 50 (78.1%) 0.76 
   Unexplained causes 67 (6.7%) 23 (34.3%) 44 (65.7%) 0.05 
      

Ovarian stimulation protocol    0.14 
      Urinary  
          gonadotrophiones 803 (80.6%) 201 (25.0%) 602 (75.0%)  

      Recombinant      
          gonadotrophines 135 (13.6%) 23 (17.0%) 112 (83.0%)  

      Others 
58 (5.8%) 14 (24.1%) 47 (75.9%)  

  
Down-regulation protocol    0.07 
      Agonist short 707 (71.0%) 154 (21.8%) 553 (78.2%)  

      Agonist long 60 (6.0%) 16 (26.7%) 44 (73.3%)  

      Antagonist  227 (22.8%) 68 (30.0%) 159 (70.0%)  

      Other 2 (0.2%) 0 (0.0%) 2 (100.0%)  
 
Oocyte data 

    

   Number of oocytes retrieved 10.8 (5.2) 11.7 (5.2) 10.5 (5.2) 0.002 
   Number of oocytes fertilised* 6.0 (3.5) 6.9 (3.5) 5.7 (3.4)  < 0.001 

Data are presented as Number (%) or Mean (SD) or Median (IQR)* 
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EMBRYO SCORING  

Embryo scoring was performed on day 2, 3, 4 and 5 after OPU according to the scoring criteria 

of Alpha and ESHRE (116) and local guidelines described in previous studies (160,162). 

 

SCORING CLEAVAGE STAGE EMBRYOS AND BLASTOCYSTS 

On day 3, the embryos were evaluated and divided into four categories: excellent, good, 

moderate and poor based on multinucleation on day 2 and 3, number of BL, stage-specific cell 

size (not stage-specific (NSS) or stage-specific (SS)) and percentage of fragmentation (Table 

3.2).  
 

Table 3.2  Scorings-system cleavage stage embryos (day 3) 
Excellent Good Moderate Poor 

 
No multinucleation (day 2 

and day 3) 
 

AND 
 

8 blastomeres 
 
 

AND 
 

≤ 10% fragmentation 
 

AND 
 

Size of cells is stage-specific 

 
No multinucleation (day 2 

and day 3) 
 

AND 
 

 > 5 blastomeres 
 
 

AND 
 

0-25% fragmentation 
 

AND 
 

Size of cells is stage-specific 

 
No multinucleation (day 2 

and day 3) 
 

AND 
 

 < 6 blastomeres 
 
 

AND 
 

0-50% fragmentation 
 

AND 
 

Size of cells is stage-specific 
 

 
All other embryos 

 

On day 5, blastocysts were evaluated using the Gardner score and were divided into the same 

four categories (142). Cell stage on day 5 was based on the expansion stage. Furthermore, if 

cell stage was 3 or higher, quality of the inner cell mass (ICM) and trophectoderm (TE) was 

also evaluated (Table 3.3). 

 

SCORING DYNAMICS  

The development of embryos was evaluated on day 3 and day 5 using the four categories 

described above. Additionally, any change in categories from day 3 to day 5, was expressed in 

either a positive or negative direction (e.g. +2 in case of an embryo improving from poor 

quality on day 3 to good quality on day 5). 
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Table 3.3  Scorings-system blastocysts (day 5). The number represents the cell stage, the letters represent 
the score of the Inner Cell Mass (ICM) and Trophectoderm (Te), respectively.  

Excellent Good Moderate Poor 

4/5AA 
4/5AB 

4/5BA 
4/5BB 
3AA 
3AB 
3BA 
3BB 
3BC 
3CA 
3CB 

4/5AC 
4/5BC 
4/5CA 
4/5CB 
4/5CC 

3CC 
Blast 1 
Blast 2 

All other embryos 

Cell stage: 1 = early blastocyst, blastocele less than half of the embryo volume, 2 = blastocyst, blastocele 
half or more of the embryo volume, 3 = blastocele completely fills the embryo, 4 = expanded blastocyst, 5 = 
hatching blastocyst with tinning TE 
Inner Cell Mass (ICM): A = tightly packed, many cells, B = loosely grouped, several cells, C = very few cells,    
D = degenerated 
Trophectoderm (TE): A = many cells forming a cohesive epithelium, B = few cells forming a loose epithelium, 
C = very few and large cells, D = degenerated 

 

STATISTICAL ANALYSIS 

All relevant data were extracted from patient records. Normally distributed data were 

expressed as mean (standard deviation, SD), skewed distributed data as median (range). All 

categorical variables were analysed using Pearson’s chi-squared test or Fisher's exact test, 

whereas continuous variables were compared using Student’s t-test or Mann-Whitney U test 

respectively. Univariate and multivariate logistic regression analysis was performed to 

determine the relationship between the different predictors and the OPR. Pearson’s 

correlation coefficients were used to analyze correlation between day 3 and day 5 variables. 

Two tailed p < 0.05 was considered statistically significant. Statistical analysis was performed 

using IBM SPSS Statistics software (version 25, IBM Corp, Armonk, NY) and Matlab® (Version 

2015a, MathWorks™, Natick, MA).  

 
ETHICAL APPROVAL 

The Regional Ethics Review Board of the Ghent University Hospital approved this study.  
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RESULTS 
GENERAL CHARACTERISTICS 

Of the total population, 40.2 % (400/996) had a clinical pregnancy (positive B-hCG after 6 

weeks GA) after ET, of which 23.9 % (238/996) subsequently maintained an ongoing 

pregnancy (OPR) (Table 3.3). In total, 700 (70.3 %) of the embryos transferred on day 5, were 

scored as at least a blastocyst stage 3. A higher OPR of 33.2 % and 32.9 % was observed in 

cases with the highest ICM and TE scores respectively (Figure 3.1 and Table 3.4). Furthermore, 

cases with a blastocyst stage  3 showed higher OPR (25.3 % (stage 3), 32.1 % (stage 4) and 

26.0 % (stage 5)) in comparison to blastocyst stage 2 (18.3 %), and blastocyst stage 1 (7.5 %) 

(Figure 3.1 and Table 3.4). 

 
Figure 3.1  Number of (no) ongoing pregnancies and early miscarriage in correlation with  

cell stage, Inner Cell Mass (ICM) and Trophectoderm (TE) on day 5. 
 

On day 5, the median number of embryos that were selected for cryopreservation alongside 

a fresh transfer was 1 (0-14). We observed an association between the number of emrbyos 

selected for cryopreservation and the chances of ongoing pregnancy of the freshly transferred 

embryo ( < 2 cryo-embryos: OPR 18.0 %; 2-5 cryo-embryos: 31.7 %; > 5 cryo-embryos: 33.0 %; 

p < 0.001).  
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PREDICTIVE VALUE OF DAY-3 VARIABLES FOR DEVELOPMENT OF DAY-5 EMBRYO 

No correlation was found between individual embryo characteristics on day-3 and day-5 

variables. The highest Pearson’s correlations were found between cell stage on day-3 and day-

5 variables (Table 3.1, 3.2 and 3.4).  

 

Table 3.4 Baseline characteristics of studied embryos 

 

  Overall Ongoing pregnancy No ongoing pregnancy P-value 

Day-3 embryo variables     

   Number of blastomeres    0.27 

      13-16 16 (1.6%) 3 (18.8%) 13 (81.3%)  

      9-12 172 (17.2%) 39 (22.7%) 133 (77.3%)  

      8 599 (60.0%) 154 (25.7%) 445 (74.3%)  

      5-7  192 1 (92.3%) 41 (21.4%) 151 (78.6%)  

       < 5 17 (1.7%) 1 (5.9%) 16 (4.1%)  

   Multinucleation     

      Yes 25 (2.5%) 4 (16.0%) 21 (84.0%)  

      No 971 (97.5%) 234 (24.1%) 737 (75.9%)  

   Fragmentation    0.70 
       < 10% 914 (91.8%) 218 (23.9%) 696 (76.1%)  

      10-25% 72 (7.2%) 19 (26.4%) 53 (73.6%)  

      26-50% 8 (0.8%) 1 (12.5%) 7 (87.5%)  

       > 50% 2 (0.2%) 0 (0.0%) 2 (110.0%)  

   Cell Size Specific    0.29 
      Yes 712 (71.5%) 177 (24.8%) 535 (75.2%)  

      No 284 (28.5%) 61 (21.5%) 223 (78.5%)  

     
 Day-5 embryo variables           
   Cell stage     < 0.001 
       (Partial) compaction    40 (4.0%) 3 (7.5%) 37 (92.5%)  
       (Partial) Blastocyst stage 1 147 (14.8%) 11 (7.5%) 136 (92.5%)  
       (Partial) Blastocyst stage 2 109 (10.9%) 20 (18.3%) 89 (81.7%)  
       Blastocyst stage 3 233 (23.4%) 59 (25.3%) 174 (74.7%)  
       Blastocyst stage 4 390 (39.2%) 125 (32.1%) 265 (67.9%)  
       Blastocyst stage 5 77 (7.7%) 20 (26.0%) 57 (74.0%)  
   Inner Cell Mass (ICM)     < 0.001 
       A 368 (36.9%) 122 (33.2%) 246 (66.8%)  
       B 291 (29.2%) 76 (26.1%) 215 (73.9%)  
       C 43 (4.3%) 6 (14.0%) 37 (86.0%)  
       Cell stage too low 294 (29.5%) 34 (11.6%) 260 (88.4%)  
   Trophectoderm (TE)     < 0.001 
       A 146 (14.7%) 48 (32.9%) 98 (67.1%)  
       B 438 (44.0%) 132 (30.1%) 306 (69.9%)  
       C 118 (11.8%) 24 (20.3%) 94 (79.7%)  
       Cell stage too low 294 (29.5%) 34 (11.6%) 260 (88.4%)  
Data are presented as Number (%) 
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COMPARISON OF EMBRYO QUALITY ON DAY 3 AND DAY 5 

On day 3, the majority of embryos were scored as excellent, whereas on day 5 the most 

prevalent score was moderate (Figure 3.3). 

We observed that the chance of ongoing pregnancy is higher for embryos scored excellent on 

day 5 (36.9%) as opposed to day 3, regardless of how they subsequently scored on day 5 (26.0 

%) (Figure 3.2). The frequency of good embryos resulting in an ongoing pregnancy on day 3 

and day 5 were comparable (D3: 24.5 %; D5: 24.6 %). Embryos scoring ‘moderate’ on day 3 

had an OPR of 8.7% compared to embryos scoring moderate on day 5, which had an OPR of 

18.4 % . Poor embryos on day 3 had an OPR of 21.5 % while poor embryos on day 5 had an  

OPR of 6.1 %. In conclusion, on day 3, ongoing pregnancy rate showed no significant 

differences between embryo quality groups (p = 0.172). On day 5 however, a significant 

increase in ongoing pregnancy rate was seen with increasing quality groups (p < 0.001). 

Overall, embryos that scored excellent on day 5 had the highest OPR (36.9 %). 

 
Figure 3.2  Number of (no) ongoing pregnancy and early miscarriage rates in correlation with embryo 

scores (see Tables 3.1 and 3.2) on day 3 and day 5. 



3

 

 Embryo Development Between Day 3 and Day 5 67 
 

DAY-5 VARIABLES TO PREDICT ONGOING PREGNANCY 

Univariate analyses showed that besides a higher cell stage on day 5, a better ICM and better 

TE were also significantly associated with a higher OPR (all p < 0.001). ICM had the highest 

significant association with OPR (ICM: OR 0.66 (95 % CI 0.498-0.875), p = 0.004) and TE: OR 

0.75 (95 % CI 0.572-0.980), p = 0.035). When only cases with cell stage 3, 4 or 5 were included 

in the analysis, the difference between these stages was no longer predictive of OPR.  

 
Figure 3.3  Quality development of all embryos using the embryo-scoring-systems as  described in Tables 

3.1 and 3.2. The numbers in- and size of the circles represents the number of embryos. 

Percentages on the arrows represent the part of the embryos developed from a specific group 

on day 3 to (another) specific group on day 5. The percentages in the circles represent the 

ongoing pregnancy rate.  

 

DEVELOPMENTAL DYNAMICS OF INDIVIDUAL EMBRYOS BETWEEN DAY 3 AND DAY 5 

When analysing the individual evolution of embryos between day 3 and day 5 with regards to 

their quality, we observed that only 21 % (219/996) of day-3 embryos remained in the same 

quality category on day 5 (Figure 3.3). Embryo development was first analysed by dividing the 

cases into three groups based on Table 3.1 and 3.2 (1: Improving embryos, 2: Steady embryos, 
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3: Deteriorating embryos). Embryos of steady quality from day 3 to day 5 had a mean OPR of 

30%.  

In general, embryos that deteriorated in quality between day 3 and day 5, showed a lower 

mean OPR (21 %, Figure 3.2). On the other hand, embryos that improved quality between day 

3 and day 5 showed a trend towards a higher OPR.   

In comparison to steady quality embryos, embryos that improved by 1 category or 

deteriorated by 2 categories showed significantly lower OPRs (score -2: OR 0.565 (95 % CI 

1.011-3.151), p < 0.05 and score +1: OR 0.565 (95 % CI 1.011-3.151), p < 0.05). When embryos 

improved by 3 categories (i.e., from poor on day 3 to excellent on day 5), OPR was significantly 

higher compared to steady quality embryos (OR: 1.785 (95 % CI 1.011-3.151), p  <  0.05). All 

other scenarios (i.e. improving by 2 categories and deteriorating by 1 or 3 categories) showed 

no significant association with a change in OPR. 

In 67 % (670/996) of cases, the transferred embryo had the highest score on day 3 as well as 

on day 5. In 37 % of cycles, only one option of a high scored embryo on day 3 and on day 5 

was available for transfer. In the other cycles, there were two or even more embryos of equally 

high quality on day 3 as well as on day 5 available. 

Of the 326 cases where the best day-5 embryo was not the best day-3 embryo, 19 % developed 

from a ‘poor’ scored embryo on day 3, to an ‘excellent’ scored blastocyst stage embryo on day 

5, and 28% of‘poor’ day-3 embryos became a ‘moderate’ day-5 embryo. 

 
DISCUSSION 
Accurate embryo selection remains a crucial step during the IVF process, and is based on  

several scorings systems for cleavage-stage as well blastocyst-stage embryos. However, the 

potential importance of the individual developmental process of embryo’s between day 3 and 

5 has never been investigated as a possible predicting factor in the process of embryo 

selection.  

This study shows that the dynamic process of development over time has significant additional 

value for selection of the best blastocyst-stage embryo. The selection of blastocyst-stage 

embryos should initially be based on classic day 5 variables (i.e. cell stage, ICM and TE). Our 

results show that ICM is a stronger predictor of ongoing implantation than TE, and should be 

considered first. This is in line with previous (local) studies (162–165). Conversely, this is 

refuted in some recent studies where the trophectoderm was found to be a more powerful 

predictor (166,167). Nonetheless, some older studies also found inner cell mass to be a more 
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powerful predictor (164,168), indicating that more research is needed to assess the real value 

of these parameters in predicting ongoing pregnancy. Furthermore, the results presented in 

Figure 2 support that day-5 embryo scoring is much more discriminative for higher and lower 

OPR than day-3 embryo scoring. When two or more excellent-scored embryos are available 

on day 5, the development over time should be considered next. An embryo that shows a 

strong morphological improvement between day 3 and day 5 (i.e. from poor to excellent) has 

a significantly higher OPR compared to embryos remaining in the same category. Based on the 

scoring systems on day 3 and day 5 used in our study, in almost 37% of cases a different 

embryo would have been selected on day 3 compared to day 5. This means that if blastocyst 

selection would be based only on day-3 variables, an embryo of lower quality on day 5 would 

be transferred in more than one third of cases. These results are also comparable with 

previous studies (30,158).  

It should be noted however, that the scoring systems on day 3 and day 5 are probably not 

optimal for comparison, even though both systems were commonly used in clinical practice, 

and both consisted of four categories (i.e. excellent, good, moderate and poor). Figure 2 shows 

that only 23 embryos were selected in the moderate group on day 3 whilst many more 

embryos (n = 458) met the criteria of the moderate group on day 5. The group with poor 

scored embryos on day 5 amounted to only 5% (45/996) of all embryos, which can be 

explained by the fact that these analyses include only fresh transferred embryos, which are 

always the best embryo of whole individual cohort (including the cryopreserved embryos).  

In line with some other studies (155,157,169), we found that on day 3, only cell stage and 

fragmentation were significantly associated with the subsequent development and quality of 

a blastocyst-stage embryo. This being said, no individual correlation between day 3 

(multinucleation, number of BL, stage-specific cell size and percentage of fragmentation) and 

day 5 (cell stage, ICM and TE) variables was seen. Since most of the static morphological 

variables are subjectively scored, interobserver variance, as shown in the study by Storr (170), 

might interfere with these results. To minimize the effect of the subjectivity of the well trained 

embryologists, the guidelines of the ESHRE and Alpha group were adhered to (116).  

Additionally, selected patients in this tertiary academic setting might have influenced the 

results. Moreover, since data was retrospectively obtained, missing data in some variables 

was present and could not be included in all analysis. Nonetheless, sufficient data was 

available for our statistical analysis. 
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To conclude, we displayed that the classic, static morphological variables of day 5 (cell stage, 

ICM and TE), as first proposed by Gardner and Schoolcraft, have the highest predictive power 

to select the best blastocyst-stage embryo. In cases where equally scored (excellent) 

blastocysts are available on day 5, the dynamic evaluation of the embryo between day 3 and 

day 5 should be included as a decisive factor for embryo selection. Further research is 

necessary to evaluate the role of automatic timelapse imaging analysis of the embryo 

development process between day 3 and day 5. 
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ABSTRACT 
OBJECTIVE  

To develop a random forest model (RFM) to predict implantation potential of a transferred 

embryo and compare it with a multivariate logistic regression model (MuLRM), based on data 

from a large cohort including in-vitro fertilisation (IVF) patients treated with single embryo 

transfer (SET) of blastocyst-stage embryos. 

DESIGN 

This is a retrospective study of a 2-year single centre cohort of women undergoing IVF or 

intracytoplasmatic sperm injection (ICSI). 

SETTING 

Department of Assisted Reproductive Medicine of an academic hospital 

PATIENTS 

A total of 1,052 women who underwent a fresh IVF or ICSI cycles with single blastocyst transfer 

were included.  

INTERVENTION(S) 

None 

MAIN OUTCOME MEASURE(S)  

The performance of both RFM and MuLRM to predict pregnancy was quantified in terms of 

the area under the Receiver Operating Characteristics (ROC) curve (AUC), classification 

accuracy, specificity and sensitivity. 

RESULT(S)  

ROC analysis resulted in an AUC of 0.74 ± 0.03 for the proposed RFM and 0.66 ± 0.05 for the 

MuLRM for the prediction of ongoing pregnancies of at least 11 weeks. This RF approach and 

MuLRM yielded a sensitivity of 0.84 ± 0.07 (RFM) and 0.66 ± 0.08 (MuLRM), and a specificity 

of 0.48 ± 0.07 (RFM) and 0.58 ± 0.08 (MuLRM), respectively.  

CONCLUSION 

The performance to predict ongoing implantation will significantly improve using an RFM 

approach in comparison to MuLRM.   
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INTRODUCTION 
Since the birth of the first in-vitro fertilisation (IVF) baby in 1978, more than 6 million babies 

have been born after an IVF treatment worldwide (171). Every year, more than one and a half 

million assisted reproductive technology (ART) cycles are performed all over the world; in 

Belgium, yearly over 3% of all babies are born conceived by ART (172).  
Several original ranking and embryo scorings systems have been developed for clinical 

decision making and to predict IVF success in IVF (126,128,177–181,129,130,138,139,173–

176). These methods are primarily based on multivariate logistic regression analyses, which 

appoint relative weights to independent significant predictors to compute over-all pregnancy 

probability. However, these methods cannot exploit interconnections between predictors and 

combinations of factors that are individually not significant discriminators. This might explain 

why these prediction models, even though most have not been externally validated 

(100,138,182,174–181), seem to have limited accuracy. Furthermore, most of these 

prediction models were based on more than one IVF cycle (127–130,139,176,178–181), 

probably causing effects in the case mix of the datasets. Moreover, the majority of these 

models included embryo transfer with more than one embryo 

(126,128,181,129,138,139,174,176,178–180), while the embryos possibly will influence each 

other negatively in order to implantation probability (133,134,183).  

Machine-learning approaches are increasingly applied to improve prediction models for 

clinical decision making (184). Supervised machine learning algorithms aim to retrieve 

patterns in large datasets with a known outcome variable (i.e. label) for classification or 

prediction (185,186). In essence, such algorithms are first ‘trained’ by extracting the patterns 

distinguishing differently labelled classes and then tested by applying the ‘learned’ patterns 

to independent data. As these flexible algorithms can take into account subtle links between 

variables, indeed, first publications of machine-learned IVF outcome prediction have 

appeared (100,182,187,188). However, in the context of IVF decision making and embryo 

selection, the clinical application is limited as these algorithms did not combine embryonic 

characteristics with maternal data (182,187). Moreover, multiple-embryo transfers that were 

included (182,188) show a large variation or low-cleavage-stage transfer day (100,182), or did 

not include details on the clinical workflow (187). An additional advantage of random forest 

model (RFM) over multivariate logistic regression model (MuLRM) is that it is more suitable as 

a quality-control system, since it is able to incorporate more variables of the clinical work-flow 

beyond the significant clinical predictors. 
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This study combines both embryonic and clinical variables of a fresh day-five single embryo 

transfer (SET) cycle for IVF implantation prediction. For this, we take a decision-tree-based 

approach, which is a machine-learning technique that is extensively employed in the medical 

domain because it provides and excellent combination of interpretation and efficient use 

(189). Furthermore, this technique is favourable when handling categorical variables or 

missing values. Decision trees have an intuitive structure as they are essentially a series of 

decision nodes, based on the input variables, that successively lead to a certain outcome 

prediction. Accordingly, the aim of this study was to develop a multivariate machine-learning 

prediction model, based on data of a large cohort of patients treated with SET at the blastocyst 

stage.   

 

MATERIALS AND METHODS 
DATA ACQUISITION 
PATIENT SELECTION 

Patients undergoing oocyte retrieval for IVF or intracytoplasmatic sperm injection (ICSI) 

between July 1, 2015 and August 31, 2017 at the department of Reproductive Medicine of 

Ghent University Hospital, Belgium, were reviewed for inclusion in the dataset. A total of 1.052 

patients met all inclusion criteria and underwent SET with a fresh day-five blastocyst. To avoid 

biasing of the dataset, only each patient’s first SET cycle during the study period was included. 

Subfertility treatment is standardised in Belgium, according to the guidelines of the European 

Society of Human Reproduction and Embryology Special Interest Group (ESHRE SIG-E). A 

majority of the couples underwent ICSI treatment (853/1053; 81%) and 871 cases had 

indication male subfertility (82.7%). Among other indications were tubal pathology (8.5%), 

endometriosis (12.0%), ovarian causes (9.0%), unexplained subfertility (6.4%) or other 

indications (15.3%) (Table 4.1 and 4.2).  

 

OVARIAN STIMULATION AND LABORATORY PHASE 

Three protocols (two agonist, one antagonist) for pituitary down-regulation were used in our 

study population. The used protocol was chosen based on the evaluation of the ovarian 

reserve as described by La Marca (17), women were categorised into low, normal or high 

expected ovarian response. Almost 75% of all patients received an agonist (Triptorelin; 

Decapeptyl Ferring, Hoofddorp, The Netherlands) in two dosages for down-regulation (short 

or long) (FSH: Gonal-F, Serono Benelux, London, UK; or Puregon ; MSD, Oss, the 
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Netherlands or human menopausal gonadotropin: Menopur; Ferring, Hoofddorp, The 

Netherlands). Initial dosage of gonadotropins was based on clinical characteristics (age, anti-

Mullerian hormone (17) and previous stimulation response). In the antagonist group (22.9%), 

gonadotropins were started on day three of the natural cycle and 0.25 mg Cetrorelix 

(Cetrotide, Merck Serono, Geneva, Switzerland) was injected subcutaneously as a daily dose 

from stimulation day six until the day of oocyte maturation triggering. Oocytes were aspirated 

34-36 hours after a human chorionic gonadotropin (hCG) (Pregnyl; MSD Oss, the 

Netherlands) or recombinant hCG injection (Ovitrelle; Serono Benelux, London, UK). 

Between two and four hours after oocyte retrieval, they were inseminated with spermatozoa 

(IVF: 19.0 %) or injected with a single spermatozoon (ICSI: 81.0 %).  

Semen quality was assed using the WHO 2010 guidelines. Semen volume concentration, 

motility and morphology were evaluated. Evaluation of semen motility was in percentages of 

fast progressive (WHO-A), slow progressive (WHO-B), locally progressive (WHO-C) and 

immotile (WHO-D) spermatozoa (161).  

Embryos were cultured individually in pre-equilibrated Cleavage media (Sydney IVF Cleavage 

Medium, Cook, USA) and were transferred to blastocyst media (Sydney IVF Blastocyst 

Medium, Cook, USA) in a 5% O2, 6% CO2 and 89% N2 incubator at 37⁰C.  

Embryo transfer was performed on day five after oocyte retrieval. In all cases, the best quality 

embryo, based on the Alpha scoring system (116) and local guidelines based on previous 

published data (162), was transferred (see section: Embryo scoring). Women were treated 

with intravaginal progesterone (Utrogestan, Besins Healthcare, Brussels, Belgium) starting 

on the day of (recombinant) hCG injection to support the luteal phase. An hCG test was 

performed sixteen days after embryo transfer and an ultrasound examination was carried out. 

 

EMBRYO SCORING  

Embryo scoring was performed on day 1, 2, 3, 4 and 5 after oocyte retrieval using the Alpha 

scoring system (116). Pronuclear scoring was performed 17-20 hours after insemination or 

sperm-injection during the fertilisation check. Only normally fertilised embryos were included 

in this study (two pro nuclei). Embryo development was evaluated daily 24h +/- 1h after 

fertilisation check. Evaluation on day two and three started by assessing the number of 

blastomeres (BL) and a score for fragmentation ( < 1% = 1, 1-10% = 2, 10-25% = 3, 25-50% = 4 

and > 50% = 5) and cytoplasm (a = non-granular cytoplasm, ab = mild granular cytoplasm, b = 

granular cytoplasm, c = partial retracted cytoplasm, totally retracted cytoplasm) were given. 
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After rating the relative size of the blastomeres (1 = equal, 2 = mild unequal, 3 = unequal), the 

size was related to the cleavage stage of the embryo (2-, 4-, and 8-cell embryos should be even 

sized and for embryos with all other number of BL, difference in cell size should be expected, 

since there is an asynchrony in the division. 

Table 4.1  All included variables (bold variables are significant associated with ongoing implantation) 

Clinical variables Embryo related variables 

Age Female Assessment on day 2 Number of BL 

 Male  Fragmentation 

   Cytoplasm 

Blood levels AMH  Cell stage 

 TSH  Cell size 

   Nuclei 

Previous Pregnancies Gravidity  MNB 

 Parity  Vacuoles 

 Abortus   

 Therapeutic Abortus Assessment on day 3 Number of BL 

   Fragmentation 

Indication Tubal causes  Cytoplasm 

 Cervical causes   Cell stage 

 Oncological indication  Cell size 

 Unexplained causes  Vacuoles 

 Endometriosis   

 Repeated Miscarriage   

 Male factor Assessment on day 4 Cell stage 

 Ovarian causes  Vacuoles 

 Hypothalamic dysfunction   

 Non-medical causes  Assessment on day 5 Cell stage 

 Uterine causes  Inner Cell Mass 

 Genetic causes   Trophectoderm 

 Immunologic causes   

    

Number of IVF attempt Number of attempt   

    

IVF protocol Number of stimulation days   

 Ovarian stimulation protocol   

 Down-regulation protocol   

    
Semen data Volume   

 Concentration   

 Motility rate   

 Morphology normate rate   

    
Oocyte data Number of oocytes retrieved   

 Number of oocytes fertilised   
 Fertilisation method   
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Table 4.2  Baseline characteristics of the studied women who underwent fresh IVF or ICSI treatment 
  Overall Ongoing implantation No ongoing implantation p-value 

Included cycles 1052 253 (24.1%) 799(75.9%) - 
 
Age 

    

   Women 33.8 (4.8) 32.7 (4.5) 34.2 (4.8)  < 0.001 
   Male 37.2 (6.9) 36.1 (6.6) 37.5 (7.0) 0.006 
 
Bloodlevels 

    

   AMH 2.2 (2.6) 2.7 (2.8)* 2.0 (2.5)*  < 0.001 
   TSH 1.5 (0.8) 1.4 (0.8)* 1.5 (0.8)* 0.28 
 
Previous Pregnancies 

    

   Gravidity 1 (1) 2 (1) 1 (1)  < 0.001 
   Parity 0 (1) 1 (1) 0 (1)  < 0.001 
   Abortus 1 (2) 1 (1) 1 (2) 0.515 
   Therapeutic abortus 0 (0) 0 (0) 0 (0) 0.576 
 
Indication 

    

   Tubal causes 90 (8.5%) 22 (24.4%) 68 (75.6%) 0.92 
   Endometriosis 126 (12.0%) 26 (20.6%) 100 (79.4%) 0.34 
   Ovarian causes 95 (9.0%) 21 (22.1%) 74 (77.9%) 0.64 
   Genetic causes (female) 10 (0.9%) 1 (10.0%) 9 (90.0%) 0.47 
   Uterine causes 27 (2.6%) 3 (11.1%) 24(88.9%) 0.11 
   Cervical causes 2 (0.1%) 0 (0%) 2 (100.0%) 1.00 
   Repeated miscarriage 20 (1.9%) 4 (20.0%) 16 (80.0%) 0.80 
   Hypothalamic dysfunction 1 (0.001%) 0 (0%) 1 (100.0%) 1.00 
   Immunologic causes 13 (1.2%) 4 (30.8%) 9 (69.2%) 0.52 
   Oncological indication 14 (1.3%) 4 (28.6%) 10 (71.4%) 0.75 
   Genetic causes (male) 7 (0.7%) 1 (14.3%) 6 (8.6 %) 1.00 
   Male factor 871 (82.7%) 208 (23.9%) 663 (76.1%) 0.81 
   Non-medical causes 70 (6.6%) 15 (21.4%) 55 (78.6%) 0.60 
   Unexplained causes 66 (6.4%) 23 (34.8%) 43 (65.2%) 0.03 
 
Number of stimulation days 14.3 (2.9) 14.3 (3.0) 14.3 (2.9) 0.93 
 
Ovarian stimulation protocol - - - 0.09 
      Urinary gonadotrophiones 850 (80.8%) 215 (25.3%) 635 (74.7%) - 
      Recombinant gonadotrophines 142 (13.5%) 24 118 - 
      Others 60 (5.7%) 14 47 - 
 
Down-regulation protocol - - - 0.03 
      Agonist short 719 (68.3%) 160 559 - 
      Agonist long 63 (6.0%) 16 48 - 
      Antagonist  241 (22.9%) 73 168 - 
      None 8 (0.8%) 0 8 - 
      Unknown 21 (2.0%) - - - 
      
Sperm data     
   Volume (ml)  2.9 (1.7) 3.0 (1.6) 2.9 (1.7) 0.50 
   Concentration (m/ml)  29.1 (53.9) 46.9 (63.2) 48.3 (50.3) 0.77 
   Motility rate fast progressive (WHO-A) 0.12 (0.20) 0.13 (0.13) 0.15 (0.13) 0.12 
   Motility rate slow progressive (WHO-B) 0.14 (0.15) 0.16 (0.12) 0.16 (0.11) 0.97 
   Motility rate locally (WHO-C) 0.13 (0.10) 0.14 (0.09) 0.14 (0.08) 0.38 
   Motility rate none (WHO-D) 0.56 (0.39) 0.55 (0.25) 0.53 (0.25) 0.22 
   Morphology normate rate 5.5 (3.7) 4.97 (4.02) 5.63 (3.61) 0.11 
      
Oocyte data     
   Number of oocytes retrieved 10.8 (5.3) 11.7 (5.2) 10.5 (5.3) 0.001 
   Number of oocytes fertilised 5 (5) 6 (5) 5 (5)  < 0.001 
   Fertilisation method - - - 0.46 
     IVF 199 (18.9%) 44 (22.1%) 154 (77.9%) - 
     ICSI 853 (81.1%) 209 (24.5%) 644 (75.5%) - 

Data are presented as Number (%) or Mean (SD) or Median (IQR)                                          * Published as supplementary material 
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Finally, the presence of multi-nucleation was reported on these days. On day four, the 

evaluation included assessment of the compaction stage (1 = starting compaction, 2 = partial 

compaction and 3 = total compaction). Assessment on day five was based on the classification 

system of Gardner and Schoolcraft (142), where the embryo is ideally developed to the 

blastocyst stage. First the expansion status and hatching were scored (1 = early blastocyst, 

blastocele is less than half of the embryo volume, 2 = blastocyst, blastocele is half or more 

than half of the embryo volume, 3 = blastocele completely fills the embryo, 4 = expanded 

blastocyst and 5 = hatching blastocyst with tinning trophectoderm (TE)). Thereafter, if the 

score of the blastocyst stage was > 2, the inner cell mass (ICM) was rated (A = Tightly packed, 

many cells, B = Loosely grouped, several cells and C = very few cells) and TE was evaluated (A 

= many cells forming a cohesive epithelium, B = few cells forming a loose epithelium and C = 

very few, large cells). 

 

OUTCOME 

The primary outcome was ongoing implantation, defined as positive foetal heart rate at a 

gestational age of at least 11 weeks.  

 

DATABASE 

Relevant data, including maternal and paternal information, clinical diagnosis, IVF protocol 

and response and laboratory information on embryo morphology and growth, as well as 

treatment outcomes for all IVF/ICSI cycles were extracted from electronic patient records and 

recorded in a database (Table 4.1). In total 32 variables were extracted as continuous variables 

(for example AMH), categorical variables (for example downregulation or stimulation 

protocols) or, discrete variables (for example number of oocytes). For a more detailed 

description of the variables we refer to the sections on patient selection, ovarian stimulation 

and laboratory phase, and embryo scoring. 

 

ETHICAL APPROVAL 

The Regional Ethics Review Board of the Ghent University Hospital approved this study (UH 

Ghent reference: 2017/0758-Belgian registration number: B670201732669).  
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PREDICTION MODELLING 
DEVELOPMENT OF THE RFM  

Decision-tree techniques were considered for this study since our dataset contains mainly 

discrete or categorical features (190). In this work, we implemented a RFM on both embryonic 

and clinical variables in order to provide the most accurate prediction for couples undergoing 

the IVF procedure. To boost prediction accuracy, RFMs were developed as an ensemble of 

decision trees that together ‘decide’ on the outcome (189). Each tree in the forest is grown 

(i.e. ‘trained’) using a slightly different selection of the training population, to reduce the 

influence of small of coincidences. A decision tree is a binary branch model where each node 

represents a decision step based on a single variable and each branch represents the outcome 

of the decision. The growing procedure of the decision tree starts with the complete selection 

of the training population in the first decision node. Each split separates the dataset into two 

branches; one branch contains the cases that obey ascertain criterion (e.g., above a cut-off 

value), the other branch contains cases that do not. This criterion is calculated such that the 

highest discrimination performance is achieved for the two resulting subgroups (Figure 4.1).  

The RFM generation is implemented in Matlab® (Version 2015a, MathWorks™, Natick, MA) 

and comprises 500 regression trees grown from a randomly selected set sized two-thirds of 

the training set. We defined a splitting criterion based on minimum cross entropy, established 

a minimum leaf node size of 5 patients and a maximum of 5 splits. 

 
DEVELOPMENT OF MULRM 
Multivariate logistic regression analysis was performed to compare the performance of this 

classic method with the proposed machine-learning method. Using the training set, a 

multivariate analysis (based on significance (p < 0.05) of variables in univariate analysis) was 

achieved using an automatic back step logistic regression method, based on change of 

significant performance of the model by excluding independent variables each step until all 

variables had p-value < 0.1. The predicted probability (P) of implantation after IVF was 

calculated using the intercept and coefficients of the classic model:  

 

Probability (P) = 1/ (1+ EXP (Y)),  

where Y = Intercept + (β * variables (binary variables: present = 1 and absent = 0)) 
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VALIDATION 
BASELINE STATISTICAL ANALYSIS 

Normally distributed data were expressed as mean (SD), whereas, skewed distributed data 

was expressed as median (range). All patient characteristics and embryonic variables were 

analysed using Pearson’s chi-square test or Fisher exact test for categorical variables, while 

continuous variables were compared using Students t-test or Mann-Whitney U-test. Two 

tailed p-values < 0.05 were considered statistically significant. Statistical analysis was 

performed using SPSS software version 25 and Matlab version 2015a.  

 

GENERAL PREDICTION MODEL DEVELOPMENT 

In order to demonstrate the typical structure of the models, both prediction models were 

trained on the entire database. As this is an example to appreciate the structure of our models, 

this particular tree was constructed using a (higher) maximum leaf nodes (i.e. 10) that had to 

contain at least 10 cases based on Gini’s splitting criterion.  

 

VALIDATION METHODOLOGY 

For internal validation, we divided the dataset in a training set and a test set. It is commonly 

advised to grow a balanced RFM by under-sampling the majority outcome in the training 

phase (189). This was performed by randomly selecting 180 patients with positive IVF 

outcome (i.e. ongoing implantation), and randomly selecting 180 with a negative IVF outcome. 

Subsequently, the remaining 73 patients with positive IVF outcome were appended to 231 

randomly-selected remaining negative cases to select a test set with the same a priori 

probability of successful IVF as the original dataset. For a fair comparison between RFM and 

MuLRM, the latter was trained and tested on the same training and test dataset, respectively.  

The performance of both RFM and MuLRM was quantified in terms of the area under the 

Receiver Operating Characteristics (ROC) curve (AUC), classification accuracy, specificity and 

sensitivity. In general, machine-learning algorithms provide a binary classification and cannot 

be evaluated by shifting a variable threshold in ROC space. Therefore, we look at the random 

forest score, defined as the average pregnancy rate in the decision trees’ leaf nodes (191). The 

MuLRM performance measures were obtained by excluding patients with missing values for 

the model parameters. Due to the high number of missing values, sperm morphology normal 

rate and day-4 fragmentation were left out of the analysis. 
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Figure 4.1  Decision tree trained on the entire data set as example. This tree gives an insight into how 

decision are made by the program. however it is not validated. Trees like these are grown 

multiple times in the random forest approach. 
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In order to make the performance assessment invariant for the random choice of the training 

and test set, the validation procedure was repeated 100 times. Therefore, the performance 

measures are given by the mean and standard deviation over all 100 randomly-selected 

independent test sets. The validation procedure is schematically depicted in Figure 4.2. 

 
Figure 4.2  Validation procedure 

 

RESULTS 
The overall ongoing implantation rate for a fresh single blastocyst was 24%. Nine of the 32 

clinical variables were significantly associated with ongoing implantation (Age (female (p < 

0.001) and male (p = 0.06)), AMH value (p < 0.001), Gravidity (p < 0.001), Parity (p < 0.001), 

Down-regulation protocol (p = 0.03), number of retrieved oocytes (p = 0.001), number of 

fertilised oocytes (p < 0.001) and indication unexplained causes (p = 0.034) (Table 4.2). The 

ongoing implantation rate was significantly higher in women aged under 35 years (< 35 years: 

27.0% vs ≥ 35 years: 20.4% years; p = 0.012). Of the morphological embryonic characteristics 

were the presence of vacuoles on day 3, cell stage on day 4 and day 5 and, ICM and TE (all p < 

0.001) significant associated with ongoing implantation (Table 4.3).  

 
GENERAL PREDICTION MODEL DEVELOPMENT 
RESULTS OF THE RFM 

The result of an all-data tree is depicted to provide an overview of our data set in Figure 4.2. 

Each box represents a (sub)group of the population and the pregnancy rate among those 

cases; at every decision node the groups are divided based on one of the variables. The end 
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boxes represent the final pregnancy rate among those cases. In this tree, five decisions are 

based on clinical variables whereas three are based upon an embryonic variable. As cases with 

a missing value for the variable of interest cannot propagate past that decision node, they will 

be assigned the intermediate pregnancy rate, unless a surrogate variable can be used to 

transfer the cases to the next node.  

 

 
Table 4.3  Characteristics of the studied embryos  

 
Overall Ongoing 

implantation 
No ongoing 

implantation p-value 

Assessment on day 2 after oocyte retrieval 
    

   Number of BL  3.97 (0.8) 4.02 (0.8) 3.96 (0.8) 0.289 
   Fragmentation 

   
0.533 

     Less than 1% 846 (80.4%) 198 (23.4%) 648 (76.6%) 
 

     1- < 10% 117 (11.1%) 32 (27.4%) 85 (71.8%) 
 

     10- < 25% 74 (7.0%) 22 (29.7%) 52 (70.3%) 
 

     25-50% 8 (0.8%) 1 (12.5%) 7 (87.5) 
 

     More than 50% 3 (0.3%) 0 (0.0%) 3 (100.0%) 
 

     Unknown 3 (0.3%) 0 (0.0%) 3 (100.0%) 
 

   Cytoplasm 
   

0.916 
     a 4 (0.4%) 1 (25.0%) 3 (75.0%) 

 

     a-b 45 (4.3%) 10 (22.2%) 35 (77.8%) 
 

     b 930 (88.4%) 228 (24.5%) 702 (75.5%) 
 

     b-c 65(6.2%) 13 (20.0%) 52 (80.0%) 
 

     c 7 (0.7%) 1 (14.3%) 6 (85.7%) 
 

     Unknown 1 (0.1%) 0 (0.0%) 1 (100.0%) 
 

   Stage Specific Cell size 
   

0.858 
     NSS 213 (20.3%) 50 (23.5%) 163 (76.5%) 

 

     SS 836 (79.5%) 203 (24.3%) 633 (75.7%) 
 

     Unknown 2 (0.2%) 0 (0.0%) 2 (100.0%) 
 

   Cell size 
   

0.652 
     Equal 562 (53.4%) 135 (24.0%) 427 (76.0%) 

 

     Slightly unequal 151 (14.4%) 39 (25.8%) 112 (74.2%) 
 

     Unequal 181 (17.2%) 39 (21.5%) 142 (78.5%) 
 

     Unknown 158 (15.0%) 40 (25.3%) 118 74.7%) 
 

   Nuclei - 
  

0.150 
     No 134 (12.7%) 26 (19.4%) 108 (80.6%) 

 

     Yes 696 (66.2%) 183 (26.3%) 513 (73.7%) 
 

     Polynuclear 24 (2.3%) 4 (16.7%) 20 (83.3%) 
 

     Mixed 135 (12.8%) 27 (20.0%) 108 (80.0%) 
 

     Unknown 63 6.0%) 13 (20.6%) 50 79.4%) 
 

   MNB 
   

0.774 
     None 1027 (97.6%) 249 (24.2%) 778 (75.8%) 

 

     Binucleate 20 (1.9%) 3 (0.2%) 17 (0.8%) 
 

     Multinucleate 5 (0.5%) 1 (0.2%) 4 (0.8%) 
 

   Vacuoles  
   

0.094 
     Yes 13 (1.2%) 6 (46.2%) 7 (53.8%) 

 

     No 1039 (98.8%) 793 (76.3%) 246 (23.7%) 
 

Data are presented as Number (%) or Mean (SD) or Median (IQR)                                * Published as supplementary material 
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Table 4.3  Characteristics of the studied embryos (continuation) 

  Overall Ongoing 
implantation 

No ongoing 
implantation p-value 

Assessment on day 3 after oocyte retrieval     
   Number of BL  8.14 (1.5) 8.20 (1.3) 8.12 (1.5) 0.449 
   Fragmentation day  

   
0.327 

     Less than 1% 819 (77.8%) 188 (23.0%) 613 (77.0%) 
 

     1- < 10% 124 (11.8%) 38 (30.6%) 86 (69.4%) 
 

     10- < 25% 71 (6.8%) 19 (26.4%) 52 (73.6%) 
 

     25-50% 8 (0.8%) 1 (12.5%) 7 (87.5%) 
 

     More than 50% 2 (0.2%) 0 (0.0%) 2 (100.0%) 
 

     Unknown 28 (2.7%) 
   

   Cytoplasm 
   

0.474 
     a 3 (0.3%) 2 (66.7%) 1 (33.3%) 

 

     a-b 20 (1.9%) 4 (20.0%) 16 (80.0%) 
 

     b 929 (88.3%) 222 (23.9%) 707 (76.1%) 
 

     b-c 61 (5.8%) 13 (21.3%) 48 (78.7%) 
 

     c 0 (0.1%) 0 (0.0%) 1 (100.0%) 
 

     Unknown 38 (3.6%) 
   

   Stage Specific Cellsize 
   

0.286 
     NSS 283 (27.0%) 61 (21.5%) 222 (78.5%) 

 

     SS 716 (68.0%) 177 (24.7%) 539 (75.3%) 
 

     Unknown 53 (5.0%) 
   

   Cellsize 
   

0.498 
     Equal 417 (39.6%) 109 (26.1%) 308 (73.9%) 

 

     Slightly unequal 170 (16.1%) 40 (23.5%) 130 (76.5%) 
 

     Unequal 268 (25.5%) 60 (22.3%) 208 (77.7%) 
 

     Unknown 197 (18.7%) 
   

   Vacuoles  
   

0.014 
     Yes 20 (1.9%) 10 (50.0%) 10 (50.0%) 

 

     No 1032 (98.1%) 243 (23.5%) 790 (76.5%) 
 

 
Data are presented as Number (%) or Mean (SD) or Median (IQR)                                 * Published as supplementary material 

 

RESULTS OF THE MULRM  

Using automatic back step multivariate logistic regression on the entire data set, only females 

age (p < 0.001), parity (p = < 0.001) vacuoles on D3 (p = 0.01) indication: unexplained causes 

(p = 0.05), cell stage D5 (Compaction: p = 0.06; Blast 1: p < 0.001; Blast 2: p = 0.08; Blast 3: p = 

0.47; Blast 4: Ref.; Blast 5: p = 0.04) and ICM (ICM-A = Ref, ICM-B; p = 0.89, ICM-C; p = 0.04) 

were significant. The variable resulting from this combination (Y) was calculated as follows:  
 

Y = 0.99 + (Age * -0.07) + (Parity * 0.75) + (Vacuole D3 * 1.21) + (Indication: 

Unexplained causes * 0.62) + (Cell stage D5: Compaction * -1.19) + (Cell stage D5: 

Blast 1 * -1.56) + (Cell stage D5: Blast 2 * -0.50) + (Cell stage D5: Blast 3 * -0.14) + 

(Cell stage D5: Blast 5 * -0.24) + (ICM-B *-0.02) + (ICM-C *-0.96) ( present = 1; 

absent = 0) 
 

These variables can be considered as the strongest predictors for ongoing implantation in a 

logistic regression approach. 
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Table 4.3  Characteristics of the studied embryos (continuation) 

  Overall Ongoing 
implantation 

No ongoing 
implantation p-value 

Assessment on day 4 after oocyte retrieval 
    

   Cell stage 
   

0.006 
       < 8 blastomeres 15 (1.4%) 2 (13.3%) 13 (86.7%) 

 

      8 blastomeres 39 (3.7%) 3 (7.7%) 36 (92.3%) 
 

      9-12 blastomeres 104 (9.9%) 20 (19.2%) 84 (80.8%) 
 

      13-16 blastomeres 80 (7.6%) 12 (15.0%) 68 (85.0%) 
 

       > 16 blastomeres 1 (0.1%) 0 (0.0%) 1 (100.0%) 
 

      Compacting 188 (17.9%) 44 (23.4%) 144 (76.6%) 
 

      Partial compaction 128 (12.2%) 33 (25.8%) 95 (74.2%) 
 

      Compaction 396 (37.8%) 103 (25.9%) 293 (74.1%) 
 

      Partial blastocyst 1 13 (12.3%) 3 (23.1%) 10 976.9%) 
 

      Blastocyst 1 66 (6.3%) 24 (36.4%) 42 (63.6%) 
 

      Partial blastocyst 2 1 (0.1%) 0 (0.0%) 1 (100.0%) 
 

      Blastocyst 2 15 (1.4%) 6 (40.0%) 9 (60.0%) 
 

      Blastocyst 3 2 (0.2%) 2 (100.0%) 0 (0.0%) 
 

      Unknown 4 (0.3%) 
   

   Vacuoles  
   

0.898 
     Yes 91 (8.6%) 21 (23.1%) 70 (76.9%) 

 

     No 961 (91.4%) 232 (24.1%) 729 (75.9%) 
 

Assessment on day 5 after oocyte retrieval 
    

   Cell stage 
   

 < 0.001 
      Partial compaction 7 (0.7%) 0 (0.0%) 7 (100.0%) 

 

      Compaction 33 (3.1%) 3 (9.1%) 30 (90.9%) 
 

      Partial blastocyst 1 24 (2.3%) 0 (0.0%) 24 (100.0%) 
 

      Blastocyst 1 126 (12.0%) 11 (8.7%) 115 (91.3%) 
 

      Partial blastocyst 2 8 (0.8%) 3 (37.5%) 5 (62.5%) 
 

      Blastocyst 2 108 (10.3%) 18 (16.7%) 90 (83.3%) 
 

      Blastocyst 3 244 (23.2%) 62 (25.4%) 182 (74.6%) 
 

      Blastocyst 4 419 (39.9%) 134 (31.9%) 285 (68.1%) 
 

      Blastocyst 5 83 (7.9%) 22 (26.5%) 61 (73.5%) 
 

   Inner Cell Mass 
   

 < 0.001 
      A 392 (37.2%) 128 (32.7%) 264 (67.3%) 

 

      B 310 (29.4%) 84 (27.1%) 226 (72.9%) 
 

      C 47 (4.5%) 6 (12.8%) 41 (5.1%) 
 

    Not assessed 304 (28.9%) 35 (11.5%) 269 (88.5%) 
 

   Trophectoderm 
   

 < 0.001 
      A 156 (14.8%) 53 (34.0%) 103 (66.0%) 

 

      B 466 (44.3%) 139 (29.8%) 327 (70.2%) 
 

      C 125 (11.9%) 26 (20.8%) 99 (79.2%) 
 

      Not assessed 
 

304 (28.9%) 35 (11.5%) 269 (88.5%) 
 

Data are presented as Number (%) or Mean (SD) or Median (IQR)                                  * Published as supplementary material 

 

VALIDATION RESULTS 
IMPORTANT VARIABLES IN RFM 

Since our RFM consists of 500 trees, it is not illustrative to draw one specific tree to gain insight 

in which variables dominate the decision-making. However, we included Figure 4.3 to show 

which variables were used for the first-node and second-node decisions in the entire RFM 

trained on the last set. Whereas gravidity (393/500) and parity (29/500) serve as the first 

decision in the major part of the RFM, it can be seen that the variables chosen for the second 

node are much more diverse and drawn from both the clinical as the embryonic data (Figure 

4.3). 
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Figure 4.3  Overview of the most abundant test variables in the last 500-tree random forest in the first to 

nodes— whereas the first decision is predominantly drawn based on Gravidity. Parity or D5 Cell 

Stage. the second node varies substantially.  

 

As an illustration, three examples of decision trees from this forest are shown in Figure 4.4. 

Though training cases are chosen from the same group of cases, the trees contain different 

variables and structures. As the training group contains an equal number of successful and 

unsuccessful implantations, the pregnancy rate is generally an overestimation for normal 

population. Consider a virtual patient with a gravidity of 1, sperm motility rate WHO-A and 

WHO-D of 10% and 20%, respectively, a day-5 trophectoderm score of C, a day-5 cell stage of 

Blast 4 and AMH value of 1 µg/L. This patient will have predicted pregnancy rate of 13.3%, 

26.2% and 31.2% for the depicted trees. The final RFM pregnancy rate will be based on the 

average over all 500 trees. 

 

PERFORMANCE AND COMPARISON OF BOTH MODELS   

The RFM and MuLRM predicted ongoing pregnancies of at least 11 weeks with a sensitivity of 

0.84 ± 0.07 (RFM) and 0.66 ± 0.08 (MuLRM), and with a specificity of 0.48 ± 0.07 (RFM) and 

0.58 ± 0.08 (MuLRM). A ROC analysis results in an AUC of 0.74 ± 0.03 for the RFM and 0.66 ± 

0.05 for the MuLRM (Figure 4.5).  
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Figure 4.4  Three decision tree examples from the random forest trained on the last validation set. As the        

training data were balanced. The individual trees give an overestimation of prior pregnancy 

probability.  

 
Figure 4.5  Mean ROC curves of the MLR model and Random Forest over all validation sets on top of the 

25th-75th percentile area. 
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DISCUSSION 
In this work, we developed a random-forest-based prediction model of blastocyst 

implantation in a five-day SET IVF cycle based on both patient and morphological embryonic 

characteristics. In contrast to classic MuLRMs, such a machine-learning technique also takes 

into account links between different variables in the training set. Furthermore, our model can 

be used to patient-specifically rank blastocysts on quality as well as to provide an estimate of 

IVF outcome. Compared to a classic MuLRM, this model shows an improvement in the 

prediction performance in terms of the ROC AUC increase from 0.66 ± 0.05 to 0.74 ± 0.05 (p < 

0.001) (Figure 4.5). 

The trained RFMs consist of 500 regression trees that together provide an average embryo-

specific pregnancy probability. The resulting RF model shows predicted pregnancy 

probabilities with a high sensitivity but low specificity in a single test set, which can be 

explained by the higher a-priori chance of unsuccessful IVF. As we balanced the training set, 

the RFM is designed to yield an optimal ROC curve area rather than accuracy. Furthermore, 

training and test sets were randomly selected multiple times to reduce the impact of 

discrepancies due to random patient allocation. The reported ROC curve areas can thus be 

regarded as a reliable estimate of information content in such datasets and thus of the 

performance to be expected when the dataset is expanded, and a definite RFM is established. 

It should be noted that, though the method yields an objective outcome, several variables are 

based on subjective measurement which can affect the generalizability of the model. 

Especially the assessment of embryologic variables (fragmentation, uniformity, (stage-

specific) cell size, cytoplasm and grade of ICM and TE) are semi-qualitative and subjective 

evaluations. Embryonic variables were assessed during individual investigation by 

experienced embryologists in line with prevailing guidelines of the Alpha scoring system (116). 

Since these assessments are based on widely accepted guidelines and part of standard clinical 

workflow, inclusion of these variables adds to rapid and widespread clinical applicability. Time 

lapse imaging is a promising technique and it is reasonable to assume that compared with 

static observation, images captured more frequently will provide substantially more 

information regarding the associations between morphological development and embryo 

viability, and that a more integrated appraisal of overall developmental kinetics will be 

acquired. However, current evidence from available randomised controlled trials is still of very 

low quality when considering ongoing pregnancy rates and blastocyst formation rates (192).  

Furthermore, considering that the SET policy has been increasingly implemented in clinical 
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practice to avoid the complications associated with multiple pregnancy, only SET cycles were 

included. This also avoids issues with traceability of embryos that eventually led to 

implantation. In addition, the use of SET will evade possible negative influence of the second 

replaced embryo on implantation (134). 

For the development of this model, data obtained from an academic referral centre were used 

and this could have affected the representability of the database. In general, a substantial part 

of the IVF population in UH Ghent is referred from other Belgian (and Dutch) fertility centres 

which makes this population likely more complex (with possibly lower implantation potential) 

than an ordinary IVF population. Moreover, our data was obtained retrospectively, which has 

led to missing values in several variables. The number of previous failed cycles (with cleavage 

stage and blastocyst stage embryos) in our centre was included as variable, but due to missing 

data, previous failed cycles in other hospitals are unknown. However, univariate analyses 

showed no significant association between implantation rate and number of previous 

attempt. Fortunately, RFM can readily cope with missing values; in RFM, the prediction of 

cases with missing values are be based on the nodes up to the missing-value-variable decision 

node, while in the MuLRM cases with missing values can not be included in the model. 

As showed in Figure 4.3, gravidity and parity are the most important predictive variables, along 

with the age of the woman and AMH level. Also in the univariate analyses, these variables 

were significantly associated with ongoing implantation, which is in line with existing literature 

(173,175,187,188,193,194). Striking is that a combination of a parity and abortion of 0 (i.e., no 

history of pregnancy, therapeutic abortion included) results in a 0% ongoing implantation rate. 

However, this can help in the process of objective counselling of patients, referred to this 

tertiary centre. It should be noticed that our dataset only containing fresh embryo transfers 

and the UH Ghent being an academic referral centre. As for embryonic variables, in particular 

the day-5 assessment shows high predictive value in the first two RFM decision nodes as well 

as in the MuLRM. At this stage, the embryos are further in the development and therefore 

these measures are most indicative for embryo quality. 

Examples of trained decision trees reveal that interesting trends are captured; for instances, 

a low sperm volume leads to a higher pregnancy rate in tree 1 of Figure 4.4. Analogously, a 

high fraction of immobile sperm motility (i.e., WHO-D) in decision tree 3 yields a higher 

pregnancy rate. This seems very counter-intuitive, but it should be noted that these trends in 

the decision tree do not reflect the relation between sperm quality and ongoing implantation 

itself. Instead, the dataset only features cases with high sperm quality that still require IVF, 
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and thus are more likely to have a more unfavourable indication for IVF treatment. It should 

be mentioned that the high WHO-D fraction and an embryo with a polynucleate or mixed 

nucleate nature on day 2 have an even lower pregnancy rate that those with low WHO-D 

fraction. Unlike the MuLRM, these types of effects are incorporated in the RFM. 

Although this study was based on a single-centre and generalizability still has to be studied, 

the proposed RFM algorithm has the potential to be a self-updating model using data that are 

continuously collected by the centre itself. Such an implementation of the RFM algorithm can 

be of great value as a quality-control system, providing direct and centre-specific guidance on 

the SET procedure. Moreover, this feedback will be patient specific as the RFM uses (links 

between) both clinical and embryonic variables in its application.  

In conclusion, using a machine-learning approach to predict ongoing implantation improves 

the performance significantly with respect to classic prediction models based on logistic 

regression analysis. Furthermore, the RFM presented in this paper can be used for clinical 

decision making as well as for quality control. In future work, this algorithm can be 

implemented and externally validated in other centres. We expect that expansion of the 

datasets will probably improve the RFM prediction performance.  
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ABSTRACT 
Recent research suggests that uterine contractions play an important role for the success of 

conception. Unfortunately, the lack of tools for quantitative analysis limits our understanding 

of the uterine contractility outside pregnancy. More recently, several methods based on 

speckle tracking have gained attention for uterine contractility assessment; however, the 

absence of a ground truth hampers the optimization of any tracking method. Therefore, in 

this study we present an experimental set-up based on a human ex-vivo uterus able to 

generate controlled uterine motion aiming at assessing the accuracy of motion tracking 

techniques and obtaining clear indications on the optimal imaging setting. Uterine motion was 

obtained by use of an electromagnetic actuator generating a controlled, sinusoidal (0.05 Hz), 

linear displacement of a syringe piston, injecting 3-mL saline through a balloon catheter 

inserted into the uterine cavity. This way, controlled, rhythmic uterine motion was generated 

while maintaining the original speckle characteristics. The use of the proposed set-up was 

tested for comparison of ultrasound speckle tracking methods. Block matching by sum of 

absolute differences (SAD) with three different block sizes was employed as a use case for 

speckle tracking evaluation. Correlation coefficient (r), mean square error (MSE), and 

Hausdorff distance (Hd), were the adopted objective metrics for evaluating the speckle 

tracking performance. The two markers, along with the driving signal of the actuator, 

represented the reference for assessing the speckle tracking accuracy. SAD was optimised and 

compared for its agreement with the reference signals. The results show the tracking 

performance of SAD with higher block size (1.724 x 1.724 mm2) to produce the most accurate 

tracking of the controlled tissue (speckle) motion (p < 0.05). To conclude, the realised 

proposed experimental set-up represents a realistic ground truth for uterine motion, allowing 

objective evaluation of speckle tracking techniques and aiding with the choice of the optimal 

imaging settings for quantitative imaging of uterine motion outside pregnancy. 
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INTRODUCTION 
Ultrasound (US) imaging represents a valid, non-invasive, and safe option for quantitative 

analysis of the uterus and can be used as an alternative to invasive techniques, such as 

intrauterine pressure measurements, and hysterosalpingoscintigraphy, in order to investigate 

the uterine mechanical function (84). Current knowledge on uterine motion is however 

limited. Only qualitative evaluation of uterine motion has been performed, evidencing 

variations of uterine contractile patterns during the menstrual cycle (195) and the important 

role of peristaltic movements on infertility treatment outcome (196). 

Accurate interpretation of the resulting US image sequences is challenging also for skilled and 

experienced operators (15). Therefore, the operator-dependency of qualitative ultrasound 

analysis hampers its adoption for assessment of the uterine function in relation to uterine 

dysfunctions and infertility. 

Motion tracking by US imaging is an active field of scientific research that has already been 

translated into several applications; in particular, for cardiovascular (197) and muscular (105) 

investigations, and vector Doppler imaging (199–201). A general approach, not requiring 

access to the US scanner hardware and radio frequency (RF) signals, consists of tracking the 

characteristic speckle pattern of ultrasound grey-level images (202,203). 

The characterization of the uterine motion outside pregnancy, and in relation to uterine 

dysfunctions, is not trivial due to several technical and clinical challenges, such as complex and 

irregular patterns, complex multilayer uterine structure and speckle distribution, limited and 

slow uterine motion as compared to neighbouring structures, and speckle anisotropy and 

depth dependency. Against these challenging aspects, a speckle tracking algorithm can be 

designed and optimised for quantification of uterine motion. 

Quantitative analysis by use of motion tracking and strain imaging has so far only been 

performed either in-vitro, by the use of dedicated phantoms producing fluid-driven motion 

(204) or ex-vivo, by applying a freehand palpation to an ex-vivo uterus to produce mechanical 

stimulus for US strain imaging (205). However, assessing the quality of the developed methods 

is challenging due to the lack of a reliable reference for the uterine strain and motion. 

In this paper, we propose a system for objective evaluation of the speckle tracking 

performance on three ex-vivo uteri, whose controlled rhythmic motion is generated by a 

dedicated experimental set-up. The resulting speckle pattern reproduces that of a real uterus. 

The ex-vivo uterus was marked with two hypodermic needles to produce clear markers. 

Objective metrics were employed for speckle tracking evaluation. As a use case to evaluate 
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the utilization of the proposed experimental set-up, this was tested to optimise the block size 

for speckle tracking by block matching with sum of absolute differences (SAD) cost function. 

The results confirmed that the realised experimental set-up can support the development of 

uterine motion and strain imaging methods by providing objective comparison/evaluation of 

the tracking performance. 

 

METHOD 
EXPERIMENTAL SET-UP 

The realised set-up permits generating a controlled, sinusoidal, and linear displacement of a 

syringe piston for inducing uterine rhythmic motion. Figure 5.1 shows an overview of the 

experimental set-up. 

 

 
Figure 5.1  The experimental set-up (left). 

Figure 5.2  Velocity of the syringe (a) and injection volume (b) during inflation and deflation of the ex-vivo 

uterus for mimicking peristaltic uterine movement (right). 

HARDWARE 

Uterine motion is generated by an electromagnetic actuator. The adopted electromagnetic 

actuator is a servo motor (SMH4OS, Kinco, Shenzhen, China) generating rotary motion at its 

output shaft, as shown in Figure 5.1. The voltage driving the actuator is generated by a 

National Instrument (NI) Board (USB 6341, National Instruments, Austin, Texas, USA), which 

is connected to a laptop and controlled by dedicated software implemented in LabView® 

(National Instruments, Austin, Texas, USA). The driver (IndraDrive HCS02, Bosch Rexroth, 

Boxtel, The Netherlands), which works in analogue voltage mode, receives the driving voltage 

to control the motor. A screw-slider system with pitch equal to 1.8 mm is connected to the 

output shaft of the motor in order to convert rotary motion into linear motion at the slider. 



5

 

 Ultrasound Speckle Tracking Ex-Vivo 101 
 

The motor and the slider are mounted on a metal frame, as shown in Figure 5.1. A syringe is 

employed for fluid injection into a balloon catheter, which is placed into the uterine cavity of 

the ex-vivo uterus. The barrel of the syringe is fixed to a holder mounted on the metal frame 

of the screw-slider system, while the plunger of the syringe is connected to the slider such 

that its motion is facilitated. By moving the slider forward and backward, the plunger of the 

syringe can slide injecting and withdrawing fluid through the balloon catheter, respectively. 

This way, repetitive inflation and deflation of the ex-vivo uterus is generated, thus simulating 

the rhythmic uterine motion. 

 

SOFTWARE 

LabView® software is employed to implement the actuator control as well as to realise the 

system user interface. A sinusoidal motion (injection volume) is adopted to mimic real uterine 

motion, choosing a period equal to one cycle of the simulated rhythmic uterine motion, as 

shown in Figure 5.2a. The injection volume is then converted into motion range of the syringe 

plunger based on the diameter of the adopted syringe. The adopted motion results in a 

sinusoidal velocity of the plunger as shown in Figure 5.2b.  

 The velocity of the plunger is then converted into rotary velocity of the motor, according to 

the pitch of the screw equal to 1.8 mm. The injection volume, the inflation and deflation time 

(period in seconds), and the initial position of the syringe can be independently adjusted by 

the operator. The core software is implemented in a while loop using a feedback control 

scheme. Inside each loop, the real time position of the syringe 

plunger is first measured by the rotary encoder. A state 

machine is then adopted to determine the next state of the 

actuator, i.e., inflating, deflating or no motion, based on the 

current state and the measured position of the plunger. The 

instantaneous velocity is first determined according to the 

next state and position of the plunger and then sent to the NI 

Board controlling the motor driver. The execution time of one 

loop is about 10.1 ms, resulting in a sampling frequency of the 

position/rotary encoder of 90 Hz.  The entire program 

flowchart is shown in Figure 5.3. 

Figure 5.3  Flow chart of the control 

software implemented in LabView®. 
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MEASUREMENT PROTOCOL FOR VALIDATION 

US acquisition was performed at the Catharina Hospital Eindhoven (the Netherlands). The 

surgery for uterus removal was preventive laparoscopic hysterectomy; therefore, the 

removed uterus presented benign pathology. The patient signed an informed consent prior to 

the surgery, and all acquired post-surgical imaging was exempt from Regional Ethics Review 

Board approval, under the legal requirements for clinical research in the Netherlands. 4-min 

US recording was performed in saline on the ex-vivo uterus, immediately after laparoscopic 

hysterectomy. An US scanner WS80A (Samsung-Medison) equipped with a transvaginal V5-9 

probe imaging at 5.6 MHz (central frequency) was employed for the US acquisition. The 

acquisition frame rate was 30 frames/s, which was amply sufficient to meet Nyquist condition 

given the limited bandwidth of uterine motion (195). The acquired grey-level data were then 

exported in AVI (Audio Video Interleave) format for off-line analysis, implemented in Matlab® 

(MathWorks, Natick, USA). This implied the use of log-compressed data, as implemented in all 

US scanners for visualization purpose. 

Immediately after laparoscopic hysterectomy, the human ex-vivo uterus was first marked with 

two hypodermic needles, as shown in Figure 5.4, to realise clear markers as a reference for 

uterine motion tracking. The ex-vivo uterus was then submerged in a saline-filled plastic 

container, and sustained by a polyvinyl chloride (PVC) transparent foil fixed at the two sides 

of the container. 

A sterile syringe (BD Plastipak™, Luer-Lok™ Syringe) was employed to inject 3 mL of saline 

through a balloon catheter (Drip SWAN® I88, Transfusion set). In order to avoid air bubbles 

into the uterine cavity, the balloon catheter was inserted into the uterine cavity under saline, 

and sutured, similar to a drain (206), with a surgical knot tied tightly above the cervix of the 

ex-vivo uterus. Motion artefacts were avoided by holding the transvaginal probe with a US 

probe holder during the acquisition. An acoustic absorber was positioned on the bottom of 

the container for limiting US reflection and reverberation while imaging the ex-vivo uterus. 

Rhythmic uterine motion was induced with periodic (sinusoidal) inflation and deflation of the 

uterine cavity. A period of 20 s (0.05 Hz), corresponding to an average contraction period 

(195), was set to generate one cycle of the rhythmic uterine motion. Finally, we operated the 

experimental set-up with synchronised US B-mode recording. This way, realistic and 

controlled uterine motion was generated while maintaining the original speckle 

characteristics of the uterus. Figure 5.5 shows the complete set-up (experimental set-up and 

ex-vivo uterus). 
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Figure 5.4  Example of one ex-vivo uterus marked with two hypodermic needles (left). 

Figure 5.5  The complete setup (experimental setup and ex-vivo uterus) including simulated rhythmic 

uterine motion for validation of the speckle tracking algorithm (right). 

EXPERIMENTAL SETUP VALIDATION 

The motion generated by the experimental set-up was validated using six needle markers 

inserted in the myometrial wall of three different ex-vivo uteri. In particular, two needle 

markers were inserted in each ex-vivo uterus. One of the six needle marker was not visible on 

the US image providing poor speckle contrast for tracking; therefore, only five needle markers 

were automatically tracked over time by optical flow (OF) based on Lucas-Kanade algorithm 

with a neighbourhood size (number of equations) experimentally chosen equal to twice the 

speckle size (1.724 × 1.724 mm2); this method was proven to be especially suitable for needle 

tracking (207). The motion of the needle markers was estimated along the lateral and axial 

direction and the displacement (Euclidean distance) of each needle marker was then 

computed between subsequent frames, resulting in an absolute motion. The absolute motion 

of each needle marker was then compared with the corresponding driving signal to establish 

the accuracy and reproducibility of the controlled and rhythmic uterine motion generated by 

the proposed experimental set-up. The adopted objective metrics for the signal agreement 

are described further on. 

 

USE CASE OF SPECKLE TRACKING-EVALUATION 

The use of the proposed experimental set-up was tested for optimization of 2D US speckle 

tracking methods. Block matching by sum-of-absolute differences (SAD) cost function was 

employed in this study as use case for uterine speckle tracking evaluation. Its evaluation and 

optimization was shown on one human ex-vivo uterus by means of the proposed experimental 

set-up. For each US loop acquired, twelve blocks were positioned around each marker 

(needles) in a way that shadowing from the needles was avoided (Figure 5.6). The twelve 
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surrounding blocks were simultaneously tracked over time by the 2D speckle tracking method 

under evaluation. The markers, together with the sinusoidal driving signal of the 

electromagnetic actuator, represent the reference for assessing the speckle tracking accuracy. 

Prior to speckle tracking, each image in the acquired loops was first pre-processed to 

regularise the spatial resolution, here represented by the speckle size. The convexity of the 

adopted transvaginal probe enhances the anisotropy and depth dependency of the image 

resolution, complicating the block-matching implementation. Therefore, image regularization 

was obtained by Wiener deconvolution filtering after performing an in-vitro experiment as 

proposed by Kuenen et al. (208). After regularization, the resulting images presented an 

isotropic resolution with speckle size of 0.862 mm, calculated as the full-width half-maximum 

of the autocorrelation function (209). Being the adopted frame rate (30 Hz) relatively high 

compared to the slow myometrial motion ≤2mm s−1 (210), the US images were upsampled in 

space (bilinear interpolation) by a factor of two to increase the tracking resolution and to 

detect subpixel motion.

Off-line analysis of the collected grey-level data consisted of performing a block-matching 

algorithm based on SAD to track the controlled uterine speckle motion. In order to determine 

the search area needed for block matching analysis, each search area was adjusted to cover 

the maximum displacement expected between two consecutive frames. The controlled 

uterine speckle motion estimation was performed across subsequent frames with three 

different block sizes. In particular, 0.431 × 0.431 mm2 (BSize1), 0.862 × 0.862 mm2 (BSize2), 

and 1.724 × 1.724 mm2 (BSize3) block sizes were used that correspond to half, once, and twice 

the speckle size, respectively.

Figure 5.6          Transvaginal ultrasound image of the ex-vivo uterus. Example of blocks’ placement in the first 

frame (a) before volume injection in the uterine cavity: two white blocks are placed on top of 

the two hypodermic needles (marker 1 and 2) and two of their surrounding (orange) blocks are 

placed next to the markers. The two markers are tracked over time by optical flow while the 

two orange blocks are tracked over time by block matching. In (b) the position of the blocks 

and markers during speckle tracking is shown after volume injection into the uterine cavity.
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OBJECTIVE METRICS FOR SIGNAL AGREEMENT 

In order to validate the experimental set-up, the absolute motion of the needle markers was 

compared with the driving signal. Correlation coefficient (r) and mean square error (MSE) are 

standard similarity metrics that can be used to evaluate the agreement between two signals. 

Here, Hausdorff distance (Hd) (211) is also adopted as an additional distance metric to evaluate 

the similarity between the absolute motion of the needle markers and the driving signals. In 

general, given two sets of points A = a1,…, ai and B = b1, …, bj, Hd can be expressed as 

𝐻𝐻(𝐴𝐴, 𝐵𝐵)  =  max (ℎ⃗ (𝐴𝐴, 𝐵𝐵), ℎ⃗⃗⃗  (𝐵𝐵, 𝐴𝐴)), 
with 

ℎ⃗  (𝐴𝐴, 𝐵𝐵)  =  𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼(𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼‖𝑚𝑚 − 𝑏𝑏‖) 
 

being the directed Hausdorff distance from A to B. The Euclidean distance between each point 

ai in A and all points bj in B is first calculated and then the minimum is chosen. This procedure 

is repeated for all points ai in A. ℎ⃗ (𝐴𝐴, 𝐵𝐵) is then defined as the maximum distance from A to 

B. The distance ℎ⃗ (𝐴𝐴, 𝐵𝐵) is not symmetric, therefore, between the two directions, ℎ⃗ (𝐴𝐴, 𝐵𝐵) and 

ℎ⃗ (𝐵𝐵, 𝐴𝐴), the maximum is considered. 

Hd is a measure of the spatial distance between two sets of points and it represents the 

maximum deviation between two compared sets. Hd is a representative index not only of the 

distance of contours in absolute terms, but also of the shape of a sets. Here, the two sets of 

points are represented by the motion of the driving signal and the absolute motion of the 

needle markers.  

Mean and standard deviation of the described objective metrics were then considered as an 

indication of reproducibility of the generated motion and resulting measurements. Good 

reproducibility is required to consider the generated motion of the needle markers as a 

reference for assessing the quality of the employed block-matching algorithms. 

These objective metrics are also adopted for the use case, in order to assess the performance 

of the 2D speckle tracking algorithm for its ability to follow the (reference) motion of the two 

needle markers. The estimated motion of the surrounding blocks was compared with the 

motion of their respective needle markers. In particular, similarity analysis was performed 

between the absolute motion of the two needle markers and the one of their surrounding 

blocks. This way, twenty-four values (twelve for the comparison between marker 1 and its 

surrounding blocks, and twelve for the comparison between marker 2 and its surrounding 

blocks) per each similarity measure were obtained. Mean and standard deviation of the 24 r, 

MSE, and Hd values were then calculated. 
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STATISTICAL ANALYSIS 

Statistical analysis was performed in order to compare the three block sizes adopted in the 

tested SAD block-matching algorithm. According to Shapiro-Wilk test (212), all data were not 

Gaussian distributed (p < 0.05). Therefore, the three adopted block sizes were compared per 

each adopted similarity measure, r, MSE, and Hd, by Kruskal-Wallis test (213) for establishing 

the significance level (p value) of the mean values. Wilcoxon signed rank test (214) was then 

performed as multi-comparison test between the three groups. For all the analyses, the 

confidence level α was set at 0.05. 

 

RESULTS 
EXPERIMENTAL VALIDATION  

Figure 5.7 shows an example of comparison between the driving signal and the absolute 

motion provided by the two needle markers inserted in one ex-vivo uterus. Table 5.1 reports 

the similarity results when comparing the absolute motion of the needle markers with the 

driving signal, for validation of the experimental set-up. The results are reported in terms of 

mean ± standard deviation. 

 
 

 

 

 

 

 

 

Figure 5.7  Example of comparison between the driving signal and the absolute motion of needle marker  

1 and 2. represented in (a) and (b). respectively. during 4 cycles. In both graphs. the blue signal 

represents the driving signal. The two signals are normalised and aligned in time. 
 

USE CASE 

Figure 5.8 shows an example of absolute motion for marker 1 and 2 compared with that 

estimated by tracking a surrounding block with SAD using BSize3. The values of the adopted 

similarity measures for assessment of SAD tracking are plotted in Figure 5.9 in terms of mean  

±  standard deviation. The values are obtained for the three adopted block sizes (BSize1, Bsize2 

and BSize3) when comparing the markers with their surrounding blocks. These results are 

obtained averaging the 24 values obtained from the similarity analysis between markers and 
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surrounding blocks for each block size. Our statistical analysis on the MSE results reveal the 

separation between the three different groups (BSize1 - BSize2, BSize1 - BSize3, and BSize2 - 

BSize3) to be significant (p < 0.05), with BSize3 showing the best performance. 
 

Table 5.1  Similarity results. Comparison between the driving signal and the absolute motion of the five 

needle markers. These results are reported in terms of mean ± standard deviation and they 

refer to the signals normalised in amplitude and aligned in time. 

  Compared signals Mean square error Hausdorff distance 
Needle markers and  
driving signal 

 0.909 ± 0.054 0.010 ± 0.009 0.413 ± 0.250 

 

 

 

 

 

 

 

 

 
 

 
Figure 5.8  Example of comparison between the absolute motion of needle marker 1 and one of its  

surrounding blocks (a). Example of comparison between the absolute motion of needle marker 

2 and one of its surrounding blocks (b). The two signals in both (a) and (b) start from the same 

position and they refer to the blocks’ placement depicted in figure 5.6. Here, the surrounding 

blocks are tracked by SAD with BSize3 (twice the speckle size). 

 
 
 
 
 

 

 

 

 

Figure 5.9  Similarity results: (a) Correlation coefficient (r) results for SAD cost function with the three  

adopted block sizes (BSize1. BSize2 and BSize3). The results are reported in terms of mean ± 

standard deviation; (b) MSE results for SAD cost function with the three adopted block sizes 

(BSize1. BSize2 and BSize3). The results are reported in terms of mean ± standard deviation. 

The asterisk (*) indicates a significant difference (p < 0.05); (c) Hd results for SAD cost function 

with the three adopted block sizes (BSize1. BSize2 and BSize3). The results are reported in terms 

of mean ± standard deviation. 
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DISCUSSION 
Motion and strain analysis by US speckle tracking has recently gained attention for the 

assessment of the uterine motion. However, the optimization of this technology is hampered 

by the lack of a ground truth. The proposed experimental set-up based on a human ex-vivo 

uteri is proven to be able to generate controlled and rhythmic uterine motion. The high 

agreement reported in Table 5.1 and obtained by comparing the absolute motion of the 

needle markers with the driving signal, shows the ability of the needle markers to follow the 

well controlled and rhythmic uterine motion generated by our experimental set-up. As a 

results, the motion of the needle markers can be considered as a reference for assessing the 

quality of block-matching algorithms. Since we are interested in the evaluation of motion in 

space, the driving signal alone does not provide sufficient information for validation of speckle 

tracking methods. 

The developed experimental set-up leads to motion limitations compared to real uterine 

peristalsis (UP). UP is known as rhythmic wave-like motion that propagates along the 

myometrium in different directions for different phases of the natural menstrual cycle (39). 

Our set-up is not able to generate a propagating wave that mimics such a real condition. 

However, reproducing real UP goes beyond the objective of this study, which focuses on 

generating controlled tissue motion maintaining the original uterine speckle characteristics 

for objective evaluation of speckle tracking performance. For the provided use case, i.e. SAD 

block matching with different block sizes, significant difference (p < 0.05) was revealed by the 

performed Kruskal-Wallis test only when MSE was employed as a similarity measure. Based 

on Wilcoxon signed rank test, the performance of SAD tracking with the three adopted block 

sizes was significantly different, revealing SAD tracking with BSize3 (1.724 × 1.724 mm2) to 

produce the best performance. Also when a significant difference was not found, our results 

showed that SAD tracking improved its performance with increased block size at the expense 

of worse spatial resolution (215). A possible explanation may be that SAD metrics are affected 

by time variations of the signal mean and variance; a larger block contains more samples and 

those variations are mitigated by the included larger statistics (216,217). 

We only tested block sizes up to twice the speckle size because larger block sizes would be too 

large compared to the myometrium size and the resulting spatial resolution would hamper 

the analysis. In this study, our experimental set-up was used and tested for evaluation of 

speckle tracking techniques with B-mode imaging data; however, performance evaluation on 
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radio-frequency (RF) data is also possible for more accurate estimate of displacement due to 

the available phase information.  

In this study, a simple sinusoidal wave was employed to approximate uterine motion. To this 

end, a realistic frequency was selected based on the literature. However, different motion 

patterns can also be generated with the proposed experimental set-up; different motion can 

be especially useful for testing and optimizing the tracking in different conditions. Moreover, 

unhealthy uteri with pathologies such as adenomyosis or myomas could be employed. 

Pathological uteri may be characterised by different speckle and the tissue motion may differ 

with respect to healthy uterine tissue; therefore, by marking with needles both the 

pathological and healthy tissue, it would be possible to assess differences in tissue strain 

reflecting different mechanical properties of tissue. This way, we could understand the 

influence of pathological uteri on uterine motion, enabling doctors and physicians to enrich 

their diagnostic information and improve treatment. 

 

CONCLUSIONS 
An experimental set-up based on a human ex-vivo uterus is proposed for generating controlled 

and rhythmic uterine tissue motion while maintaining the original speckle characteristics, thus 

providing a reliable ground truth for objective evaluation of US speckle tracking techniques 

aimed at quantitative analysis of uterine motion. The recorded US videos can therefore 

support with the choice of optimal imaging settings for uterine motion and strain 

quantification in clinical studies. To this end, by means of the developed experimental set-up 

many other speckle tracking algorithms, such as normalised cross-correlation, mean square 

differences, and non-normalised correlation, can be tested and compared beyond SAD, 

employing different block sizes. 
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ABSTRACT 
Fertility problems are nowadays being paralleled by important advances in assisted 

reproductive technologies. Yet the success rate of these technologies remains low. There is 

evidence that fertilisation outcome is affected by uterine motion, but solutions for 

quantitative analysis of uterine motion are lacking. This work proposes a dedicated method 

for uterine-motion quantification by B-mode transvaginal ultrasound. Motion analysis is 

implemented by speckle tracking based on block matching after speckle-size regularization. 

Sum of absolute differences is the adopted matching metrics. Prior to the analysis, dedicated 

Singular Value Decomposition (SVD) filtering is implemented to enhance uterine motion over 

noise, clutter, and uncorrelated motion induced by neighbouring organs and probe 

movements. SVD and block matching are first optimised by a dedicated ex-vivo set-up. 

Robustness to noise and speckle decorrelation is improved by median filtering of the tracking 

coordinates from surrounding blocks. Speckle tracking is further accelerated by a diamond 

search. The method feasibility was tested in vivo with a longitudinal study on nine women, 

aimed at discriminating between four selected phases of the menstrual cycle known to show 

different uterine behaviour. Each woman was scanned in each phase for four minutes; four 

sites on the uterine fundus were tracked over time to extract strain and distance signals along 

the longitudinal and transversal direction of the uterus. Several features were extracted from 

these signals. Among these features, median frequency and contraction frequency showed 

significant differences between active and quiet phases. These promising results motivate 

towards an extended validation in the context of fertilisation procedures. 
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INTRODUCTION
The non-pregnant uterus manifests periodic contractile activity known as uterine peristalsis 

(UP), which consists of rhythmic contractions of the subendometrial layer of the myometrium 

(Figure 6.1). UP undergoes cyclic changes that vary throughout the different phases of the 

menstrual cycle, such as menses (during menstruation) late follicular (LF), early luteal (EL), and 

late luteal (LL) phases(218–220). During menses, UP propagates from the fundus (the upper 

rounded extremity of the uterus above the orifices of the fallopian tubes) to the cervical end 

of the uterus (Figure 6.1), contributing to the forward emptying of the uterine contents. As 

established throughout several studies (71,195,218,221), during the EF phase the UP 

propagates from cervix to fundus and its frequency increases until the LF phase, just prior to 

ovulation (pre-ovulatory phase). Here, the UP function is to transport sperm from the vagina 

to the orifices of the fallopian tubes, where fertilisation normally occurs. After ovulation, the 

frequency of the UP decreases during the transition to the EL and LL phases, when convergent 

UP predominates. During the LL phase, the uterus is expected to undergo a period of 

quiescence, facilitating embryo nidation. Based on a possible physiological role of the UP to 

enhance the reproductive processes, e.g., assistance to sperm transport to the fallopian tubes 

during follicular phase and support to embryo nidation during luteal phase (195), there is 

evidence that dysfunctions of the uterine contractile activity may be involved in infertility 

problems (222).

Figure 6.1
Longitudinal view of the uterus 
during trans-vaginal ultrasound. 
The white segment indicates the 
myometrial wall; the green 
segment indicates the 
subendometrial layer. also 
known as junctional zone (inner 
third of the myometrium); the 
orange segment indicates the 
endometrium. The upper 
rounded extremity on the left of 
the figure represents the fundus 
while the extremity on the right 
represents the cervical end 
(cervix). 
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Accurate assessment of uterine motion outside pregnancy may therefore open up new 

possibilities for clinical studies aimed at understanding the link between normal uterine 

contractility and pathological conditions, such as subfertility and infertility, as well as at 

improving diagnosis and clinical decision making. To this end, the introduction of a clinical tool 

for objective assessment of UP, suitable for use in daily practice, would allow identifying 

patients with normal and abnormal uterine contractility. Transvaginal ultrasound (TVUS) 

represents a valid, non-invasive, and safe option for the assessment of uterine motion as well 

as contraction timing, representing a potential tool for assessment and management of 

couples referred for fertility treatment (223). At present, only qualitative evaluation of the 

uterine motion has been performed by visual inspection of ultrasound (US) image sequences 

(71). However, accurate interpretation of US image sequences is rather challenging also for 

skilled and experienced sonographers (15). The associated operator-dependency hampers the 

employment of TVUS for clinical studies, where the characterization of uterine motion outside 

pregnancy is an essential aspect, especially in the field of infertility. 

Characterizing the uterine motion is rather complicated due to several technical and clinical 

challenges, such as complex and irregular patterns, complex multilayer uterine structure and 

speckle distribution, as well as limited and slow uterine motion compared to neighbouring 

organs. Against these challenges and to overcome the operator-dependency that hampers the 

employment of TVUS for clinical studies, in this paper, we present the first dedicated approach 

for quantification of uterine motion and strain in the non-pregnant, human uterus by US 

motion tracking. US motion tracking is implemented by speckle tracking after introducing 

several novelties. 

Novel, dedicated Singular Value Decomposition (SVD) filtering is introduced to suppress 

signals that are uncorrelated with the UP and that affect the speckle tracking performance. 

For singular value selection, we introduce for the first time an energy ratio (ER) metric. 

After SVD filtering, speckle tracking is implemented for tracking over time a defined block. The 

use of the grey-level (demodulated) US loops (202,224) is adopted to facilitate the clinical 

translation of the method. The match between corresponding blocks in consecutive frames is 

determined by similarity measures. Following up on our previous ex-vivo work (225), the 

minimum of sum-of-absolute differences (SAD) is adopted as similarity metrics. The block-

matching is accelerated by applying a novel diamond search (DS) strategy instead of the typical 

full-grid search (FGS) method; similar tracking accuracy is maintained with the benefit of a 

reduced computational time. 
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Prior to SAD analysis, homogeneous and isotropic speckle size is obtained by a speckle 

regularization procedure based on Wiener deconvolution filtering, as proposed by Kuenen et 

al. (226). Robustness to noise and speckle decorrelation is improved by applying a novel mean 

and median filtering on the displacement of neighbouring blocks (matching coordinates). 

In this study, the ER metrics and speckle tracking parameters were optimised for improving 

the speckle tracking accuracy and performance, providing relevant uterine motion 

quantification for various clinical applications, such as in the context of assisted reproduction 

technology. The optimization was first carried out ex vivo, by means of the experimental set-

up proposed in Sammalli et al. (225) (Chapter 5 of this thesis). In addition, the DS strategy was 

tested aiming at reducing the computational time while preserving the tracking accuracy. The 

proposed method reliability was further optimised and validated in vivo by choosing proper 

filtering for improving the classification performance between the different phases of the 

menstrual cycle. To this end, the proposed mean and median filtering were validated and 

compared. 

The method feasibility was tested on nine healthy women with a longitudinal study, aimed at 

discriminating between four selected phases of the menstrual cycle known to show different 

uterine behaviour. Each woman underwent four US scans during menses, LF, EL, and LL 

phases, respectively. On the recorded loops, four sites were manually selected on the uterine 

fundus and tracked over time for the measurement of strain and distance signals along the 

longitudinal and transversal direction of the uterus. Finally, several frequency and amplitude 

features were extracted from the measured signals and evaluated for their ability to 

distinguish between the different phases of the menstrual cycle. 

 

MATERIALS 
ULTRASOUND DATA ACQUISITION 
This study was approved by the relevant ethical committee and each participant signed an 

informed consent prior to the measurements. Nine women with no infertility problem were 

included in this preliminary study. Before inclusion, the participants filled a questionnaire and 

underwent a hormonal profiling screening to exclude the presence of infertility-related 

problems. US acquisitions were performed at the gynaecology department at the Catharina 

Hospital Eindhoven (the Netherlands) both ex vivo, as described in Chapter 5 (225), and in 

vivo. 
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In vivo, during standard recording sessions, 4-min TVUS scans of the uterus were performed 

while the subject was lying in a supine position and with the operator holding the probe 

steady. Each woman was scanned four times, during each of the four selected phases of the 

menstrual cycle: menses, LF, EL, and LL phase, suggested to evidence variations in the uterine 

contractility pattern (218). An ultrasound scanner WS80A (Samsung-Medison) equipped with 

a transvaginal V5-9 probe was employed for all the in-vivo acquisitions. 2D TVUS acquisitions 

were performed at 5.6 MHz central frequency and 30 frames/s, amply sufficient to meet 

Nyquist condition given the limited bandwidth of the uterine movement (195). The recorded 

B-mode, grey-level data were then exported in AVI (Audio Video Interleave) format for off-

line analysis, implemented in Matlab® (MathWorks, Natick, USA). 

 

METHODS PRE-PROCESSING 
SPECKLE REGULARIZATION 

The convexity of the adopted TVUS probe produces evident anisotropy and depth dependency 

of the speckle size, affecting the block-matching performance. The speckle size was therefore 

regularised by applying a Wiener deconvolution filter after performing a dedicated in-vitro 

experiment as described by Kuenen et al. (226). The resulting homogeneous (depth 

independent) and isotropic resolution was calculated as the full-width half maximum of the 

autocorrelation function (209). The speckle regularization was performed on both the ex-vivo 

and in-vivo US image sequences. 

 

SINGULAR VALUE DECOMPOSITION 
SVD has recently emerged as a method for spatiotemporal filtering in US image analysis (227–

229). In general, uterine US image sequences comprise of slow uterine tissue motion along 

with fast motion elicited by surrounding organs, respiratory motion, and stationary tissue 

clutter. Signals that are uncorrelated with uterine motion may affect the block-matching 

performance, leading to incorrect estimates of uterine motion. To overcome this problem, 

SVD was here introduced and optimised ex vivo prior to its translation in vivo. In order to 

compute SVD, the US image sequences were rearranged into a 2D Casorati matrix 

representing a new spatiotemporal data representation (Figure 6.2). 
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Figure 6.2 The uterine US image sequences are rearranged in one spatiotemporal representation 

(2D Casorati matrix) where all pixels at each time point are aranged in each column.

The 2D Casorati matrix A was then decomposed into a set of spatiotemporal matrices (Figure 

6.3) using and adjusting the optimised SVD algorithm proposed by Liu et al. (230), especially 

dedicated for large matrices. After SVD, a new spatial singular vector basis 𝑈𝑈 and a new 

temporal singular vector basis 𝑉𝑉 were obtained as

𝐴𝐴 = 𝑈𝑈∆𝑉𝑉𝑇𝑇 = ∑ 𝜆𝜆𝑖𝑖
𝑖𝑖

𝑈𝑈𝑖𝑖(𝑥𝑥, 𝑧𝑧) × 𝑉𝑉𝑖𝑖
𝑇𝑇(𝑡𝑡) Equation  6.1

where ∆ is a diagonal matrix with dimensions (𝑛𝑛𝑥𝑥 × 𝑛𝑛𝑧𝑧, 𝑛𝑛𝑡𝑡), 𝜆𝜆𝑖𝑖 are the sorted singular values 

in ∆, 𝑈𝑈 and 𝑉𝑉 are orthonormal matrices with dimension (𝑛𝑛𝑥𝑥 × 𝑛𝑛𝑧𝑧, 𝑛𝑛𝑥𝑥 × 𝑛𝑛𝑧𝑧 ), and (𝑛𝑛𝑡𝑡, 𝑛𝑛𝑡𝑡), 

respectively, 𝑈𝑈𝑖𝑖 and 𝑉𝑉𝑖𝑖 are the ith columns of 𝑈𝑈 and 𝑉𝑉 , and 𝑉𝑉𝑇𝑇 indicates the transposed of 𝑉𝑉. 

Ui corresponds to a spatial variation of the singular vectors in 𝐴𝐴 , describing 2D image 

sequences with dimension (𝑛𝑛𝑥𝑥, 𝑛𝑛𝑧𝑧) , and each column in 𝑉𝑉𝑖𝑖 corresponds to a temporal 

variation of the singular vectors in 𝐴𝐴 with length 𝑛𝑛𝑡𝑡. Generally, stationary tissue and clutter 

are described by the first singular values and vectors, where 𝑈𝑈1(𝑥𝑥, 𝑧𝑧) and 𝑉𝑉1(𝑡𝑡) are the most 

dominant. On the contrary, high-frequency noise and dynamics are described in the last 

singular values and vectors (14,229). Slow uterine motion is expected to be described by 

singular values and vectors that are close to the first ones. An image sequence enhancing 

uterine motion can therefore be reconstructed by selecting a proper range of singular values.
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Figure 6.3 The uterine US image sequences are decomposed by SVD into a set of spatio-temporal 

matrices. U and V.

SVD FILTERING

In the literature, no method has been reported for the automatic selection of singular values 

resulting in optimal image reconstruction for a given application. Here, we propose an energy 

metrics to discard undesired singular values while retaining those singular values related to 

uterine motion. For each temporal signal 𝑉𝑉𝑖𝑖(𝑡𝑡), two energies were obtained by integration of 

the power spectrum over the entire frequency band [0-15 Hz] and over the interval [𝑓𝑓1 − 𝑓𝑓2]. 
The adopted energy metrics was then based on the following energy ratio (ER),

𝐸𝐸𝐸𝐸𝑖𝑖 =
∑ |𝑋𝑋𝑖𝑖(𝑓𝑓)|2𝑓𝑓2
𝑓𝑓 = 𝑓𝑓1

∑ |𝑋𝑋𝑖𝑖(𝑓𝑓)|2𝑓𝑓𝑠𝑠/2
𝑓𝑓 = 0

Equation 6.2

where, 𝑓𝑓𝑠𝑠 is the frame rate (sampling frequency), 𝑋𝑋𝑖𝑖(𝑓𝑓) represents the Fast Fourier Transform 

(FFT) of each 𝑉𝑉𝑖𝑖(𝑡𝑡), and i indicates the number of the singular values. The frequency interval 

[𝑓𝑓1 − 𝑓𝑓2] in Equation 6.2 is chosen to reflect the uterine motion bandwidth ex vivo and in vivo. 

As a result, the ER represents the amount of uterine dynamics for each singular value 

compared to the full signal. A range of subsequent singular values, from the first one to the 

last with ER larger than a defined threshold, was therefore selected to enhance uterine motion 

in the US video while suppressing undesired components. This range of subsequent singular 

values was then determined and used for image reconstruction. The value of the ER threshold 

was optimised ex vivo.
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ULTRASOUND UTERINE SPECKLE TRACKING 
Prior to speckle tracking, due to the limited range of uterine motion (expected displacement 

of 1-2 pixels between consecutive frames), the US image sequences were up-sampled in space 

(bilinear interpolation) by a factor of 2 to achieve sub-pixel motion estimation. The spatial up-

sampling was performed on both the ex-vivo and in-vivo US image sequences achieving a pixel 

size of 0.131 mm. 

 

BLOCK MATCHING 

After pre-processing, speckle tracking by block matching was first performed by using a FGS 

method on the ex-vivo US image sequences. In essence, block matching consists of selecting 

a block in the reference frame and searching for the optimal match in the subsequent frame 

within a predetermined search area. Following up on our previous work (Chapter 5) (225), the 

optimal match was determined by a block similarity measure, here represented by the SAD. 

The block size was defined equal to twice the speckle size, as this produced the best 

performance with our ex-vivo data (225). Because the SVD reconstruction can influence the 

speckle size, this was estimated by analysis of the block autocorrelation function on the SVD-

filtered image sequence. As a result, different US scans could result in different speckle sizes.  

For the FGS method, the search area was adjusted to cover the maximum displacement of the 

block in the case of maximum uterine tissue velocity (2 mm/s(231)) which in our case (frame 

rate = 30 Hz) corresponds to 0.46 mm. The adopted acquisition frame rate (30 Hz) is relatively 

high compared to the slow myometrial motion 2 mm/s (231). Therefore, temporal down-

sampling with a frame interval t was also considered and optimised, at the cost of a larger 

search area. 

 

DIAMOND SEARCH 
Traditional block matching uses the FGS method to find the best matching position, evaluating 

the block similarity for every pixel inside the search area. Although FGS has the highest 

accuracy among all the search methods, it also poses the highest computational demand 

(232). To overcome this problem while preserving similar tracking quality, a DS strategy was 

considered for block matching after SVD filtering both ex vivo and in vivo. 

Briefly, DS (233) is based on predefined search patterns, i.e., large diamond search pattern 

(LDSP) (Figure 6.4a) and small diamond search pattern (SDSP) (Figure 6.4b). LDSP includes the 

evaluation among the central pixel and all surrounding pixels with a step size of 2 pixels, while 
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SDSP includes the central pixel and all surrounding pixels with a step size of 1 pixel. The 

similarity to the block which is centred at the original position in the reference frame is first 

evaluated for the positions within the LDSP. If the highest similarity is found at the central 

pixel, SDSP is then applied. On the contrary, the pixel where the highest similarity is found will 

be treated as the new central pixel. Under this new condition, LDSP is again applied until the 

highest similarity is found in the centre. Once the search goes to SDSP, only few pixel positions 

are evaluated and the best match is found at the position with the highest similarity. With its 

unique search pattern, DS finds the best match evaluating only few pixel positions rather than 

all pixels in the search area. Following this strategy, the computation effort is greatly reduced. 

Moreover, the definition of a search area is no longer required. 

 
Figure 6.4  (a) Large diamond search pattern. (b) Small diamond search pattern. 

 

MEAN AND MEDIAN FILTER 
Especially in vivo, out-of-plane motion and small changes in the interference pattern may 

cause speckle decorrelation, affecting the tracking accuracy by “peak hopping” in the 

similarity metrics. Assuming the strain of neighbouring pixels to be comparable, peak hopping 

can be reduced by shifting the block around the original central position. Here, we introduced 

a new approach based on the mean and median of the displacements of the neighbouring 

surrounding blocks; median filtering is in general more robust against outliers, which can be 

severe when the search is not bound to a predetermined search area such as by DS. Different 

from previous correlation filtering (234), the proposed filters are suitable to be integrated with 

a DS strategy.  

In vivo, the two filters were integrated in the DS algorithm for finding the best block matching 

estimated as the mean and median for a number of shifted blocks. Both filters were chosen 

of size 3 pixels, i.e., only blocks shifted by 1 pixel in all directions (nine blocks in total) were 

considered for calculating the mean or median displacement. The schematics of the 

implemented SAD with mean and median filtering is shown in Figure 6.5. 
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Figure 6.5 

Schematics of the implemented SAD 

with mean and median filter where 

MxM represents the size of the block; 

i and j are the shift in pixels around 

the centre of the original block in x 

and y direction. respectively; (q; p) 

represents the SAD displacement 

domain between two blocks at 

subsequent frames.

OPTIMIZATION AND VALIDATION STRATEGY
In this study, several parameters were optimised for improving the speckle tracking accuracy 

and performance, providing relevant uterine-motion quantification for various clinical 

applications, such as in the context of assisted reproduction technology. The optimization was 

carried out through two procedures: ex vivo, making use of an ex-vivo uterus undergoing 

controlled movement and establishing a reference to optimise the SVD filter for enhancing 

the signal generated by the moving uterine structures such that the tracking was closest to 

the reference. In particular, the ER metrics was optimised for singular value selection. Along 

with the SVD filter, also the frame interval ∆𝑡𝑡 was optimised to achieve the most accurate 

tracking. Furthermore, the block matching search by DS was tested aiming at reducing the 

computational time while preserving the tracking accuracy. The ER metrics and the frame 

interval ∆𝑡𝑡 were translated in vivo and the method reliability was further optimised in vivo by 

choosing proper filtering for improving the classification performance between the different 

phases of the menstrual cycle. To this end, novel median and mean filters were applied on the 

displacement of neighbouring blocks to find the best match.
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EX-VIVO OPTIMIZATION 
EX-VIVO EXPERIMENTAL SET-UP 
Controlled uterine motion was generated by a dedicated experimental set-up (225). Briefly, 

an electromagnetic actuator generated a sinusoidal displacement of a syringe piston, injecting 

saline through a balloon catheter inserted into the uterine cavity of an ex-vivo uterus removed 

by laparoscopic hysterectomy. This way, controlled, rhythmic inflation and deflation of the 

uterine cavity was generated with a period of 20 s, while maintaining the uterine speckle 

characteristics. Two needles were inserted in the myometrial wall realizing clear markers as a 

reference for validation of the uterine motion tracking.  

Based on 4-min US recording of the moving ex-vivo uterus, twelve blocks were positioned 

around each marker (two needles), following the same measurement protocol as described in 

Chapter 5 (225), and tracked over time after SVD filtering. The estimated motion of the total 

twenty-four blocks was compared with the reference motion of their respective needle 

markers, obtained by optical flow tracking on the original video. Two objective metrics, 

namely the correlation coefficient 𝑟𝑟 and the mean squared error (MSE), were employed to 

assess the tracking quality in terms of agreement with the reference needle motion. These 

quality measures were therefore used for optimizing the parameters of the proposed method 

and evaluating its tracking performance. 

 

PARAMETER OPTIMIZATION  

The parameters to be optimised were the ER metrics for singular-value selection and the 

frame interval ∆𝑡𝑡 for speckle tracking. In particular, ER thresholds from 0.4 to 0.8 were tested 

as well as	∆𝑡𝑡 from 3 to 17 frames with steps of 2 frames. Based on the sinusoidal-motion 

frequency (0.05 Hz) induced in the ex-vivo uterus, a frequency range of 0.05 ± 0.01 was chosen 

to calculate ER, resulting in a narrow frequency band [𝑓𝑓!  = 0.04 - 𝑓𝑓"  = 0.06 Hz]. For each 

parameter setting, the accuracy of the estimated uterine motion after SVD filtering was 

evaluated with respect to our previous results reported in Chapter 5 (225). 

 

FULL-GRID SEARCH VS. DIAMOND SEARCH 
A comparison between the performance of the two search methods, FGS and DS, was 

performed on the US image sequences after ER metrics and frame interval ∆𝑡𝑡 optimization. 

Objective metrics, such as r and MSE, were considered for their comparison. Perfect match 

would indicate no difference between search algorithms in terms of estimated uterine 
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motion, preserving the same tracking accuracy and substantially improving the time 

efficiency. 

 

IN-VIVO VALIDATION 
The ER metrics and frame interval ∆𝑡𝑡 after optimization ex vivo were translated and adjusted 

in vivo. Prior to speckle tracking, the ER metrics was calculated according to Equation 2 in the 

frequency interval [𝑓𝑓1 = 0.008 - 𝑓𝑓2 = 0.066 Hz]; based on visual inspection, this frequency band 

provides a good representation of uterine motion for all the identified phases (195). 

 

US RECORDING PROTOCOL 
Validation in women aimed at testing the proposed speckle tracking method for its ability to 

discriminate between the four selected phases of the menstrual cycle, i.e. EF, LF, EL, and LL. 

As described in Section II, two 4-min US loops were acquired in nine healthy women during 

the four phases. Four sites were manually defined along the myometrial wall in the fundus 

area which is the most contractile part of the uterus according to the literature (218). In this 

study we focused on the subendometrial layer of the myometrium (Figure 6.6), being the 

muscle mostly involved in uterine peristalsis; therefore, two sites were manually defined in 

the anterior (sites 1 and 2) and two in the posterior wall (sites 3 and 4) of the subendometrial 

layer as shown in Figure 6.6. The spatial distance between the sites along the longitudinal 

direction was kept on the order of the block size (twice the speckle size). 

The four sites were then tracked over time by the proposed speckle tracking method with the 

frame interval ∆𝑡𝑡 optimised ex vivo and using the optimal image setting based on the ex-vivo 

experiment described in section III-B. The block-matching algorithm was accelerated by the 

DS and the best match was obtained by applying mean and median filtering on the matching 

coordinates. 

 

DISTANCE AND STRAIN ESTIMATION 
The four sites defined on the subendometrial layer were coupled in pairs in order to estimate 

distance and strain longitudinally and transversally. Longitudinally, sites 1-2 and 3-4 were 

coupled in pairs P1 and P2, respectively, while transversally, sites 1-3 and 2-4 were coupled in 

pairs P3 and P4, respectively, as shown in Figure 6.6. The distance (𝑑𝑑) and strain (𝜖𝜖) between 

each pair was then calculated. The distance was defined as the Euclidean distance between 

each pair of sites in 2D space, resulting in an absolute motion estimate. The strain, 𝜖𝜖, was 

defined as the relative variation of the distance between the tracked sites as follows: 
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𝜖𝜖 = 𝑑𝑑(𝑖𝑖) − 𝑑𝑑(𝑖𝑖 − 1)
𝑑𝑑(𝑖𝑖 − 1) Equation 6.3

with 𝑑𝑑(𝑖𝑖) and 𝑑𝑑(𝑖𝑖 − 1) being the distance between the tracked sites at the current frame (𝑖𝑖)
and the previous frame (𝑖𝑖 − 1), respectively. P1 and P2 measured the contraction in the 

longitudinal direction of the uterus, P3 and P4 measured the contraction in the transversal 

direction.

Figure 6.6 US image of the uterus with overlaid markers indicating two couples of sites P1. P2 

along the longitudinal direction and two P3. P4 along the transversal direction. The 

four sites are tracked on the fundus region of the uterus; in particular on the 

subendometrial layer.

FEATURE EXTRACTION

Since speckle tracking has never been performed for uterine motion quantification outside 

pregnancy, there was no reference for the choice of motion features that were able to 

discriminate between the phases of the uterine menstrual cycle. To this end, our choice was 

to consider, as a starting point, amplitude- and frequency-related features already used during 

several studies on electrohysterography in pregnant (235) and non-pregnant women (236). 
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Therefore, standard deviation (SD), mean frequency (MF), median frequency (MDF), and 

unnormalised first statistical moment (UFM) were estimated. These specific features were 

considered in this study in order to obtain a good understanding of the uterine motion in the 

considered phases in terms of amplitude (described by the SD), frequency (described by the 

MF and MDF), and energy (described by the UFM). In addition, the contraction frequency, 𝑓𝑓𝑐𝑐, 

was also estimated in terms of contractions per minutes. 

All features, with the exception of the contraction frequency, were extracted from the FFT of 

the distance and strain signals; in particular, the SD was calculated applying Parseval’s 

theorem. In order to improve their quality and strengthen their link with uterine motion, these 

features were extracted in the frequency band [𝑓𝑓1  = 0.008 - 𝑓𝑓2  = 0.066 Hz] as used for ER 

metrics calculation. Estimation of 𝑓𝑓𝑐𝑐  was obtained by a zero-crossing detector in time domain. 

 
STATISTICAL ANALYSIS  
Statistical analysis was performed to identify significant differences between menses, LF, EL, 

and LL phases based on the extracted distance and strain features. According to Shapiro-Wilk 

test (212), all data were not Gaussian distributed (p < 0.05). Therefore, the four phases were 

compared for each adopted feature by Kruskal-Wallis test (213) to establish the significance 

level (p-value) of the median differences. Dunn-Sidak Post-Hoc test (237) was then performed 

as multi-comparison test between the four groups. For all the analyses, the confidence level 

was set at 0.05. 

 

RESULTS 
EX-VIVO OPTIMIZATION 
Figure 6.7 shows the relation ER vs. singular values, derived from Equation 2 based on the ex-

vivo experiment. The ER metric was optimised considering thresholds from 0.4 to 0.8 (namely 

0.4, 0.5, 0.6, 0.7 and 0.8) highlighted in grey colour as shown in Figure 6.7. For each threshold, 

singular values were selected consecutively resulting in a choice of eight subsequent singular 

values. 

After SVD filtering, the image sequences presented a speckle size of 1.03 mm2, calculated as 

the full-width half maximum of the autocorrelation function (209). The block size for SAD was 

determined as twice the new speckle size, resulting in 4.12 x 4.12 mm2. 

Down-sampling after SVD filtering revealed ∆𝑡𝑡  = 15 frames to produce the best tracking 

results in terms of 𝑟𝑟 and MSE with respect to the reference markers. These results (𝑟𝑟 = 0.84 ±  
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0.15 and MSE = 0.29 ± 0.24) improved those obtained in chapter 6(225) without SVD filtering 

and down-sampling (𝑟𝑟 = 0.66 ± 0.38 and MSE = 0.34 ± 0.30). 

Table 6.1 reports the agreement between the two search methods, FGS and DS. Only 

insignificant differences were revealed by our performance measures 𝑟𝑟 and MSE, showing the 

DS method to preserve similar tracking accuracy while improving the computational efficiency 

by over 300%. Therefore, a DS was integrated and used in the block-matching algorithm for 

patient data analysis. 

        
Figure 6.7  Ex-vivo energy ratio (ER) calculated per each singular value according to (Equation 2) 

in the frequency band [0.04 - 0.06 Hz]. The range of the ER thresholds here tested is highlighted in 

grey. Consecutive singular values are selected for each threshold resulting in the choice of eight 

singular values. 

 

 

Table 6.1. Comparison between full search and diamond search method after SVD filtering for Δt 
= 15 frames. These results of the two adopted metrics, r and MSE, are reported in 
terms of mean ± standard deviation. Their performance difference is expressed in 
percentage. 

Metric FGS DS Difference (%) 
r 0.843  ±  0.154 0.841  ±  0.155 0.200  ±  0.006 
MSE (mm2) 0.298  ±  0.246 0.301  ±  0.244 1.000  ±  0.002 
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IN-VIVO VALIDATION 

The parameters for SVD filtering and tracking optimised ex vivo were translated to the in-vivo 

analysis. An example of ER plot for each selected phase is shown in Figure 6.8. 

For the in-vivo analysis, we considered an ER threshold equal to 0.5, selecting only the singular 

values representing over 50% of the total energy. The reconstructed US image sequences were 

based on subsequent singular values in the range [1, 𝑛𝑛] above 0.5; moreover, the 2nd singular 

value, which consistently reflected probe motion by the operator, was always discarded. The 

value of 𝑛𝑛 varied among patients and phases; in particular, the highest averaged value for 𝑛𝑛, 

26.37 ± 4.59, was selected in the LF phases, following 25.88 ± 3.40 in the EL phases, 25.25 ± 

4.33 in the LL phases, and finally, 24.50 ± 7.34 in the menses phases. 

The four sites manually selected on each US image for each woman and phase were tracked 

over time with frame interval ∆𝑡𝑡 = 15 and applying median filtering. An example of the derived 

distance and strain signals relative to the LF phase of one the included woman are shown in 

Figure 6.9.  

The features extracted from the measured distance and strain signals were used to 

discriminate between the four selected phases of the menstrual cycle. Figure 6.10 shows the 

box plots representing the statistical analysis of the data that provided significant difference 

between different phases; in particular, the frequency-related features, 𝑓𝑓𝑐𝑐  and MDF extracted 

from the distance signal along the longitudinal direction provided significant difference 

between LF and LL phase, and between menses and LF phase, respectively.  
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Figure 6.8  Example of energy ratio vs. singular values for the menses (a) LF (b) EL (c) and LL (d) phases in 

one of the included patients. The energy ratio threshold employed in vivo is indicated with the 

black dashed line. 

 

 

 
Figure 6.9  Example of distance (a) and strain (b) signal calculated longitudinally from P1 in the LF phase of 

one of the included woman using frame interval Δt = 15 frames and median filtering. 
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Figure 6.10  Box plots describing the statistical results for 𝑓𝑓𝑐𝑐 (a) and MDF (b) features extracted from the 

distance signal along the longitudinal direction. The middle red line represents the median of 

the analysed data while the red crosses (+) represent the outliers. The asterisk (*) indicates a 

significant difference (p < 0.05). 

 

 

DISCUSSION 
The characterization of uterine motion outside pregnancy represents a relevant aspect in 

natural as well as assisted reproduction. Uterine contractions play an important role for the 

success of conception (15). Quantitative assessment of uterine motion outside pregnancy may 

open up new possibilities for clinical studies aimed at understanding differences in uterine 

tissue motion and strain reflecting different conditions and functions. Unfortunately, the lack 

of a quantitative method hampers our understandings of uterine motion and contractility. 

This study presents a dedicated approach for quantification of uterine motion and strain by 

US speckle tracking. The performance of the proposed method is improved by SVD filtering, 

discarding singular values that are uncorrelated with uterine motion. Median and mean 

filtering are also introduced to improve the tracking robustness and accuracy of the method. 

Moreover, a DS is evaluated to improve the computational time. The proposed method is first 

tested and optimised ex vivo, by means of our recently developed experimental set-up based 

on a human ex-vivo uterus, and then translated to in-vivo patient-data analysis. 

Ex vivo, SVD filtering improves the performance of the speckle tracking technique by 

optimizing the correlation and squared error with our ex-vivo reference. This is the result of 

an enhancement of uterine motion with respect to other components in the signal. SAD block 

matching algorithm is accelerated by using a DS strategy reducing the computational time to 

less than 1/3. Several ER thresholds were tested in combination with different frame intervals 

∆𝑡𝑡 . Figure 6.7 shows a clear separation between singular values with high and low ER; 

accordingly, a range of 8 subsequent singular values was selected to reconstruct the US video 
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loop. Generally, below the considered thresholds, singular values can be discarded. In this 

specific case, discarding singular values below each threshold would have produced the 

selection of a discontinuous sequence of singular values. Discontinuity in the choice of singular 

values introduces image artefacts in the reconstructed US loop. Therefore, to overcome this 

phenomenon, singular values were selected consecutively for each threshold resulting in a 

choice of 8 subsequent singular values. The improved tracking according to the defined 

objective metrics supports the proposed ER criterion for SVD filtering. However, alternative 

options should also be tested and evaluated in future research. Besides the amplitude 

spectrum of 𝑉𝑉(𝑡𝑡), its phase components can also carry relevant information for singular value 

selection. After optimization, the proposed dedicated approach outperformed the standard 

method used in Chapter 5 (225), showing the best performance for ∆𝑡𝑡 = 15 frames. Use of a 

fast DS for block-matching does not result in deterioration of the tracking quality, as confirmed 

by the comparable performance with FGS obtained for 𝑟𝑟 and MSE metrics. Therefore, the DS 

method was adopted for the in-vivo block-matching analysis in patients. 

In vivo, uterine motion and strain were assessed along the transversal and longitudinal 

direction by the tracking method optimised ex vivo. SVD filtering was applied in vivo with an 

ER threshold of 0.5. This resulted in different singular values for the different phases, with the 

highest number in the LF phase and the lowest in the menses phase. Although 0.5 seems a 

reasonable threshold, confirmed by our ex-vivo results, future research with a larger dataset 

should evaluate the effect of different thresholds on the ability to provide accurate 

assessment of uterine motion. 

Based on our ex-vivo results, the adopted frame interval, ∆𝑡𝑡, was 15 frames. However, smaller 

∆𝑡𝑡 can also be considered in future studies in order to account for a possibly larger bandwidth 

compared to that resulting from the sinusoidal motion in the ex-vivo set-up. 

On the measured strain and distance signals, a number of features were extracted to test the 

ability to distinguish between the menses, LF, EL, and LL phase, where the uterus seems to 

behave differently, ranging from an active to a quiet state. Our statistical analysis reveals a 

significant difference (p < 0.05) between menses and LF phase, when the MDF is extracted 

from the distance signal in the longitudinal direction, and between LF and LL phase, when 𝑓𝑓𝑐𝑐  

is extracted from the distance signal in the longitudinal direction. These significant results are 

obtained when median filtering is included in the block-matching algorithm together with the 

DS. Differently from standard FGS, the DS is not constrained in a predefined search area and 

the presence of outliers can be sever. Median filtering mitigates the effect of outliers more 
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efficiently than mean filtering, which is especially relevant in combination with a DS without 

predefined search area. 

The number of contractions per minute, 𝑓𝑓𝑐𝑐 , extracted from the distance signal in the 

longitudinal direction, reveals the LF phase to be the most active phase (1.57 ± 0.27), following 

the EL (1.20 ± 0.31), menses (1.38 ± 0.40) and LL (1.05 ± 0.34) phase. The resulting trend is in 

line with the literature (195), showing the LF and LL phase as the most active and the most 

quiet, respectively. Instead, the average number of detected contractions is different than 

that reported in the literature, with an underestimation in the LF and EL phases and an 

overestimation in the menses and LL phases. In the literature, 𝑓𝑓𝑐𝑐  is merely based on visual 

inspection, making no distinction between the different layers of the myometrium muscle and 

counting a global number of contractions. In this study, we focused specifically on the 

subendometrial layer, where the tracking was performed. During the LL phase, the results in 

Bulletti et al. (195) suggest the 𝑓𝑓𝑐𝑐  to be equal to 0.8  ±  0.3 contractions/min, while we detected 

1.05 ± 0.34 contractions/min. Being the most quiet phase, a possible reason might reside in 

the low amplitude of LL contractions, which are too small to be visualised and may lead to 

miss-counting by visual inspection. 

The MDF extracted from the distance signal in the longitudinal direction revealed the most 

active phase to be the LF phase, confirming the literature (195); differently, the most quiet 

phase was represented by the menses phase. A possible explanation may relate to the special 

behaviour of menses contractions, when the uterine muscle manifests labour-like activity 

alternated to quiescent periods of inactivity (65,195,238,239); all the activity concerns mainly 

the outer two-third layer of the myometrium while the inner one-third or subendometrial 

layer, the region investigated in this study, remains mostly quiet (39). During the other phases, 

LF, EL, and LL, a wavelike, peristaltic activity of the uterine muscle is reported (65,240). 

Interesting results to elucidate on the spatial distribution of the uterine activity have also been 

obtained by electrohysterography (EHG) (88), revealing higher uterine activity during the 

menses phase. Being more sensitive to the outer layers of the myometrium muscle, this EHG 

study suggests a higher activity of these layers during the menses phase. Combined with our 

US results (MDF feature) from the subendometrial layer, these EHG results seem to confirm 

the different activity of inner and outer myometrial layers during this phase. 

The finding obtained by the MDF features is also confirmed by the number of selected singular 

values based on the ER metrics. The singular values refer to the temporal dynamics of the 

temporal-variation signal 𝑉𝑉(𝑡𝑡); during the LF phase, the uterus seems to show more activity 
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and more singular values are selected for representing that particular uterine state; on the 

contrary, during menses fewer singular values are selected for representing the quiet state. 

As a result, data from different women and phases are processed with different SVD filters, 

retaining a different number of singular values. 

SVD filtering could affect the spatiotemporal representation of the signals influencing the 

speckle size; based on our results, we can observe that less singular values results in larger 

speckle size, which decreases as more singular values are used to reconstruct the image. 

Eventually, the speckle size converges to the original one, when all singular values are 

retained. Obviously, the speckle size can become smaller than the original one when the first 

singular values are excluded, enhancing higher frequency components that are mostly related 

to noise. Dedicated work to identify the relationship between the number of singular values 

selected and the speckle size should be carried out in the future. 

The frequency band used in this study was based on the contraction frequencies obtained by 

Bulletti et al. (195) for each phase by visual inspection. Based on our results, future studies 

should investigate different frequency bands, also depending on the tracked myometrial 

layers. In fact, based on the introduction of novel quantitative tools, the general terminology 

referring to uterine activity should be made more specific, referring to spectral and amplitude 

features in relation to local motion and strain, also accounting for their spatial distribution. 

The presented work represents a first preliminary step in this direction, showing already the 

ability to distinguish between different phases in the menstrual cycle. The clinical translation 

of the proposed method requires however more extensive validation and optimization in vivo, 

possibly also in the context of fertilisation procedures. This can also spur additional insight 

expanding our knowledge on UP and its role in conception and fertilisation. 

 
CONCLUSION 
Characterising the uterine motion outside pregnancy is rather complicated due to several 

technical and clinical challenges, such as complex and irregular patterns, complex multilayer 

uterine structure and speckle distribution, as well as limited and slow motion of the uterus 

compared to neighbouring organs. Against these challenging aspects, a dedicated speckle-

tracking approach based SAD block matching is proposed for quantification of uterine motion. 

The method is accelerated by DS and improved by SVD and median filtering. 

The proposed method was first optimised ex vivo by a dedicated experimental set-up and then 

successfully validated in vivo on nine healthy women. The obtained promising results suggest 
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SVD filtering to produce effective enhancement of the uterine motion. Block-matching by SAD 

including DS and median filtering provided accurate estimation of motion and strain in the 

longitudinal direction; especially the frequency related motion features, MDF and 𝑓𝑓𝑐𝑐, showed 

significant differences between menses and LF phase as well as between LF and LL phase. 

These promising results motivate towards future work aiming at quantifying and 

characterising uterine contractions outside pregnancy. Further extensive validation is 

required to optimise the method with a larger dataset, as well as to assess its clinical value in 

the context of fertilisation procedures. 

Several innovative solutions proposed in this study, such as ER-based SVD filtering, median 

filtering, and DS, could also be adjusted and reused in different clinical applications. Moreover, 

despite our choice for grey-level video loops, facilitating the clinical translation of the method, 

application to US RF (radio frequency) signals can also be envisaged to improve the method 

accuracy.





7
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ABSTRACT 
RESEARCH QUESTION  
Does uterine activity differ in patients with successful in-vitro fertilisation (IVF) treatment from 

patients with unsuccessful IVF treatment?  

DESIGN  
A prospective study in 16 IVF women with fresh single embryo transfer (SET). All patients 

underwent transvaginal ultrasound in 3 phases of the IVF treatment: Ovarian stimulation (OS), 

one hour before embryo transfer (ET1), and five to seven days after ET (ET5-7). Uterine motion 

analysis was implemented by a dedicated speckle tracking algorithm; frequency- and 

amplitude-related features were extracted from the derived signals to characterise the 

uterine activity in relation to ongoing implantation (OI) (positive human chorionic 

gonadotropin after six weeks) and ongoing 11 weeks pregnancy (OP).  

RESULTS 
Overall, uterine activity in terms of frequency (OS-ET1: p = 0.04; OS-ET5-7: p = 0.002) and 

amplitude (OS-ET1: p = 0.0003; OS-ET5-7: p = 0.000008) is significantly higher in the OS phase 

compared with ET1 and ET5-7.  Women with OP showed overall significantly higher uterine 

contraction frequency compared with those with no OP in all phases (OS: p = 0.006; ET1: p = 

0.015; ET5-7: p = 0.007). On the other hand, uterine contraction amplitude was significantly 

lower (p = 0.037) in women at ET5-7 in case of with OP.  

CONCLUSIONS 
This study is a first step to objectively and non-invasively assess uterine activity during IVF. It 

seems an essential step to understand the previously suggested impact of contractions on IVF 

failure. Our results suggest uterine activity after ET characterised by high frequency and low 

amplitude may favour embryo implantation. To enlarge the evidence and knowledge on 

uterine contractions during IVF, research should be continued with larger patient cohorts.  
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INTRODUCTION 
Despite substantial efforts to improve the success of assisted reproductive technology (ART), 

the overall effectiveness remains below 40% per treatment cycle (241).  In up to 20% of the 

subfertile couples, no explanation can be found for unsuccessful IVF/ICSI (172). A possible 

explanation could be implantation failure due to dysfunctional uterine contraction activity, 

especially during and after embryo transfer (ET) (15,34,63,64,242–245). 

It is known that during the natural menstrual cycle, the uterine contraction pattern will change 

under the influence of hormones (53). Extensive research has focused on the clinical relevance 

of these contractions and opportunities to influence them with medication or surgery (246). 

Different methods such as hysterosalpingoscintigraphy, visual inspection by ultrasound (US) 

and intrauterine pressure measurements have been used to assess uterine activity. 

Unfortunately, these methods are not suitable for objective, non-invasive or reliable 

assessment of uterine activity in the non-pregnant uterus, especially during IVF treatment 

(53).   

Ultrasound imaging represents a non-invasive option that is perfectly suited to investigate the 

uterine mechanical function in context of IVF treatment.  However, only qualitative evaluation 

of movement has been performed, showing variations during the menstrual cycle (6) and the 

important role of peristaltic movements on IVF performance (64). The operator-dependency 

of qualitative ultrasound analysis complicates its adoption for follow-up and comparative 

studies (86), therefore hampering the establishment of ultrasound imaging for monitoring the 

uterine function in relation to IVF. As a result, current knowledge on uterine movements 

remains limited. 

A recent study on healthy women (HW) with regular cycles proposed a non-invasive novel 

method based on US strain imaging to quantitatively assess and characterise uterine 

contractions in terms of amplitude and frequency (247). 

It is evident that the possibility of an objective and non-invasive assessment of the uterine 

contraction characteristics during the IVF cycle is an essential step to improve our 

understanding of the impact of contractions on IVF failure, possibly leading to improved IVF 

success rates.  Therefore, the aim of this study is to evaluate the use and clinical value of this 

novel, non-invasive method, based on quantitative US imaging, for the characterisation of 

uterine contractions in terms of amplitude and frequency during the IVF cycle, especially in 

relation to implantation success and failure. 
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METHODS 
PATIENT SELECTION 
All women undergoing oocyte retrieval for IVF or intracytoplasmatic sperm injection (ICSI) 

between January 1, 2017 and July 31, 2018 at the department of Reproductive Medicine of 

Ghent University Hospital, Belgium, were recruited as potential study patients. More than one 

embryo per transfer, uterine anomalies or pathologies, hydrosalpinges, previous caesarean 

section, mental disability or/and significant language barrier were the exclusion criteria 

adopted in this study. 

Twenty-nine patients met all inclusion criteria and were planned for an IVF treatment with a 

fresh SET. Only 16 patients completed the three measurements and were included in the final 

analysis. The main reasons for drop-out were cancellation of the fresh SET (conversion to 

intra-uterine insemination due to insufficient number of follicles: n = 4; no embryos available 

after laboratory phase: n = 3; double embryo transfer: n = 1; freeze all embryos in the context 

of ovarian hyper stimulation syndrome: n = 2) and withdraw of the patient (n = 3).   

Indication for IVF/ICSI treatment were male subfertility (8/16), tubal pathology (2/16), 

unexplained subfertility (4/16), hormonal disorders (3/16) or repeated miscarriage (1/16) 

(Table 7.1).  

 

IVF PROCEDURES 
In our study population, two protocols for pituitary down-regulation were used. Using the 

agonist protocol (considered as standard treatment) (n = 9), patients started with a pre-

treatment for at least 14 days with ethinylestradiol50/levonorgestrel150 (M50) (Microgynon 

’50’®; Bayer Pharma AG, Berlin, Germany). After discontinuation of M50 (day 0 of the cycle), 

down-regulation followed using a daily dose of 0.1 mg gonadotropin-releasing hormone 

agonist (GnRH-a) Triptorelin (Decapeptyl®; Ferring, Hoofddorp, The Netherlands) for 7 days. 

In the antagonist group (n = 7), gonadotropins were started on day three of the natural cycle 

and 0.25 mg Cetrorelix (Cetrotide®, Merck Serono, Geneva, Switzerland) was injected 

subcutaneously as a daily dose from day six of the cycle until the day of oocyte maturation 

triggering. Starting on day three, ovarian stimulation was achieved using either daily doses 

between 112.5 IU and 300 IU of recombinant follicle stimulating hormone (Bemfola®; Finox 

biotech AG, Balzers, Liechtenstein) or human menopausal gonadotropin (Menopur®; Ferring, 

Hoofddorp, The Netherlands) depending on age, anti-Mullerian hormone (17). 

Oocytes were retrieved 34-36 hours after a 5000-IU human chorionic gonadotropin (hCG) 

injection (Pregnyl; MSD Oss, the Netherlands). Oocytes were inseminated with spermatozoa 
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Table 7.1 Clinical variables overall and according to the occurrence of ongoing pregnancy 

 Overall OP No OP p-value 

     
Maternal age (y)* 32.1 ± 4.7 29.9 ± 3.9 33.9 ± 4.6 0.087 

     
BMI (kg/m²)* 25.9 ± 4.7 25.7 ± 4.0 26.0 ± 5.4 0.909 

     
Gravidity**  1 (0-6) 1 (0-2) 1 (0-6) 0.866 
Parity** 0 (0-1) 0 (0-1) 0 (0-1) 0.390 
Previous miscarriages** 0.5 (0-6) 0 (0-2) 1 (0-6) 0.565 

     
Minimal length of natural cycle in days** 27 (0-31) 28 (0-31) 26 (0-30) 0.484 
Maximal length of natural cycle in days** 31 0 (0-60) 31 (0-45) 30 (0-60) 0.557 
     
Indication for IVF/ICSI*** ~    0.509 
   Tubal pathology 2 (12.5%) 1 (50.0) 1 (50.0%)  
   Unexplained subfertility 4 (25.0%) 3 (75.0%) 1 25.0%)  
   Male subfertility 8 (50.0%) 3 (37.5%) 5 (62.5%)  
   Hormonal disorders 3 (18.8%) 1 (33.3%) 2 (66.7%)  
   Repeated miscarriage  1 (6.3%) 0 (0.0%) 1 (100.0%)  
     
Thickness of endometrium     
   During OS 9.9 ± 2.4 9.4 ± 2.5 10.3 ± 2.3 0.915 
   During ET1 9.2 ± 2.8 8.8 ± 1.6 9.4 ± 3.5 0.300 
   During ET5-7 10.1 ± 3.2 11.9 ± 3.1 8.0 ± 1.9 0.265 
     
Number of previous failed IVF/ICSI cycles* 2.0 ± 1.7 1.3 ± 1.4 2.6 ± 1.7 0.137 

     
Duration of subfertility in months * 50 ± 37 35 ± 36 61 ± 35 0.166 

     
Days of stimulation* 13 ± 2.4 13 ± 2.4 12 ±2.3 0.283 

     

Total gonadotropin or FSH dose (IU)* 2777 ± 978 2770 ± 767 
2783 ± 
1163 0.979 

     
Fertilisation method    0.375 
   IVF 3 (18.8%) 2 (66.7%) 1 (33.3%)  
   ICSI 13 (81.2%) 5 (38.5%) 8 (61.5%)  
     
Number of oocytes* 10.7 ± 5.7 12.1 ± 5.3 9.6 ± 6.0 0.388 

     
Number of available embryos* 2.8 ± 2.0 2.9 ± 1.7 2.7 ± 1.0 0.861 

     
     
Values are presented as number, mean   ±  SD*, median (range)**, or number (percentage)*** 
Some cases have more than one indication ~  
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 (IVF: 19%) or injected with a spermcell (ICSI: 81 %) between two and four hours after 

aspiration.  

Embryos were cultured individually in pre-equilibrated Cleavage media (Sydney IVF Cleavage 

Medium, Cook, USA) and were transferred to blastocyst media (Sydney IVF Blastocyst 

Medium, Cook, USA) in a 5% O2, 6% CO2 and 89% N2 incubator at 37⁰C.  

ET was performed five days after oocyte retrieval. In all cases, the best quality embryo, based 

on the Alpha scoring system (116) was transferred. Women were treated with intravaginal 

progesterone (Utrogestan; Besins Healthcare, Brussels, Belgium) starting on the day of hCG-

injection to support the luteal phase. An hCG test was performed sixteen days after ET.  

 

DATA COLLECTION  
Patients underwent three 2D transvaginal US measurements during three different moments 

of the IVF/ICSI treatment. The first measurement was planned during the ovarian stimulation 

(OS) phase (at least one follicle  > 16 mm), the second measurement one hour before the 

embryo transfer (ET1) and the last measurement five to seven days after the embryo transfer 

(ET5-7). Measurements were performed using a WS80A US scanner (Samsung-Medison) with 

a transvaginal V5-9 probe (5.6-MHz central frequency). US B-mode images were acquired for 

four minutes at a frame rate of 30 frames/s and then exported to AVI (Audio Video Interleave) 

format. Analysis was performed off-line using Matlab  (MathWorks, Natrick, USA).  

 
UTERINE CONTRACTILITY ASSESSMENT: QUANTITATIVE ULTRASOUND IMAGING  
The uterine contractility in stimulated cycles was assessed using US motion tracking by a 

dedicated  method based on block matching previously proposed by Sammali et al. (247). The 

method employs a number of advanced technical solutions to improve accuracy and reliability 

(247). In short, since the adopted TVUS probe produces anisotropy and depth dependency of 

the speckle affecting the block-matching implementation, all the US-videos were 

preprocessed by applying a Wiener deconvolution filter for speckle regularization. This way, 

the block matching implementation was facilitated by the obtained homogeneous and 

isotropic speckle.  

Uterine motion is enhanced by applying Singular Value Decomposition (SVD) filtering to the 

US image sequences prior to speckle tracking analysis. As previously demonstrated (247), SVD 

filtering is able to separate uterine motion from unrelated signals deriving from multiple 

sources, such as fast motion elicited by surrounding organs, respiratory motion, US probe 

motion and stationary tissue clutter, which affect speckle tracking performance. Therefore, 
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SVD was applied to the acquired US image sequences for enhancing the uterine motion 

recordings in stimulated cycles. Based on the method proposed by (247), filtering by SVD was 

here also achieved by selecting relevant components in the frequency interval [f1 = 0.0083 – 

f2  = 0.0833 HZ], chosen to reflect the uterine motion bandwidth during the IVF cycle and 

natural cycle of healthy women (6,34).  

The obtained SVD-filtered US image sequences were then used for motion analysis by speckle 

tracking. Block matching, consisting of selecting a block in the target frame and searching for 

the optimal match in the following frame, was accelerated by implementation of a Diamond 

search method based on a predefined search patterns. A block similarity measure, 

represented by the sum of absolute differences (SAD), was employed to determine the 

optimal match. Per each US patient data, four sites were manually defined along the 

myometrial wall in the fundus area, known to be the most contractile part. On each recording, 

four blocks were manually defined on the first frame  along the myometrial wall in the fundus 

area, known to be the most contractile part (5). In particular, the sites were positioned in the 

subendometrial layer of the myometrium as shown in Figure 7.1, being the part involved in 

these contractions. The four blocks were coupled in pairs, and distance (DS) and strain signals 

(SS) were derived between each pair along the longitudinal (LD) and transverse (TD) direction 

as indicated in Figure 7.1.  

 
Figure 7.1  (1) The uterine US image sequences are reshaped into the 2D Casorati matrix A representing a 

new spatiotemporal representation; all pixels at each time instant are arranged in each column 

of A. (2) The Casorati matrix A is decomposed by SVD into individual spatiotemporal matrices, 

U and V. By selecting the first couple of singular vectors, artefacts and high-frequency noise can 

be rejected and a good US uterine image can be obtained. (3) Example of distance and strain 

signals derived along the longitudinal a) and transverse b) direction by US speckle tracking after 

SVD filtering, for 3-min recordings. 
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Euclidean distance was adopted to derive the distance between each pair resulting in an 

absolute motion. The strain was defined as the relative variation of the distance between the 

tracked blocks as: 

∈ =  d(j) − d(j − 1)
d(j − 1)  

Where d(j) and d(j-1) indicate the distance between the tracked blocks at the current frame 

(j) and previous frame (j-1), respectively.  Further details on the developed algorithm can be 

found in study of Sammali et al.  (247). 

As shown in (247),  amplitude-related features such as standard deviation (SD) and 

unnormalised first moment (UFM), and frequency-related features such as mean frequency 

(MF in Hz) and median frequency (MDF in Hz) (247), allowed for a good understanding of the 

uterine contractility throughout the natural menstrual cycle. To this end, these specific 

features were also considered in this study in order to obtain a good understanding of the 

uterine contractility during the IVF cycle. To this end, the contraction frequency (𝑓𝑓𝑐𝑐), expressed 

in contractions per minutes based on a zero crossing estimator, was also evaluated. SD and 

UFM were combined as an overall amplitude/strength indication of the uterine contractions 

while 𝑓𝑓𝑐𝑐, MF, and MDF were combined as an overall frequency indication of those uterine 

contractions. Technical details about features extraction as well as pre-processing analysis can 

be found in Sammali et al  (247).  

 

OUTCOME 
The main outcome measures were frequency and amplitude of the uterine contractions 

during an IVF/ICSI cycle as well as the association of uterine contractions with ongoing 

implantation (OI) and ongoing pregnancy (OP) after a fresh SET transfer. OI/OP were defined 

as a positive hCG test at gestational age of at least six weeks (OI) or detectable heart rate at 

a gestational age of at least 11 weeks (OP).  

Furthermore, the outcome features of the uterine contraction were correlated with clinical 

features such as parity, gravidity, early miscarriage (spontaneous abortion or pregnancy loss 

before a gestational age of 12 weeks), hormone levels, follicle stimulation doses, and number 

of days and endometrial thickness.  

Finally, the outcome features of the IVF patients were compared with those previously 

obtained and published on HW (details are described in (247)). Similarly to the IVF group in 

this study, in (247) acquisitions were performed longitudinally, during different four phases of 
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menstrual cycle, namely, menses, late follicular phase (LF), early luteal phase (EL), and late 

luteal phase (LL). 

 

DATABASE AND STATISTICAL ANALYSIS 
Data, including maternal information, clinical diagnosis, IVF protocol and response, laboratory 

information on embryo morphology, hormone levels, treatment outcomes of all IVF cycles as 

well as features of the quantitative ultrasound imaging (frequency and amplitude) were 

collected and recorded in Research Manager (Deventer, The Netherlands).  

Statistical analysis was performed using SPSS software (Version 25, IBM Corp, Armonk, NY) 

and Matlab® (Version 2017a, MathWorks™, Natick, MA). Categorical variables were analysed 

by Pearson’s chi-square test or in case more that 20% of the cells have expected frequencies 

less than five a Fisher’s exact test was used. A Student’s t-test (in case of Gaussian distribution) 

or Mann-Whitney U-test (in case of non-Gaussian distribution) were used for continuous 

variables. To compare all three phases an ANOVA and multicompare-test (Tukey-Kramer test) 

were used. In order to obtain a global characterisation of the uterine contractility during the 

three investigated phases of the IVF cycle, frequency (MF, MDF, 𝑓𝑓𝑐𝑐) and amplitude (SD, UFM) 

features were combined into two separate groups and evaluated during the three phases. 

Prior to their combination, the values of the extracted features were normalised relative to 

their maximum value per patient and phase.  

A p-value < 0.05 was considered statistically significant. Correlation analysis was based on 

Pearson’s  correlation coefficient and was considered statistically significant with a p-value of  

< 0.01.  

 

ETHICAL APPROVAL 
All patients gave informed consent and the Regional Ethics Review Board of the Ghent 

University hospital approved the study on 31st October 2016 (UH Ghent reference: 2016/1189-

Belgian registration number: B670201629814).  
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RESULTS 
GENERAL CHARACTERISTICS 
The overall OP rate for fresh SET with a day-5 embryo was 43.8%, while 56.3% of all included 

patients had a positive hCG test at gestational age of six weeks (OI). Of the nine patients with 

OI one patient had a biochemical pregnancy and another patient an ectopic implantation.   

As shown in Table 7.1, no significant difference between the groups with or without OP were 

observed in the baseline characteristics, including maternal age (Overall: 32.1  4.7, OP: 29.9 

 3.9 vs no OP: 33.9  4.6), body mass index (Overall: 25.9  4.7, OP 25.7  4.0 vs no OP  26.0 

 5.4), previous gravidity (Overall: 1 (0-6), OP 1 (0-2) vs no OP 1 (0-6)), parity  (Overall: 0 (0-1), 

OP 0 (0-1) vs no OP: 0 (0-1)), early miscarriage (Overall: 0.5 (0-6), OP 0 (0-2) vs no OP 1 (0-6)), 

indication (tubal pathology, male subfertility, hormonal disorder, repeated miscarriage or 

unexplained subfertility) for IVF/ICSI treatment, duration of subfertility (Overall: 50  ±  37 

months, OP 35  36 months vs no OP 61  35 months) or previous failed IVF/ICSI cycles 

(Overall: 2.0  1.7, OP 1.3  1.4 vs no OP 2.6  1.7). Only oestradiol levels during the OS as well 

5-7 days after ET were significantly different between patients with or without OP (OS: 1240 

pmol/L (1030-2630 OP: pmol/L) vs no OP: 842 pmol/L (210-1450 pmol/L), p = 0.039; ET5-7: 

OP: 326 pmol/L (70-486 pmol/L) vs no OP: 25 pmol/L (25-44 pmol/L), p = 0.001) (Table 7.2).  

 

Table 7.2  Hormone concentrations overall and according to the occurrence of ongoing pregnancy 

 Overall OP No OP p-value 
     
Basal Blood levels     
   TSH (mU/L)* 1.5 ± 0.6 1.5 ± 0.6 1.5 ± 0.7 0.935 
   AMH (µg/L)* 2.7 ± 1.8 3.7 ± 1.4 2 0 ± 1.8 0.056 
 
Estradiol (ng/L) **     
   During measurement ovarian stimulation phase       
   (OS) 

1115  
(210-2630) 

1240  
(1030-2630) 

842  
(210-1450) 0.039 

   During measurement 5-7 after embryo transfer      
   (ET5-7) 

153  
(25-486) 

326  
(70-486) 

25  
(25-44) 0.001 

 
Progesterone (ng/L) **     
   During measurement ovarian stimulation phase    
   (OS) 

0.3  
(0.15-1.23) 

0.3  
(0.15-0.75) 

0.31  
(0.15-1.23) 0.595 

   During measurement 5-7 after embryo transfer  
   (ET5-7)  

15  
(8-71) 

16  
(13-37) 

13  
(8-71) 0.088 

          
Values are presented as mean   ±  SD* or median (range)**   

 

Controlled ovarian stimulation was performed using a mean dose of 2777 IU  980 IU 

recombinant follicle stimulating hormone or human menopausal gonadotropin. Mean 

number of mature oocytes retrieved and available embryos were 10.7  5.7 and 2.8  2.0, 

respectively. According to the ESHRE/Alpha guidelines, most of the transferred embryos were 
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scored as good or even excellent quality (n = 12) (Table 7.3). No significant difference in 

embryo quality was observed between the pregnant women and non-pregnant women (Table 

7.3).  

 

Table 7.3  Quality of the embryos transferred overall and according to the occurrence of ongoing 
pregnancy 

 Overall OP No OP p-value 

     
Embryo Quality    0.182 

   Excellent:  4/5AA, 4/5AB 2 (12.5%) 2 (100.0%) 0 (0.0%)  
   Good:         3AA, 3AB, 3/4/5BA,  
                     3/4/5BB, 3/4/5AC, 10 (62.5%) 3 30.0%) 7 (70.0%)  
                     3/4/5BC, 3/4/5CA,                   
                     3/4/5CB, 4/5CC     
   Moderate: 3CC, Blast 1, Blast 2 4 (25.0%) 2 (50.0%) 2 (50.0%)  
   Poor:        All other embryos 0 (0.0%) 0 (0.0%) 0 (0.0%)  
 
Values are presented as number (percentage)  

 
  

UTERINE CONTRACTILITY PATTERNS DURING ALL PHASES OF IVF TREATMENT 
Overall, significantly higher uterine-contraction frequency-features (based on the 

combination of 𝑓𝑓𝑐𝑐, MDF and MF) as well as amplitude-features (based on the combination of 

amplitude (SD) and energy (UFM)) were observed during the OS in comparison to ET1 

(frequency-features: p = 0.04; amplitude-features: p = 0.0003) and ET5-7 (frequency-features: 

p = 0.002; amplitude-features: p = 0.000008)  (Figure 7.2).   

When comparing the uterine activity in terms of frequency and amplitude for the OP and no 

OP, Figure 7.3 shows significantly lower uterine activity for the OP group in the OS in terms of 

frequency features (P = 0.0059), whereas amplitude features were not significantly different 

(p = 0.1796) compared with the no OP group.  At ET1 and ET5-7 the OP group showed 

significantly higher frequency features (p = 0.0147 and p = 0.0066 respectively), whereas 

amplitude features were not significantly different at ET1 (p = 0.9174) and were significantly 

lower at ET5-7 (p = 0.0366) compared with the no OP group. 

Individual significant features based on SS or DS and in LD or TD were 𝑓𝑓𝑐𝑐  during ET1 and MF 

and MDF during ET5-7. 

None of the amplitude features showed individually significant results.   
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Figure 7.2  Uterine contraction features during the ovarian stimulation phase (OS), one hour before 

embryo transfer (ET1) and 5-7 days after ET (ET5-7) in all patients (n = 16). All features are 

normalised with respect to their maximum value to combine the results of longitudinal and 

transverse directions for distance and strain signals. The frequency results are based on the 

contractions frequency per minute (UC/min), mean frequency (Hz) and median frequency (Hz) 

while the amplitude results are based on standard deviation (pix/√𝑯𝑯𝑯𝑯) and unnormalised first 

moment (pix √𝑯𝑯𝑯𝑯). Values shown as mean ± SD (Student’s t-test). 

 
Figure 7.3  Comparison of uterine contraction features during the ovarian stimulation phase (OS), one 

hour before embryo transfer (ET1) and 5-7 days after ET (ET5-7) in patients with OP (n = 7) and 

no OP (n = 9). All features are normalised respect to their maximum value to combine the 

results of longitudinal and transverse directions for distance and strain signals. The frequency 

results are based on the contractions frequency per minute (UC/min), mean frequency (Hz) and 

median frequency (Hz) while the amplitude results are based on standard deviation (pix/√𝐻𝐻𝐻𝐻) 

and unnormalised first moment (pix √𝐻𝐻𝐻𝐻). Values shown as mean  ±  SD (Student’s t-test). 

 

One hour before ET (ET1), 𝑓𝑓𝑐𝑐  (UC/min) of patients with OI (based on DS) as well OP (based on 

DS) was significantly higher than in patients with no OI or OP (OI: 1.35  0.44 UC/min vs no OI: 

0.91  0.19 UC/min, p = 0.028; OP: 1.45  0.42 UC/min vs no OP: 0.93  0.22 UC/min, p = 

0.006) (both in LD).  
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During the measurement at ET5-7, the median and mean frequency were significantly higher 

in patients with OI or OP (median frequency (SS): OI: 0.050 Hz  0.005 vs no OI: 0.045 Hz  ±  

0.004, p = 0.040; OP: 0.050 Hz  ±  0.004 vs no OP: 0.045 Hz  0.005, p = 0.027; mean frequency 

(DS): OP: 0.035  ±  0.001 vs no OP: 0.032 Hz  0.003, p = 0.032) (all in TD). 

 
CORRELATION BETWEEN UTERINE CONTRACTION FEATURES AND CLINICAL VARIABLES 
HORMONE LEVELS 
PROGESTERONE LEVELS 
In general, progesterone levels were not significantly correlated with the implantation and 

pregnancy outcome.  On the other hand, during the OS, the UFM amplitude feature of the 

uterine contractions showed a negative correlation with progesterone levels during the same 

phase (r = -0.621, p = 0.010) (based on DS in TD).  

OESTRADIOL LEVELS 

Significantly higher levels of oestradiol during the OS, as well the ET5-7, were associated with 

a higher ongoing pregnancy rate (OS: p = 0.039; ET5-7: p = 0.001). A positive correlation 

between oestradiol levels during the OS and 𝑓𝑓𝑐𝑐  during ET1 was observed (r = 0.693, p = 0.003) 

(based on DS in LD).  

 

STIMULATION RELATED FEATURES 
The stimulation doses as well the stimulation days were not significantly correlated with any 

of the uterine contraction features. 

 

ENDOMETRIAL THICKNESS 
During the OS, both amplitude features (SD and UFM) showed a positive correlation with 

endometrial thickness during the measurement ET1 (for UFM: r = 0.717, p = 0.002; for SD: r 

= 0.700, p = 0.003) (both based on DS in TD).  
 

DISCUSSION 
It has been reported that uterine contractions may play an important role for the success of 

conception (15). Assessing objectively and noninvasively uterine contraction characteristics 

during the IVF cycle seems therefore an essential step to understand the impact of 

contractions on IVF failure and potentially boost IVF success rates by introducing specific 

uterine motion modulators. 
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In this study, we measured and characterised uterine contractions during IVF treatment based 

on quantitative US imaging. We assessed the relationship between uterine contraction 

patterns during IVF, characterised by the extracted frequency- and amplitude-related 

features, and implantation and pregnancy rates. The relationship with clinical features was 

also investigated.  

The observed reduction in uterine contraction frequency (measured as UC/min) between OS 

and ET1 is comparable with previous studies (34,248). Overall, the contraction frequencies 

observed in our study are lower compared with other studies (34,68,248). As explained by 

Sammali et al. (247), 𝑓𝑓𝑐𝑐  in literature is mostly based on visual inspection, providing a global 

assessment without distinction between the different layers of the uterus. In this study, the 

sub-endometrial layer was specifically considered for speckle tracking. Contrary to previous 

studies (68,245), we observed a significantly higher number of contractions during ET1 (𝑓𝑓𝑐𝑐) in 

patients with OI or/and OP (ET1: OI: p = 0.028, OP: p = 0.006). An explanation may be found 

in the comparison with HW. The 𝑓𝑓𝑐𝑐  of pregnant IVF women during ET1 was comparable to the 

𝑓𝑓𝑐𝑐  of HW during LF and EL (IVF-OP: 1.45  0.42 UC/min vs HW-LF: 1.57  0.27 UC/min / HW-

EL: 1.22  0.33 UC/min, p = 0.526 / p = 0.247) (based on DS in LD), whereby uterine 

contractions play a key physiological role aimed at favouring conception. 

On the contrary, non-pregnant IVF women showed significantly lower 𝑓𝑓𝑐𝑐  in the same phases 

and those were significantly different in comparison to the 𝑓𝑓𝑐𝑐  of HW during LF and EL (IVF-no 

OP group: 0.93  0.22 UC/min vs HW-LF: 1.57  0.27 UC/min, p < 0.001 / HW-EL: 1.22  0.33 

UC/min, p = 0.046). Although Chung et al Zhu et al. (245,249) observed a lower uterine 𝑓𝑓𝑐𝑐   in 

pregnant IVF women in ET1, women with 𝑓𝑓𝑐𝑐  < 2.0 UC/min (249) and in the range 1.1-2.0 

UC/min (245)had the highest clinical pregnancy rate (47.6-50.8% (249); 63.55% (245)); this 

range is comparable with our results (𝑓𝑓𝑐𝑐  OP: 1.45  0.42 UC/min (pregnant women)).  

In general, the results in Figure 7.3 suggests that immediately before embryo transfer (ET1), 

the combination of higher frequency (but no larger than 2UC/min) and lower amplitude in the 

uterine activity may contribute to successful embryo implantation. It would in fact be 

reasonable to think that the embryo, once inserted into the uterine cavity, needs help 

(moderate uterine contractions) for positioning and implantation. On the other hand, these 

contractions should not be strong (higher amplitude) as they could expel the embryo out of 

the uterine cavity.  

During the ET5-7 measurement, the uterine frequency features were significantly higher in 

patients with OI or OP, whereas the amplitude features were significantly lower in patients 
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with OI or OP. These findings might be explained by the fact that moderate uterine 

contractions prevent the embryo from being expelled during this implantation phase. 

However, since contraction directions were not taken into account in this study, we can only 

speculate about the possible expulsion of the embryo. 

Positive correlation between oestradiol levels during the OS and 𝑓𝑓𝑐𝑐  during ET1 was observed 

and these results were in line with previous studies and the suggestion that the increase of 𝑓𝑓𝑐𝑐  

is caused by oestradiol secretion by the growing dominant follicle (6,53,210,250). In general, 

oestradiol levels during OS as well during ET5-7 were significantly higher in patients with OP 

compared with no OP, which also might explain the higher 𝑓𝑓𝑐𝑐  in the pregnant group during the 

ET5-7. Progesterone levels during OS showed a negative correlation with the amplitude (UFM) 

of the uterine contractions, which is also in agreement with existing literature (83). 

Endometrial thickness was positively correlated with both amplitude features (SD and UFM) 

during the measurement ET1. No significant differences between the pregnant and non-

pregnant women were observed, but endometrial thickness  <  5 mm is suggestive for lower 

implantation changes in agreement with previous published studies (251).  

Nonetheless, these results must be interpreted with caution and a number of limitations 

should be addressed.  The main limitation is the small dataset using two different stimulation 

protocols. Furthermore, although no significant differences between the OP and no OP group 

were observed, patients with an OP were younger, had a shorter subfertility duration and had 

fewer previously failed IVF/ICSI cycles, all factors which have been associated with improved 

fertility outcomes.  

In conclusion, in our study women with successful implantation and OP have a higher 

contraction frequency during ET1 (𝑓𝑓𝑐𝑐) and during ET5-7 (MDF, MF). This is consistent with the 

similarity in uterine  contraction values between OP women and values previously reported 

for HW (247). Indeed, previous studies suggest the presence of an optimal range of 

contraction frequencies, which is associated with successful embryo implantation and OP 

(245,249).  At lower and higher contraction frequencies, IVF is less likely to succeed. To expand 

our evidence and knowledge on uterine contractions during IVF, and their relation with 

successful treatment, research in this field should be extended and evaluate additional 

relevant features related e.g. contraction velocity and direction. Their combination and 

predictive value could also be investigated in a probabilistic framework by machine learning 

techniques. To this end, more extensive datasets are required.
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ABSTRACT 
Assisted reproduction (ART) with In-vitro fertilization (IVF) or intracytoplasmic sperm injection 

(ICSI) is the most advanced treatment for infertility problems; however, its failure rate is still 

above 70% and the exact causes are often unknown. There is increasing evidence of 

involvement of uterine contractions in IVF/ICSI failure especially during and after embryo 

transfer. In this paper, we propose a method to predict the success of embryo implantation 

based on features extracted from electrohysterography (EHG) and B-mode transvaginal 

ultrasound (TVUS) recordings. Sixteen women undergoing IVF treatment were measured 

during ovarian stimulation (OS) phase, one hour before embryo transfer (ET1), and five to 

seven days after ET (ET5-7). After correlation filtering, multiple features were selected by 

forward feature selection and optimally combined by different machine learning methods, 

including support vector machine (SVM), K-nearest neighbors (KNN), and Gaussian mixture 

model (GMM). Hyperparameter optimization and validation of each model were performed 

in a nested cross validation loop. Using Leave-one-out approach on our database, the highest 

overall accuracy (93.8%) was achieved by SVM and KNN in both OS and ET1 phase. Contraction 

frequency, standard deviation and unnormalized first statistical moment, obtained from EHG 

and TVUS analysis, were optimum features common to the SVM and KNN classifiers. These 

features may contribute to produce the best prediction for successful embryo implantation 

improving the IVF procedure. Yet, a larger dataset is required for improved training of the 

considered classifiers. 
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INTRODUCTION 
The rate of couples dealing with infertility has been progressively increasing over recent years 

due to the trend in postponing childbirth. These rates have risen to over 20% (252). For most 

infertile couples, the only hope relies on assisted reproductive technologies where, nowadays, 

in-vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI)  are the most advanced 

options (253). However, the failure rate for these treatments is still above 70% (254) with the 

exact causes remaining unknown. There is evidence that implantation failure may be caused 

by altered uterine activity (63,64,221,243) especially during and after embryo transfer (ET), 

where uterine quiescence may be needed for the embryo to implant into the uterine wall.  

Uterine contractions are believed to represent an important determinant of uterine 

receptivity, both in IVF and natural menstrual cycle. It is established that uterine receptivity is 

a key factor during the so-called implantation window, a short period in which the embryo 

approaches the endometrium in order to implant (255). This embryo-maternal dialogue is 

crucial for the establishment of a healthy pregnancy. The uterine receptivity is therefore of 

major importance to the success of IVF. Specific and precise pharmacological intervention on 

uterine contractions is feasible and can potentially improve embryo implantation success after 

ET (256–258). Unfortunately, the role of uterine contractions in IVF failure is not yet 

understood and the value of pharmacological treatments acting on contractions within IVF 

treatment remains to be established.  

Understanding the role of uterine contractions in influencing uterine receptivity, especially in 

relation to embryo implantation success, has always been complicated. The lack of 

quantitative measurement tools has represented a major obstacle for a complete 

characterization of the uterine activity outside pregnancy. The latter represents an essential 

step towards improved embryo implantation both in IVF and natural menstrual cycle. 

Especially in IVF, a better understanding of the role of uterine contractions may lead to the 

definition of new strategies for tailoring specific IVF protocols and pharmacological 

treatments. It is therefore evident that objective reproducible quantitative assessment of 

uterine contractions is essential.  

In previous studies, we have developed electrohysterographic (88) and ultrasound (247) 

methods to quantitatively and non-invasively measure the uterine electrical and mechanical 

activity, respectively, in women outside pregnancy.  

Electrohysterography (EHG) is a monitoring technique which measures the electrical activity 

that triggers and drives the mechanical contraction of the uterine muscle (88,259); 
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transvaginal ultrasound (TVUS) speckle tracking assesses the mechanical behaviour of these 

contractions by tracking locally a specific area of the uterine muscle (247).  

Features describing the amplitude, frequency and energy of the uterine contractions were 

able to discriminate between active and quiescent uterine state providing a good 

understanding of the uterine activity.  

On the one hand, the obtained results were promising and confirmed the physiological role of 

uterine activity to enhance the reproductive process, e.g., active uterine state in the follicular 

phase and quiescent uterine state in the luteal phase of the menstrual cycle. On the other 

hand, these studies demonstrated the feasibility of the proposed methods outside pregnancy 

and motivated us towards the assessment of their clinical value in the context of IVF, especially 

in relation to ET for improving embryo implantation prediction.  

Machine-learning approaches are increasingly applied to automatically find patterns within 

data, which enables doctors and healthcare professionals to improve clinical decision making 

(260). Supervised machine learning algorithms are most commonly used to develop models 

based on labelled data.  

In this study, probabilistic classification of the electromechanical uterine activity is 

investigated using machine machine learning to improve the success rate of IVF, especially in 

relation to ET. In particular, we aim at providing those features or their combination 

(amplitude-, frequency-, and energyrelated features) that are necessary to classify uterine 

contraction characteristics as either favorable or adverse to embryo implantation during ET. 

In case of unfavorable uterine activity, classification would permit proper decision making. In 

fact, ET could either be delayed to later cycles or uterine contraction characteristics could be 

modulated by specific treatment for favoring embryo implantation (257,261).  

To achieve this goal, enabled by the implemented EHG and TVUS speckle tracking methods, 

the uterine activity is measured and characterized during stimulated cycles by extracting the 

same frequency-, amplitude-, and energy- related features as in natural menstrual cycle. The 

electromechanical uterine activity is first simultaneously recorded by EHG and B-mode TVUS 

in patients undergoing IVF treatment. In particular, the patients are measured during three 

phases, i.e, ovarian stimulation (OS), one hour before ET (ET1), and five to seven days after ET 

(ET5-7).  

Based on IVF outcome, patients are divided in successful and unsuccessful pregnancy groups 

where successful pregnancy is defined as a positive fetal heart rate at the moment of a 

gestational age of at least 11 weeks, known as “vital pregnancy”. The EHG and TVUS motion 
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and strain features are then extracted from the recorded signals following the same protocol 

as in (88), and (247).  

Prior to machine learning, an additional method for EHG and TVUS feature extraction is here 

proposed that is based on singular value decomposition (SVD) of the acquired EHG and TVUS 

measurements. The same EHG and TVUS features were extracted directly from the temporal 

variation signal obtained after dedicated SVD filtering. This SVD approach provides a global 

estimate of the uterine activity that is different from standard EHG and TVUS analysis.  

First, correlation filtering is performed on the all features extracted by the proposed methods 

in order to reduce redundancy in the data. The resulted feature pool is hence composed by 

relevant features able to possibly classify uterine activity characteristics as either favorable or 

adverse to embryo implantation during ET. A forward feature selection procedure is then 

carried out on the feature pool to search the optimum feature set that performs best in 

differentiating successful and unsuccessful pregnancy. This is performed separately for the 

three different measurements, in order to appreciate variations in the predictability.  

The classifiers used in this study are the support vector machine (SVM), K-nearest neighbours 

(KNN) and Gaussian mixture model (GMM). Hyper-parameter optimization is performed in a 

nested cross validation, in the interest of reducing over-fitting by leave-one-out cross-

validation. 

 
MATERIALS AND METHODS 
PATIENTS AND IVF PROTOCOL 
We prospectively studied 29 consecutive ovarian stimulation cycles for IVF- ET undertaken in 

29 infertile women with age between 27 and 37 years. Women with uterine anomalies or 

pathologies, caesarean section experience, mental disability and/or significant language 

barrier were not enrolled in this study. Clinical indications for IVF- ET were male subfertility 

(50%), tubal pathology (12.5%), unexplained subfertility (18.8%) or hormonal disorders 

(18.8%). Prior to IVF treatment, all patients signed an informed consent and this study 

received approval by the relevant medical ethical committee. The enrolled patients 

underwent follicle stimulation by hormone injection (gonadotropin-releasing hormone 

agonist (GnRH-a) Triptorelin (Decapeptyl®; Ferring, Hoofddorp, The Netherlands)) to hyper-

stimulate oocytes production; the latter were retrieved 34-36 hours after the hormone 

injection and inseminated with spermatozoa in order to obtain embryos. The fertilization 

method was based either on conventional IVF (3 overall patients) and on Intracytoplasmic 
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sperm injection (ICSI) where the individual sperm cell is directly injected into each oocyte (13 

overall patients). Five days after oocyte retrieval, the best quality embryo based on the Alpha 

score system (116) was selected and transferred. Prior to ET, patients were treated with 

intravaginal progesterone tablet (Utrogestan Besins Healthcare, Brussels, Belgium) to support 

the luteal phase. More details about ovarian stimulation and laboratory phase as well as 

embryo scoring can be found in (160).  

After excluding 13 patients due to cancellation of fresh single-embryo transfer or patient 

withdrawing, a total of 16 patients underwent ET and were thus analyzed in this study. 

Further, TVUS examination of the patients was performed in order to monitor the success of 

earlier ET. Seven patients presented successful pregnancy defined as positive fetal heart rate 

at gestational age of at least 11 weeks. 

 

MULTI-MODAL DATA ACQUISITION 
All measurements were performed at the Reproductive Medicine department of Ghent 

University Hospital, (Belgium). During standard recording sessions, 4-min TVUS scans and EHG 

recordings were simultaneously performed three times during three specific phases of the IVF 

treatment: during ovarian stimulation (OS) where at least one follicle was larger than 16 mm, 

one hour before ET (ET1) and five to seven days after ET (ET5-7). An US scanner WS80A 

(Samsung Medison, Seoul, South Korea) equipped with a transvaginal V5-9 probe was 

employed for the TVUS scans acquired at a 5.6 MHz central frequency and 30 frames/s 

(sampling frequency  𝑓𝑓𝑠𝑠 (US) ), amply sufficient to meet Nyquist condition given the limited 

bandwidth of uterine motion ( 𝑓𝑓   <  0.066 Hz) (195). After skin preparation for contact 

impedance reduction, EHG was recorded by placing on the abdomen, immediately above the 

pubic zone, a flexible electrode grid. The latter was correctly placed by guidance of TVUS in 

order to maximize alignment with the uterus. A Refa multichannel amplifier (TMSI 

International, Enschede, the Netherlands) for electrophysiological signal acquisitions was 

employed for recording and digitizing the EHG at a sampling frequency of 1024 Hz (𝑓𝑓𝑠𝑠 (EHG)). 

 

MULTI-MODAL FEATURE EXTRACTION 
A set of amplitude-, frequency-, and energy-related features were extracted from the 

recorded signals by the adopted methods. In the following section, we describe the feature 

extraction by performing the EHG signal analysis described in (88), TVUS speckle tracking 
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analysis described in (247) and a novel SVD approach that is here proposed. The adopted 

multimodal feature extraction approach is schematically described in Figure 8.1. 

 
Figure 8.1  (1-a) Feature extraction by EHG: (a) the EHG filtered signal is obtained after bipolarization; (1-

b) The EHG temporal variation signal ( τ ) is obtained as a weighted sum operation after 

decomposing the EHG matrix by singular value decomposition (SVD). After retrieving k sources 

by a dedicated SVD filtering. The singular vectors  carrying the temporal information are 

multiplied by their weight factors (retrieved singular values)  λk . and the results are added 

together to obtain the output EHG temporal variation signal. (1-c) Amplitude-. frequency-. and 

energy-related features extracted from both filtered and temporal variation EHG signal. (2-a) 

Feature extraction by TVUS speckle tracking: the unfiltered TVUS video is SVD spectrally filtered 

for the estimation of motion tracking (distance and strain signals) along the (a) longitudinal and 

(b) transversal direction. (2-b) The TVUS temporal variation signal (τ) is obtained as a weighted 

sum operation after retrieving k sources through a dedicated SVD filtering. The singular vectors 

 carrying the temporal information are multiplied by their weight factors (retrieved singular 

values) λk. and the results are added together to obtain the output TVUS temporal variation 

signal. (1-c) Amplitude-. frequency-. and energy-related features extracted from distance and 

strain signals along the longitudinal (a) and transversal (b) direction. as well as from the TVUS 

temporal variation signal. For both EHG and TVUS motion analysis. dedicated SVD filtering is 

performed according to Sammali et. al. 13. 

 

FEATURE EXTRACTION BY EHG 

For each recording session, three features were extracted from the single-channel EHG signal. 

As in (88), we focused on single-channel analysis to qualitatively evaluate contraction timing 

and strength in stimulated cycles; therefore, high-spatial resolution was not required. Details 
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on EHG signal analysis are described in (88). Briefly, the EHG signal quality was improved by 

averaging neighboring electrodes (sensing surfaces A and B indicated in Figure 8.1 (1-a)) and 

simulating a larger sensing surface (236,262). The choice of surfaces A and B was supported 

by the fact that larger interelectrode distances are more suited than a high density grid for 

investigation of electrophysiological signals of the non-pregnant uterus originated deeper in 

the body and far from the electrode (236,262). Furthermore, a better signal-to noise ratio is 

provided by vertical derivations that are aligned to the middle line of the muscle and expected 

to be closer to uterus. A single bipolar signal was derived by subtracting the two surface areas 

A and B, improving the signal quality by reduction of common-mode noise (263,264). 

The bipolar EHG signal was then pre-processed by a 4th order, band-pass Butterworth filter 

with lower and upper cut-off frequencies equal to 0.3 and 5 Hz, respectively. In the uterus, 

only frequencies below 5 Hz are expected (259), but the frequencies below 0.3 Hz can be 

affected by motion artifacts due to e.g. respiration (265,266). Standard deviation (SD), median 

frequency (MDF), and unnormalized first statistical moment (UFM) were the features 

extracted from the filtered EHG signal. 

 

FEATURE EXTRACTION BY TVUS SPECKLE TRACKING 

For each recording session, five features were extracted from the distance and strain signals 

derived along the longitudinal and transversal direction in stimulated cycles. Details on TVUS 

distance and strain signal analysis are described in (247); here we briefly report the procedure 

of motion analysis and feature extraction delving into the novel SVD spatiotemporal filtering 

which will be discussed in the next section.  

Motion tracking was implemented by a dedicated speckle tracking algorithm. First, dedicated 

SVD filtering was introduced to enhance uterine motion suppressing uncorrelated signals that 

affect speckle tracking performance. The TVUS image sequences, represented as 3D matrices 

of dimensions Nx×Nz×Nt, were reshaped into a new spatiotemporal representation (Casorati 

matrix) which was decomposed by SVD in a new spatial singular vector basis U and a new 

temporal singular vector basis 𝑉𝑉as: 

 

                                                      A	 = U∆V!																																																					                   Equation 8.1 

 

Here, A represents the Casorati matrix with dimensions NxNz×Nt, U is a NxNz×NxNz matrix 

(i.e., orthogonal for real-value inputs), 𝑉𝑉  is a Nt×Nt squared matrix, and ∆ is an NxNz×Nt 
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diagonal matrix containing non-negative real numbers known as singular values λ on the 

diagonal. These values are conventionally in descending order. Nt and NxNz are the number 

of video frames and image pixels, respectively. The columns of 𝑉𝑉contain the singular vectors 

of A carrying the temporal information corresponding to spatial information in the columns of 

U, which are the left-singular vectors of A.  

For each temporal signal 𝑉𝑉𝑉𝑉(𝑡𝑡), where i indicates the number of the singular values, two 

energies were obtained by integration of the power spectrum over the entire frequency band 

[𝑓𝑓 0   =  0 Hz – 𝑓𝑓 𝑠𝑠(𝑈𝑈𝑈𝑈) /2  =  15 Hz] and over the interval [𝑓𝑓 2   =  0.0083 Hz – 𝑓𝑓 2  =  0.083 Hz], 

which was chosen to reflect the uterine bandwidth in the IVF cycles according to (68).  

The adopted energy metrics was then defined as  

 

      ERi
∑ |Xi (𝑓𝑓 )2|𝑓𝑓 s

𝑓𝑓  = 𝑓𝑓1
∑ |Xi (𝑓𝑓 )2|𝑓𝑓 /𝑓𝑓2

𝑓𝑓  = 0
 ,                                          Equation 8.2 

 

where, 𝑓𝑓 𝑠𝑠  is the TVUS frame rate (𝑓𝑓 𝑠𝑠  (TVUS)), Xi (𝑓𝑓)    represents the Fast-Fourier Transform 

(FFT) of each Vi(t). As a result, the ERi represents the amount of uterine dynamics for each 

singular value i compared to the full signal. Only a range of subsequent singular values 

representing over 50% of the total energy was selected to enhance the uterine motion in the 

TVUS video while suppressing undesired components. Accordingly, the uterine motion of 

interest can be extracted by discarding the lower n − 1 clutter-related components and the 

higher Nt − m noise-related components; an image sequence Ar can then be reconstructed 

based on a range (n, m) selected by (2) as: 

 

                 Ar  =  ∑  𝑚𝑚
𝑓𝑓 𝑖𝑖 = 𝑛𝑛  λiUiVi

T.                                               Equation 8.3 

 

After SVD filtering, the speckle was regularized by Wiener deconvolution filtering and speckle 

tracking was implemented for tracking over time four defined blocks manually selected on the 

subendometrial layer (junctional zone), known to be the most contractile part of the uterus 

(5). The match between corresponding blocks in consecutive frames was determined by the 

minimum of the sum of absolute differences (SAD). The block size for SAD was adaptively 

determined as twice the speckle size calculated after SVD filtering for each patient and phase. 

The block matching was then accelerated by a diamond search (DS) strategy, maintaining 

similar tracking accuracy as the typical full-grid search (FGS) method with the benefit of a 
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reduced computational time. Median filtering on the displacement of neighbouring blocks 

(matching coordinates) was also introduced to improve the tracking robustness and accuracy 

of the method. The defined four blocks were coupled in pairs in order to estimate distance 

and strain signals along the longitudinal and transversal direction (Figure 8.1 (2-a)). The 

longitudinal direction was defined to be in line with back and forward motion between the 

cervix and fundus, while the transversal direction was the motion perpendicular to that.  

The distance, 𝑑𝑑 and strain, 𝜖𝜖, were calculated between each pair. In particular, 𝑑𝑑 was defined 

as the Euclidean distance between each pair of sites in a 2-D space, resulting in an absolute 

motion estimate. The strain, 𝜖𝜖, was defined as the relative variation of 𝑑𝑑 between the tracked 

sites.  

Standard deviation (SD), mean frequency (MF), median frequency (MDF), contraction 

frequency (𝑓𝑓𝑐𝑐), and unnormalized first moment (UFM) were the features extracted from the 

distance and strain signals along the two directions. All features, with the exception of 𝑓𝑓𝑐𝑐  , 

were extracted from the FFT of the recorded signals; in particular, the SD was calculated by 

applying Parseval’s theorem. Moreover, the features were extracted in the frequency band 

[𝑓𝑓1  =  0.0083 Hz – 𝑓𝑓2 =  0.083 Hz] to improve their quality and strengthen their link with the 

uterine motion in a stimulated cycle (68). The same frequency band was used for the ER 

metrics calculation. A zero-crossing detector was employed in the time domain for the 

estimation of 𝑓𝑓𝑐𝑐  in terms of number of contractions per minute. 

 

FEATURE EXTRACTION BY SVD 

Both for EHG and TVUS analysis, features were extracted from the temporal variation matrix 

𝑉𝑉after SVD. The latter was performed on the 6x6 matrix (36 channels in total) of the EHG 

electrode grid as well as on the TVUS image sequences reshaped into a new spatiotemporal 

representation (Casorati matrix). The external square of the EHG electrode grid containing 28 

external channels are excluded due to the risk of poor contact between skin and sensor, which 

may occur at the edges. The input matrices were then decomposed into a new spatial singular 

vector basis U and a new temporal singular vector basis 𝑉𝑉 according to (68).  

For EHG (Figure 1 (1-b)), high-frequency noise and dynamics were described in the first 

singular values and vectors and the uterine activity appeared to be described by those close 

to the last singular values and vectors. On the contrary, for TVUS (Figure 8.1 (2-b)), stationary 

tissue and clutter were described by the first singular values and vectors while high-frequency 

noise was described by the last singular values and vectors. Slow uterine motion was expected 
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to be described by the singular values and vectors close to the first ones. By selecting a proper 

range (n, m) of singular values according to the ER metric in (2), the temporal variation signal,  

𝑉𝑉τ , was retrieved through a weighted sum operation as follows:  

                       1
𝑚𝑚−𝑛𝑛 ∑ λiV𝑖𝑖

Tm
i = n .                                                        Equation 8.1 

In this operation, the singular vectors  , carrying the temporal information, were multiplied 

by their weight factors (retrieved singular values) λi , and the results, represented by m−n 

weighted temporal vector, were added together to obtain the output temporal variation 

signal τ for both EHG and TVUS recordings.  

The EHG and TVUS temporal variation signals representing the electrical and mechanical 

uterine activity are shown in Figure 8.1 (1-b) and Figure  8.1 (2-b), respectively.  

For EHG analysis, the ER metric was obtained by integration of the power spectrum over the 

entire frequency band [𝑓𝑓0   = 0 Hz – 𝑓𝑓𝑠𝑠 (EHG)/2  = 512 Hz] and over the interval [𝑓𝑓1  = 0.3 – 𝑓𝑓2  

=  5 Hz] which was here chosen to reflect the EHG signal according to (259). All EHG and TVUS 

features were extracted from the FFT of the temporal variation signal following the same 

procedure described in Section Multi-modal feature extraction: Feature extraction by TUS 

speckle tracking and Feature extraction by SVD. In particular, EHG features were extracted in 

the frequency interval [f3  =  0 Hz – f4  =  5 Hz] based on the frequency content observed on 

the FFT of the time averaged signal; in fact, most of the information appeared to be 

characterized by very low-frequency content. In this way, a global assessment of the 

electromechanical uterine activity in time was obtained by reconstructing time signals that 

reflected the expected uterine activity in the IVF cycle. 

 
MACHINE LEARNING FRAMEWORK 
Three machine-learning models were implemented to classify successful and unsuccessful 

embryo implantation using both EHG and TVUS features.  

For each machine-learning model, feature selection was carried out to identify the optimum 

feature set using forward feature selection with a leave-one-out approach. The proposed 

classifiers were tested and trained in a nested cross validation (CV) loop, in the interest of 

reducing over-fitting estimating an unbiased generalization performance. In particular, as 

shown in Figure 8.2, our adopted strategy consisted of first performing forward-feature 

selection, then tuning the hyper-parameters of the classifiers in an inner CV loop and, finally, 

validating the output model on new data in an outer CV loop.  

 

T
kV

ur
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Figure 8.2  Overview of the machine-learning framework with nested cross validation. The entire nested 

cross validation loop starts after selecting a feature pool by correlation filtering. (1) The outer 

loop is used to validate the model selected by the inner CV loop (2). The original dataset (16 

observations) is divided in training set (15 observations) and test set (1 observation) by 

performing the leave-one-out method. (2) The inner CV loop is used for tuning the hyper-

parameters of the classifier. Here. the training set (15 observations). generated by the outer 

loop. is further divided in training set (14 observations) and test set (1 observation) in a  Leave-

one-out fashion. 

FEATURE SELECTION 
Feature selection is an important step in machine learning and it has several advantages such 

as, enabling the machine learning algorithm to train faster, reducing the complexity of the 

model and making it easier to interpret, improving the model accuracy if the right subset of 

features is chosen, and reducing over-fitting.  

Several methodologies and techniques can be employed to define a subset of the feature 

space and help the model performing better and efficiently. In this study, correlation filtering 

was first performed to reduce redundancy in the data by measuring the relevance of the 

features based on their correlation with the class labels (267).  

All features were ranked based on the obtained Pearson’s correlation coefficient and the top 

10 features were selected and used as the best subset of features.  

When the feature vector has multiple dimensions, less significant features might contribute 

as well to increase the performance of the classifier when combined with other features. A 
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wrapper method based on forward feature selection (268) was employed to search the 

optimum feature set that performs best in classifying successful and unsuccessful 

pregnancies.  

Briefly, the whole machine learning process started by loading one feature at the time. The 

feature giving the best performance was chosen first; additional features were, then, added 

incrementally. At each step, the combination of features that gave the largest improvement 

was chosen.  

The forward feature selection process stopped when the addition of a new feature did not 

improve the performance of the model.  

The scale of the features in the dataset varied greatly; discriminative machine learning 

techniques depend on the distance of observations, and this can produce a bias (269); 

therefore, prior to feature selection, the data were normalized to zero mean and unit 

variance.  

 

NESTED CROSS VALIDATION 
Generally, model selection with CV uses the same data to optimize the model parameters and 

evaluate the model performance. The resulting information may thus ‘leak’ into the model 

overfitting the data. The entity of this effect is mainly dependent on the size of the dataset 

and stability of the model (270).  

To avoid this problem, we employed nested CV, often used to train models in which hyper-

parameters also need optimization, that adequately uses a series of train/validation/test set 

splits. The nested CV consisted of an inner CV loop nested in an outer CV loop. After 

preforming correlation filtering to obtain a feature pool aiming at helping the model to make 

better prediction, first an inner CV loop Figure 8.2-2 was used to tune the hyper-parameters 

of the classifier. Second, an outer CV loop Figure 8.2-1 was used to validate the model selected 

by the inner CV loop on new data.  

The adopted approach consisted of splitting the set of n observation (16 patients) into a 

training and test set by using leave-one-out approach. In this way, the training set contained 

all but one observations while the test set contained only that one observation (Figure 8.2-1). 

For each training set, the inner CV loop was used for tuning the hyper-parameters of the model 

containing the first feature that was loaded. Here, the training set was split again into a 

training set (14 observations) and test set (1 observation) by leave-one-out. The model was 

trained with each hyper-parameter on the training set and evaluated on the test set, keeping 
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track of the performance metrics. This process was repeated as many times as the length of 

the training set (15 observations) foe each hyper-parameter. The hyper-parameters that 

showed the highest performance on the test set were then chosen to be the optimal ones. 

The outer CV loop (Figure 8.2-1) was then used to validate the model with the loaded feature 

and the best hyper-parameters selected in the training set (inner loop). The whole process 

was repeated 16 times such that each observation is used in the test set one time. Finally, the 

score for the 16 observations was saved and the highest score was chosen. Once all 16 

observations are tested, performance metrics are used for assessing the prediction 

performance of the full machine-learning models and the feature selection.  

Then, additional features were added incrementally, and the nested CV loop was again 

performed. Repeating the strategy described above, the combination of features that gave 

the most improvement was chosen.  

Based on the test set in the outer CV loop, a confusion matrix was obtained that describes the 

complete performance of the machine learning models (271). From this confusion matrix, 

accuracy, sensitivity, and specificity were derived for evaluating the performance of different 

feature combinations together with best hyper-parameters for the three adopted classifiers.  

The method used for optimizing the hyper-parameters was based on a full search where all 

possible combinations of values are tested together with the loaded features. For each feature 

and/or combination of features loaded into the model, hyper-parameter optimization was 

performed. Accuracy was also here adopted as performance metrics for choosing the best 

hyper-parameters in the inner CV loop.  

 
CLASSIFIER 
Three machine-learning models were employed to classify successful and unsuccessful 

pregnancy groups using the extracted EHG and TVUS features. The machine learning models 

are briefly introduced as follows: 

SUPPORT VECTOR MACHINE 
A Support Vector Machine (SVM) is a discriminative classifier formally defined by a separating 

hyperplane. SVM maps the input vector into a feature space of higher dimensionality and 

identifies the hyperplane that separates the observations into two classes (272). The marginal 

distance between the decision hyper-plane and the instances that are closest to the boundary 

between the two classes was maximized.  

In a real-life scenario, the data are not always linearly separable; therefore, a kernel trick can 

be applied for mapping the data to a higher dimension in order to achieve more effective data 



8

 

 Multi-Modal Uterine-Activity Measurements in IVF Patients 165 
 

separation (269). In this study, the radial based function (rbf) was chosen as a kernel trick. The 

optimization of the parameter setting was carried out in the inner CV loop for each feature 

combination.  

The optimization was achieved by a full grid search using exponentially growing sequences 

which have been shown to give the best results for optimizing SVM hyper-parameters (273). 

The ranges adopted in this study for hyper-parameter optimization by grid search are {10−6 , 

10−5 , ..., 105 , 106} for the cost and {2 −6 , 2 −5 , ..., 25 , 26} for the kernel scale. The optimum 

hyperparameter was then chosen based on the best performance score given by the accuracy 

metrics. 

K-NEAREST NEIGHBOURS’ 
K-nearest neighbours (KNN) is a simple classifier that can be used to classify multiple classes. 

KNN assumes similarity of observations in close proximity. In other words, an observation is 

classified by a majority vote of its neighbors, with the observation being assigned to the class 

most common among its K nearest neighbors measured by a similarity measure which was 

here chosen to be the Euclidean distance. The range adopted in this study for optimizing K 

was {1, 3, 5, 7, 9}. K was chosen to be odd number preventing the occurrence of a tie; 

moreover, it was limited to nine because higher K values did not increase the classifier 

performance. The best K was selected based on the accuracy metric. 

GAUSSIAN MIXTURE MODEL 
A Gaussian mixture model is a probabilistic model that assumes all the observations to be 

generated form a mixture of a finite number of Gaussian distributions with unknown 

parameters. The Gaussian distributions were estimated using an iterative Expectation 

Maximization algorithm which is based on computing the probability that an observation 

belongs to a distribution for all observations. From these posterior probabilities, mean and 

variance were computed by maximum-likelihood. The classes were separately modelled using 

a mixture of Gaussian distributions which were set to either one or two per class and subject 

to optimization. The class with the highest probability was selected by the classifier. 

 

STATISTICAL ANALYSIS 
Statistical analysis was performed to identify significant differences between the successful 

and unsuccessful pregnancy groups based on the extracted features by EHG and TVUS 

methods. Shapiro-Wilk test (212) was employed to assess data Gaussianity. Two-tailed 

Student’s test was performed for comparing the two groups for each adopted features in case 

of Gaussian distribution (p > 0.05), while Wilcoxon-sum rank test (274) was performed to 
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establish the significance level (p value) of the median differences for each adopted features 

in case of data not Gaussian distributed (p < 0.05). For all the analyses, the confidence level α 

was set at 0.05. 

 
RESULTS 
CLINICAL VARIABLES AND PREGNANCY OUTCOME 
Table 8.1 reports the main clinical variables, including the maternal age, indication for IVF/ICSI, 

fertilization method and embryo quality, between the successful (SP) and unsuccessful (FP) 

group. 
 

Table 8.1  Characteristics of the clinical variables. the values are given in terms of mean ± SD* or number 
(percentages)** of the successful (SP) and unsuccessful pregnancy (FP) group together with the 
p values obtained from two-tailed student’s t-test for gaussian distributed data.  

Variables Overall SP FP p-value 

Maternal age (years) * 32.1  ±  4.7 29.9  ±  3.9 33.9  ±  4.6 0.087 
Indication for IVF/ICSI**     0.509 

Tubal pathology 2 (12.5%) 1 (50.0%) 1 (50.0%)  
Unexplained infertility 4 (25.0%) 3 (75.0%) 1 (25.0%)  
Male subfertility 8 (50.0%) 3 (37.5%) 5 (62.5%)  
Hormonal disorders 3 (18.8%) 1 (33.3%) 2 (66.7%)  

 Repeated miscarriage 1 (6.3%) 0 (0.0%) 1 (100.0%)  
Fertilization method**    0.375 
 IVF 3 (18.8%) 2 (66.7%) 1 (33.3%)  
 ICSI 13 (81.2%) 5 (38.5%) 8 (61.5%)  
Embryo quality**     0.182 

Excellent  2 (12.5%) 2 (100.0%) 0 (0.0%)  
Good  10 (62.5%) 3 (30.0%) 7 (70.0%)  
Moderate 4 (25.0%) 2 (50.0%) 2 (50.0%)  
Poor  0 (0.0 %) 0 (0.0%) 0 (0.0%)  

 

STATISTICAL ANALYSIS OF EHG AND TVUS FEATURE POOL 
The feature pool obtained after correlation filtering are reported in Table 8.2 per each 

measurement phase together with their values and the statistical results. In particular, all EHG 

features were not Gaussian distributed (p < 0.05) according to the Shapiro-Wilk test. 

Therefore, successful and unsuccessful pregnancy groups were compared for each adopted 

EHG feature by Wilcoxon-signed rank test to establish the significance level (p value) of the 

median differences. All the adopted EHG features did not significantly differ and their p values 

are reported together with their median and interquartile range (IQR) values.  

According to the Shapiro-Wilk test, all TVUS features were instead Gaussian distributed (p >  

0.05). Therefore, two-tailed Student’s t-test was performed for comparing successful and 

unsuccessful pregnancy groups for each adopted TVUS features. The significance of feature 
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differences able to separate successful and unsuccessful pregnancy groups for features 

extracted by speckle tracking and SVD methods, respectively, are reported in Table 8.2 

together with their mean and standard deviation (SD) values. 

 

CLASSIFICATION RESULTS 
Table 8.3, Table 8.4, Table 8.5 and Table 8.6 report the performance of different feature 

combinations in terms of accuracy, sensitivity, and specificity using the three adopted 

classifiers. The performance is reported per each measurement phase. The best performance 

of each machine learning method using its own optimum feature set is highlighted in each 

table in light grey colour. 
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Table 8.2.  Feature pool selected after correlation filtering per each measurement phase.   
The values are given in terms of mean ± SD of the successful (SP) and unsuccessful pregnancy 
(FP) group together with the p values obtained from two-tailed Student's t-test for Gaussian 
distributed data. In case of non-Gaussian distributed data, the values are reported in terms of 
median and interquartile range (IQR) together with the p values obtained from Wilcoxon-
signed rank test. 

MEASUREMENT PHASE: OS (Ovarian stimulation) 

Feature Method SP FP p-value 

F1 OS: MDF (DT) [Hz] TVUS speckle tracking 0.030  ±  0.003 0.034  ±  0.003 0.041* 

F2 OS: 𝑓𝑓𝑐𝑐  (DL) [UC/min] TVUS speckle tracking 1.154  ±  0.252 1.500  ±  0.003 0.103 

F3 OS: MF [Hz] TVUS - SVD 1.043  ±  0.003 0.040  ±  0.003 0.021* 

F4 OS: MDF [Hz] TVUS – SVD 0.046  ±  0.006 0.041  ±  0.006 0.031* 

F5 OS: 𝑓𝑓𝑐𝑐  (SL) [UC/min] TVUS speckle tracking 2.907  ±  0.230 3.030  ±  0.006 0.271 

F6 OS: 𝑓𝑓𝑐𝑐  (DT) [UC/min] TVUS speckle tracking 1.253  ±  0.414 1.455  ±  0.006 0.282 

F7 OS: MF (DT) [Hz] TVUS speckle tracking 0.033  ±  0.001 0.034  ±  0.002 0.336 

F8 OS: MF (DL) [Hz] TVUS speckle tracking 0.034  ±  0.002 0.035  ±  0.002 0.384 

F9 OS: 𝑓𝑓𝑐𝑐  [UC/min] TVUS – SVD 2.754  ±  0.255 2.532  ±  0.602 0.048* 

F10 OS: MDF [Hz] EHG 0.477 (IQR: 0.338) 0.605 (IQR: 0.588) 0.812 

MEASUREMENT PHASE: ET1  (one hour before embryo transfer ) 

Feature Method SP FP p-value 

F1 ET1: 𝑓𝑓𝑐𝑐  (DL) [UC/min] TVUS speckle tracking 1.452  ±  0.388 0.930  ±  0.301 0.006* 

F2 ET1: MDF (SL)  [Hz] TVUS speckle tracking 0.048  ±  0.002 0.050  ±  0.002 0.171 

F3 ET1: UFM [mV Hz3/2] EHG - SVD 0.8x108 (IQR: 5.2x108) 1.2x108 (IQR: 1.7x108) 0.937 

F4 ET1: SD [mV] EHG – SVD 0.88 (IQR: 0.08x10-2) 1.07 (IQR:0.02x10-2) 0.938 

F5 ET1: 𝑓𝑓𝑐𝑐  (DT) [UC/min] TVUS speckle tracking 1.508  ±  0.600 1.241  ±  0.290 0.289 

F6 ET1: 𝑓𝑓𝑐𝑐  (ST) [UC/min] TVUS speckle tracking 3.214  ±  0.536 2.870  ±  0.632 0.298 

F7 ET1: MF (DT) [Hz] TVUS speckle tracking 0.035  ±  0.003 0.033  ±  0.003 0.313 

F8 ET1: SD (DT) [pix] TVUS speckle tracking 1.054  ±  0.540 0.836  ±  0.303 0.355 

F9 ET1: MF (ST) [Hz] TVUS speckle tracking 0.048  ±  0.004 0.047  ±  0.003 0.453 

F10 ET1: MDF (ST) [Hz] TVUS  speckle tracking 0.051  ±  0.005 0.050  ±  0.004 0.459 

MEASUREMENT PHASE: ET5-7  (five to seven after embryo transfer ) 

Feature Method SP FP p-value 

F1 ET5-7: MDF (ST) [Hz] TVUS speckle tracking 0.050  ±  0.003 0.045  ±  0.004 0.042* 

F2 ET5-7: MF (DT)  [Hz] TVUS speckle tracking 0.035  ±  0.001 0.032  ±  0.003 0.032* 

F3 ET5-7: MDF (DT) [Hz] TVUS speckle tracking 0.032  ±  0.001 0.028  ±  0.004 0.098 

F4 ET5-7: 𝑓𝑓𝑐𝑐  (DT) [UC/min] TVUS speckle tracking 1.466  ±  0.441 1.099  ±  0.420 0.135 

F5 ET5-7: 𝑓𝑓𝑐𝑐  [UC/min] TVUS - SVD 2.320  ±  0.416 1.999  ±  0.365 0.225 

F6 ET5-7: 𝑓𝑓𝑐𝑐  (SL) [UC/min] TVUS speckle tracking 2.882  ±  0.350 3.207  ±  0.437 0.155 

F7 ET5-7: MDF [Hz] EHG 0.576 (IQR: 0.170) 0.653 (IQR: 0.231) 0.218 

F8 ET5-7: MF (ST) [Hz] TVUS speckle tracking 0.046  ±  0.002 0.045  ±  0.003 0.246 

F9 ET5-7: SD  [mV] EHG - SVD 0.398 (IQR: 0.730) 1.664 (IQR: 4.797) 0.578 

F10 ET5-7: MDF (SL) [Hz] TVUS speckle tracking 0.047  ±  0.002 0.046  ±  0.002 0.505 

* = p  <  0.05 according to the two-tailed Student's t-test; (DL) and (DT): feature extracted from the distance signal along the 
longitudinal and transversal direction. respectively; (SL) and (ST): feature extracted from the strain signal along the longitudinal and 
transversal direction. respectively. 
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Table 8.3.  Performance of different feature combinations using the Support Vector Machine in the three  
considered measurement phases. The optimum feature set is highlighted in grey. 

MEASUREMENT PHASE: OS (Ovarian stimulation) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F7 OS} 87.5 % 71.4 % 100 % 

2 {F7 OS. F4 OS} 75.0 % 85.7 % 66.7 % 

3 {F7 OS. F4 OS. F1 OS} 87.5 % 71.4 % 100 % 

4 {F7 OS. F4 OS. F1 OS. F9 OS} 93.8 % 100 % 88.9 % 

5 {F7 OS. F4 OS. F1 OS. F9 OS. F2 OS} 68.8 % 71.4 % 66.7 % 

MEASUREMENT PHASE: ET1  (one hour before embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F1 ET1} 81.3 % 57.1 % 100 % 

2 {F1 ET1. F3 ET1} 93.8 % 85.7 % 100 % 

3 {F1 ET1. F3 ET1. F4 ET1} 93.8 % 85.7 % 100 % 

4 {F1 ET1. F3 ET1. F4 ET1. F5 ET1} 93.8 % 100 % 88.9 % 

5 {F1 ET1. F3 ET1. F4 ET1. F5 ET1. F7 ET1} 87.5 % 71.4 % 100 % 

MEASUREMENT PHASE: ET5-7 (five to seven days after embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F3 ET5-7} 68.8 % 42.9 % 88.9 % 

2 {F3 ET5-7. F6 ET5-7} 75.0 % 71.4 % 77.8 % 

3 {F3 ET5-7. F6 ET5-7. F1 ET5-7} 75.0 % 71.4 % 77.8 % 

4 {F3 ET5-7. F6 ET5-7. F1 ET5-7. F5 ET5-7} 75.0 % 57.1 % 88.9 % 

5 {F3 ET5-7. F6 ET5-7. F1 ET5-7. F5 ET5-7. F2 ET5-7} 81.3 % 71.4 % 88.9 % 

6 {F3 ET5-7. F6 ET5-7. F1 ET5-7. F5 ET5-7. F2 ET5-7. F9 ET5-7} 87.5 % 71.4 % 100 % 

7 {F3 ET5-7. F6 ET5-7. F1 ET5-7. F5 ET5-7. F2 ET5-7. F9 ET5-7. F4 ET5-7 } 75.0 % 57.1 % 88.9 % 
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Table 8.5  Performance of different feature combinations using the K-Nearest neighbours  
in the three considered measurement phases. The optimum feature set is highlighted in grey. 

MEASUREMENT PHASE: OS (Ovarian stimulation) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F1 OS} 75.0 % 57.2 % 88.9 % 

2 {F1 OS. F2 OS} 81.3 % 71.4 % 88.9 % 

3 {F1 OS. F2 OS. F4 OS} 87.5 % 71.4 % 88.9 % 

4 {F1 OS. F2 OS. F4 OS. F10 OS} 93.8 % 100 % 88.9 % 

5 {F1 OS. F2 OS. F4 OS. F10 OS. F3 OS} 87.5 % 100 % 77.8 % 

MEASUREMENT PHASE: ET1  (one hour before embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F1 ET1} 87.5 % 71.4 % 100 % 

2 {F1 ET1. F5 ET1} 87.5 % 71.4 % 100 % 

3 {F1 ET1. F5 ET1. F4 ET1} 87.5 % 71.4 % 100 % 

4 {F1 ET1. F5 ET1. F4 ET1. F8 ET1} 93.8 % 85.7 % 100 % 

5 {F1 ET1. F5 ET1. F4 ET1. F8 ET1. F3 ET1} 93.8 % 85.7 % 100 % 

6 {F1 ET1. F5 ET1. F4 ET1. F8 ET1. F3 ET1. F2 ET1 } 87.5 % 85.7 % 88.9 % 

MEASUREMENT PHASE: ET5-7 (five to seven days after embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F3 ET5-7} 81.3 % 74.1 % 88.9 % 

2 {F3 ET5-7. F6 ET5-7} 87.5 % 71.4 % 100 % 

3 {F3 ET5-7. F6 ET5-7. F8 ET5-7} 87.5 % 71.4 % 100 % 

4 {F3 ET5-7. F6 ET5-7. F8 ET5-7. F2 ET5-7} 75.0 % 71.4 % 77.8 % 

 
 
Table 8.6  Performance of different feature combinations using the Gaussian Mixture Model in the three 

considered measurement phases. The optimum feature set is highlighted in grey. 
 

MEASUREMENT PHASE: OS (Ovarian stimulation) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F6 OS} 75.0 % 57.1 % 88.9 % 

2 {F6 OS. F9 OS} 56.3 % 42.9 % 66.7 % 

MEASUREMENT PHASE: ET1  (one hour before embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F1 ET1} 81.3 % 71.4 % 88.9 % 

2 {F1 ET1. F3 ET1} 87.5 % 87.5 % 88.9 % 

3 {F1 ET1. F3 ET1. F10 ET1} 81.3 % 85.7 % 77.8 % 

MEASUREMENT PHASE: ET5-7 (five to seven days after embryo transfer) 

Iteration Feature Accuracy (%) Sensitivity (%) Specificity (%) 

1 {F7 ET5-7} 75.0 % 100 % 55.6 % 

2 {F7 ET5-7. F8 ET5-7} 75.0 % 85.7 % 77.8 % 

3 {F7 ET5-7. F8 ET5-7. F4 ET5-7} 75.0 % 85.7 % 66.7 % 

4 {F7 ET5-7. F8 ET5-7. F4 ET5-7. F5 ET5-7} 62.5 % 57.1 % 66.7 % 
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DISCUSSION 
In this study, we assessed the clinical value of our proposed methods for uterine activity 

analysis in the context of IVF procedure and we explored classification pregnancy success 

initiated by IVF using frequency-, amplitude-, and energy related features extracted form EHG 

and TVUS motion signals. A crucial task for pregnancy prediction is identifying effective feature 

combinations able to distinguish successful and unsuccessful pregnancy groups. To this end, 

multiple features were combined to serve as input for the proposed machine-learning models, 

and forward-feature selection was employed to find the optimum feature set. Three classifiers 

were employed and compared on the same database. Hyperparameter optimization was 

performed in a nested-cross validation loop.  

When an individual feature was used, 𝑓𝑓𝑐𝑐  (DL) (contraction frequency extracted from the 

distance along the longitudinal direction by TVUS speckle tracking method) provided the best 

accuracy performance on SVM (81.3%), KNN (87.5%), and GMM (81.3%) during ET1 phase, 

e.g., one hour before embryo transfer. Moreover, this features showed already significant 

separation (p < 0.05) between successful and unsuccessful pregnancy outside a machine-

learning framework, as also shown in Table 8.2.  

According to Tables 8.3 and 8.5 individual frequency features such as MF (DT) and MDF (DT) 

also provided a good performance on SVM (87.5%) in the OS phase, and on KNN (81.35%) in 

the ET5-7 phase, respectively. These results indicate that frequency-related features can 

distinguish between successful and unsuccessful pregnancies in a machine-learning 

framework. However, these two features did not significantly separate the two group outside 

the machine-learning framework (Table 8.2). Further in the selection procedure, different 

features were added into each optimum feature set leading to an improved classification 

performance.  

Besides the best individual features 𝑓𝑓𝑐𝑐  (DL), MF (DT), and MDF (DT), there are common 

features included in the optimum feature set of the three machine-learning models in the 

three measurement phases. In particular, during the ET1 phase, the feature UFM (extracted 

by EHG-based SVD) for SVM and the feature SD (extracted by EHG-based SVD) for ET, might 

favour successful embryo implantation and, thus, successful IVF treatment. It would be 

reasonable to think that the embryo, once inserted into the uterine cavity, needs contractions 

in order to bind to the uterine wall and implant. On the other hand, these contractions should 

not be strong in terms of amplitude and energy as they could cause the expulsion of the 

embryo out of the uterine cavity.  
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The optimum feature sets of SVM and KNN classifiers may also suggest that a complete 

characterization of the uterine activity in terms of frequency, energy, and amplitude is needed 

for prediction of IVF success.  

An interesting result concerns the strongest single feature 𝑓𝑓𝑐𝑐  (DL); the obtained mean values 

are comparable to what is reported in (245), where the highest pregnancy rate (63.55%) was 

observed in women with 𝑓𝑓𝑐𝑐  in the range 1.1 - 2.0 UC/min while women with 𝑓𝑓𝑐𝑐  ≤ 1.0 UC/min 

presented reduced pregnancy rate (58.97%), which became even lower (6.25% and 0.00%) for 

𝑓𝑓𝑐𝑐  > 3.1 UC/min. In our study we could not observe 𝑓𝑓𝑐𝑐  higher than 2.0 UC/min for the 

unsuccessful pregnancy group; a possible reason may reside in our small dataset compared to 

the large dataset (292 women) included in (245). Also Woolcott et.al. (275) reported that 

improved IVF outcome was obtained when uterine activity was present just before the ET in 

comparison with cases in which it was absent.  

Based on the optimum feature set of each classifier, mostly consisting of frequency features, 

the characterization of the uterine activity in terms of frequency is dependent on the classifier; 

it is therefore difficult to generalize on the uterine activity-characteristics required for 

prediction of successful pregnancy.  

In general, the obtained predictions of embryo implantation during the ET5-7 phase was poor. 

Unfortunately, there is no literature on uterine activity in relation to IVF outcome during this 

phase; based on our results, we can only speculate about the fact that the embryo is expected 

to be already implanted at this stage of the IVF cycle; therefore, the uterine contractions might 

no longer hinder the embryo nesting process in the uterine wall.  

The uterine activity is a complex phenomenon involving either the outer or inner muscle layers 

with generalized and local consequences. Therefore, in this study, we combined EHG and B-

mode TVUS motion analysis for a complete assessment of electromechanical uterine activity. 

In particular, we assessed local uterine activity by tracking specific areas of the 

subendometrial layer as well as global uterine activity by EHG analysis, being more sensitive 

to the outer muscle layer, and by deriving the temporal variation signals after SVD 

decomposition of both EHG and TVUS recordings. The proposed approach based on SVD only 

shows promise. This is also confirmed by the number of features included in the optimum 

feature set of each classifier in the three measurement phases. In particular, the features F3OS 

and F4OS (mean and median frequency extracted from the TVUS temporal variation signal) 

significantly (p < 0.05) separated successful and unsuccessful pregnancy group in the OS phase 

outside the machine-learning framework.  
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The frequency band used in this study for calculating the energy ratio metric for singular value 

selection both in EHG and B-mode TVUS recordings was based on the contraction frequency 

observed in (68,259). Future studies with larger datasets should also investigate different 

frequency bands based on our results.  

Besides frequency-, energy-, and amplitude-related features, uterine activity patterns appear 

to be a promising feature of uterine receptivity, at least in natural menstrual cycles (210,276). 

In IVF cycles, specific wave-like activity patterns are associated to the occurrence of pregnancy 

(210,277). Therefore, the estimation of additional features representative of the 

spatiotemporal uterine activity patterns, such as propagation direction and velocity, could add 

relevant information to our machine-learning framework for the predictability of a successful 

embryo implantation. No correlation was found between implantation/pregnancy outcome 

and the clinical variables, such as maternal age, indication for IVF/ICSI and embryo quality. 

The predictive value of uterine activity was independent of clinical variables evidencing the 

potential of the proposed method in characterizing uterine activity for successful embryo 

implantation.  

In the future, optimization of IVF treatment protocols based on patient characteristics could 

also be carried out by e.g. personalizing the dose of medications administrated during the IVF 

treatment before ET to modulate uterine activity for approaching optimal range. In the 

presence of unfavourable uterine activity, classification would permit proper decision making, 

either delaying ET to later natural cycles by freezing the embryos or modulating uterine 

activity by specific and precise pharmacological intervention with e.g. oxytocin antagonists, 

such as Atosiban, Nolasiban, and Barusiban, for favouring embryo implantation (256–258). 

The size of a dataset is often responsible for poor performances in machine learning and the 

predictive power of the classifiers is largely dependent on the quality and size of the training 

sample. Dealing with small data is by far more challenging than large data and it is difficult to 

precisely estimate the minimum amount of data required for an artificial intelligence project 

(278). In general, the simpler the machine learning algorithm is (models with low complexity 

or high bias), the better it will learn from small datasets. In this study we employed standard 

machine learning classifiers, such as SVM, KNN, and GMM, adopting the strategy of reducing 

the number of features and optimizing the hyper-parameters in a nested cross-validation loop 

to mitigate over-fitting problems as well as to improve the performance of the model.  

As improvement to the classifier it might be interesting to look at other feature reduction 

techniques like backwards feature selection or a feature filter based on mutual information. 
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These techniques can help reduce over-fitting during the optimization process (279). If a larger 

dataset would become available in the future other cross validation methods, like K-fold cross 

validation, can be tested besides the leave one-out method. This type of cross validation 

methods are expected to produce less variance in the performance metrics (279).  

Despite the small dataset, the presented work represents a first step toward better embryo 

implantation prediction, showing already the ability to classify successful and unsuccessful 

pregnancy when measuring the uterine activity one hour before ET. The clinical value of our 

proposed method requires however extensive validation in vivo during the IVF cycle; this can 

spur additional insight expanding our knowledge on the electromechanical uterine activity 

and its role in conception and fertilization. 

 
CONCLUSION 
Implantation is a well-organized process that involves an interaction between uterine 

receptivity and embryos. Therefore, assessing uterine receptivity and embryo quality plays an 

important role for improved IVF success rate. However, the complexity of the underlying 

molecular, physiological, hormonal, and mechanical mechanisms that orchestrate the 

implantation process are not fully understood yet (39,92,280). In this work, we focused on 

understanding the role of uterine activity in influencing uterine receptivity, especially during 

ET, which it has always been limited by the lack of quantitative measurement tools. The 

possibility to objectively and noninvasively measure and classify uterine activity outside 

pregnancy represents a fundamental step towards improved embryo implantation and thus 

IVF treatment. In this study, probabilistic classification of the electromechanical uterine 

activity, as either favourable or adverse to ET, was investigated by machine learning. Enabled 

by the adopted multi-modal EHG and TVUS acquisitions of the uterine activity, frequency-, 

amplitude-, and energy-related features were extracted from the recorded signals and 

optimally combined by three machine-learning models; a forward-feature selection procedure 

was employed to find the optimum feature set in each of the three measurement phases. Our 

classification results reveal that among the three considered classifiers, the SVM and KNN 

produced higher accuracy. In particular, the highest accuracy (93.8%) was obtained when 

measuring during the ovarian stimulation and one hour before ET; in fact predicting before 

the ET has more impact on clinical practice. Lower accuracy (87.5%) was instead achieved 

when measuring five to seven days after ET. Frequency-, energy-, and amplitude-related 

features such as contraction frequency, unnormalized first moment and standard deviation, 
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respectively, obtained from TVUS motion and EHG analysis, were included in the optimum 

feature sets of the SVM and KNN; this suggests that the ability of these features to separate 

successful and unsuccessful pregnancy is independent of classifiers. Our classification results 

show that a multi-parametric strategy is feasible, and the obtained best features may 

contribute to produce the best prediction of embryo implantation improving the IVF 

procedure. Yet, a larger dataset is required for improved training of the considered classifiers. 

The use of predictive sets of markers may prove to be more reliable than a single marker. 

Therefore, it is essential to consider all contributing factors, e.g., those related to uterine 

physiology, hormonal changes, molecular signalling networks, embryo quality, and uterine 

activity, for improving embryo implantation prediction. Continuing refinements to IVF 

protocols, such as optimizing ovarian stimulation regimens, the timing of human chorionic 

gonadotrophin injection, and embryo transfer, as well as assessment of both embryo quality 

and uterine contractility are expected to produce improved implantation rates in the future 

(280,281). 
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ABSTRACT 
STUDY QUESTION  
Is the implantation impaired in patients with endometriosis in In Vitro 

Fertilization/Intracytoplasmatic Sperm Injection (IVF/ICSI) cycles? 

DESIGN  
A retrospective matched cohort study was performed on IVF/ICSI cycles with fresh single 

embryo transfer (SET) at the department of Assisted Reproductive Medicine at Ghent 

University Hospital, Belgium, between July 2015 - August 2017 (n = 1053). A total of 118 

endometriosis cases were matched 1:1 to 118 couples diagnosed with male subfertility and 

stratified by embryo quality (identical ALPHA grading categories), female age (± 1 year) and 

parity (± 1 delivery). Endometriosis was diagnosed by transvaginal ultrasound, magnetic 

resonance imaging or laparoscopy and was classified based on the revised American Society 

for Reproductive Medicine score into grade I/II vs. grade III/IV. Male subfertility was defined 

by the World Health Organization criteria (5th edition).  

RESULTS 
When compared with endometriosis cases control couples with male subfertility had 

significantly higher rates of positive human chorionic gonadotropin (HCG) test on day 16 (p = 

0.047; OR = 2.077;CI = [1.009- 4.276]), ongoing implantation (defined as a positive fetal heart 

rate on TVUS at a gestational age of at least 6,5-7 weeks) (p = 0.038; OR = 2.265;CI = [1.048- 

4.893]), ongoing pregnancy (defined by a vital pregnancy at 11 weeks) (p = 0.046; OR = 2.292; 

CI = [1.016- 5.173]) and live birth (p = 0.043; OR = 2.502; CI = [1.029- 6.087]).  

CONCLUSIONS 
After matching for embryo quality, woman’s age and parity, rates of positive HCG tests, 

ongoing implantation, ongoing pregnancy and live birth were more than two times higher in 

the control group compared with endometriosis cases. 
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INTRODUCTION 
Endometriosis is a benign, gynaecological pathology defined by the presence of endometrial-

like glands and stroma outside the uterus. It affects approximately 10% of the female 

population, with a prevalence peaking during reproductive life (282–286). Three main 

phenotypes can be distinguished: endometriomas, superficial endometriosis and deep 

infiltrating endometriosis (DIE), and a broad spectrum of symptoms can be present, of which 

dysmenorrhea is the most common (284,287,288).  

Endometriosis remains an important study domain due to the association with subfertility, as 

lower pregnancy outcomes in IVF (In Vitro Fertilization) and ICSI (Intracytoplasmatic sperm 

injection) cycles have been described, although the mechanism causing this subfertility 

remains ambiguous (24,25). For successful embryo implantation, both a good quality embryo 

and optimal endometrial receptivity are needed. Most studies on endometriosis have focused 

on the ovarian function and described a lower number of retrieved oocytes and lower oocyte 

quality, although embryo quality did not seem impaired (19–23,289,290). However, the 

impact of endometriosis on the uterine receptivity is still under debate (19,21,24–27,291–

293). Recent literature is shifting its focus to this uterine factor, partly due to the growing 

interest in adenomyosis, a uterine pathology defined by the presence of basal endometrial 

glands and stroma in the myometrium. Adenomyosis is associated with implantation failure, 

and is closely related to endometriosis in literature (95,294–298).  

In summary, it remains unclear whether the ovarian or the uterine factor is the main cause for 

endometriosis-associated subfertility. In contrast to the majority of publications focusing on 

oocyte/embryo impairment, the aim of this study was to analyse implantation after transfer 

of equal-quality embryos, compared between women with endometriosis, and couples 

diagnosed with male subfertility without any known female subfertility cause and thus 

treatments, where the uterine factor was presumed to be normal. 

 

MATERIAL AND METHODS 
STUDY DESIGN 
A single-center retrospective matched cohort study was developed at the Department for 

Reproductive Medicine at Ghent University Hospital in Belgium. This study was approved in 

May 2017 by the hospital’s Ethics Committee (EC/2017/0756). All first, fresh IVF/ICSI cycles 

within the study period between 01/07/2015-31/08/2017 resulting in a single embryo transfer 

(SET) on day 5 were assessed for eligibility for inclusion (n = 1053). The start of the study period 



 180 | Uterine Quality 
 

was determined by the start of employing a new electronic health record system (IDEAS 

version 6.0, Mellowood Medical, Canada) to obtain more complete data. Follow-up and data 

collection was pursued until August 2018.  

 

SELECTION OF THE STUDY POPULATIONS  
Within the 1053 eligible cycles, couples with endometriosis and sole male subfertility were 

selected based on inclusion criteria as described below. 571 couples were excluded because 

of other fertility issues or the combination of male subfertility with other fertility diagnoses. 

One endometriosis patient was excluded because of previous chemotherapy. To define the 

endometriosis group, a previous confirmed diagnosis by laparoscopy, Magnetic Resonance 

Imaging (MRI) or Transvaginal ultrasound (TVUS) was required. One diagnostic method was 

linked to every patient (laparoscopy preferred above MRI, and MRI above TVUS). This resulted 

in an endometriosis population including 121 patients. Only seven (5.8%) of the 121 

endometriosis cases were diagnosed by TVUS. 6 out of the 7 patients diagnosed by TVUS had 

endometrioma-like cysts on ultrasound, resulting in the endometriosis diagnosis and one 

patient had a description of ‘endometriosis signs’ in the patient file. The stage of 

endometriosis was classified based on the revised American Society for Reproductive 

Medicine (rASRM) criteria (299). Patients who had previous surgery or pharmacological 

treatment were not excluded. 

Couples diagnosed with sole male subfertility, defined by the WHO criteria (2010) and with 

exclusion of co-existing female pathologies, was applied as control population, resulting in 361 

patients (Figure 9.1 for patient selection).  

Female age, male age, Anti-Müllerian hormone (AMH) and number of IVF/ICSI cycles were not 

significantly different between the endometriosis patients, couples with male subfertility and 

the total population, demonstrating the representativeness of the samples (Table 9.1). 

Endometriosis was present in 11.5% of the total study population (121/1053). 

Endometriosis patients were automatically matched 1:1 to couples diagnosed with male 

subfertility in SPSS, based on embryo quality (exact matching on 4 categories), female age ( ± 

1 year) and parity (previous live birth or stillbirth; ± 1 delivery). Only 118 of the 121 

endometriosis patients could be matched based on these criteria, resulting in 118 cases and 

118 controls. Matching on embryo quality was applied to observe implantation outcomes 

after equal-quality embryo transfer, reducing influence of possible ovarian alterations, next 
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to matching on age and parity to correct for age-related subfertility and reproductive history 

(300). 

 
Figure 9.1 Flow chart of patient enrolment. 

 

ASSISTED REPRODUCTIVE TECHNOLOGY (ART) PROTOCOL  
At Ghent University Hospital, three different ovarian stimulation protocols were applied: the 

short agonist, long agonist and short antagonist protocol, as previously described by Blank et 

al. (160). The short agonist protocol (standard protocol), starts with at least 2 weeks of oral 

contraceptives (OC; Microgynon® 50), followed by GnRH analogues (day 3-9; Decapeptyl® 

subcutaneous (SC) 0,1mg/d) and follicle stimulating hormone (FSH) (from day 5 until day of 

HCG (Human chorionic gonadotropin) administration; Gonal-F®, Menopur®, Puregon® or 

Fostimon®, SC 150 IU/d). The long agonist protocol adds, after 2 weeks of OC, a decapeptyl 

administration for 2 weeks (Decapeptyl Depot® or daily SC 0,1mg/d). Thereafter, in both 

protocols, if a basal endometrium is observed on TVUS, OC were interrupted and FSH was 

started on day 7 until HCG administration. If not, two weeks of OC were added, followed by 

identical steps as described above. The short antagonist protocol applies no OC and starts FSH 

on day 3 of the natural cycle until the HCG administration. On day 6, a GnRH antagonist,  
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Cetrotide® SC 0,25mg/d, was added. The initiating FSH dose was based on age, serum AMH 

and FSH (18). 

ICSI was indicated in the following cases: 1) number of motile spermatozoa < 1.106; 2) normal 

morphology < 1%; 3) azoospermia wherefore TESE/MESA (Testicular sperm 

extraction/Microsurgical Epididymal Sperm Aspiration) ; 4) failed previous IVF cycles with < 

40-50% fertilized oocytes; 5) failed previous intrauterine insemination (IUI); 6) low number of 

oocytes; 7) donor oocytes; however, indications could be modified based on the opinion of 

the gynaecologist and the couple.  

Embryo quality was scored on day 5, the day of transfer, according to Gardner and Schoolcraft 

criteria, including blastocyst expansion and stage of hatching (score 1-5), inner cell mass (A-D) 

and trophectoderm (A-D) (142,162), and afterwards divided into 4 categories, i.e. excellent, 

good, moderate and poor quality (Table 9.2).  

 
Table 9.2  Embryo scoring system on day 5. In Ghent University Hospital the embryo scoring system is `

 based on the Gardner and Schoolcraft classification. 

 
 
MEASUREMENT OUTCOMES 
On day 16 after ET, an hCG serum test was performed (HCGd16). At 6.5-7 weeks of pregnancy, 

a TVUS was used to evaluate the presence of an intrauterine gestational sac and a fetal heart 

rate (FHR), defining an ongoing implantation (OI). An ongoing pregnancy (OP) was defined by 

a vital pregnancy at 11 weeks and, finally, live birth rate (LBR) was evaluated by a 

questionnaire at 40 weeks. 

 

 Cell stage Inner cell mass (ICM) Trophectoderm (TE) 
Excellent quality 4 or 5 A A or B 
Good quality 4 or 5 A C 
  4 or 5 B or C any 
  3 A or B any 
  3 C A or B 
Moderate quality 3 C C 
  1 or 2 / / 
Poor quality any other combination 
Cell stage: 1  =  Early blastocyst, 2  =  Blastocyst with blastocoele ≤50% of embryo volume, 3  =  Blastocyst with blastocoele   > 
50% of embryo volume, 4  =  Expanded blastocyst, blastocoele  >  an early embryo and thinning zona, 5  =  Hatching blastocyst 
with expanding trophectoderm 
 
ICM: A  =  Tightly packed, many cells, B  =  loosely grouped, several cells, C  =  Very few cells, D  =  Degenerated or missing 
 
TE: A  =  Many cells forming a cohesive epithelium, B  =  few cells forming a loose epithelium, C  =  very few large cells, D  =  
Degenerated or missing  
 
* Published as supplementary material 
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STATISTICAL ANALYSES 
Statistics were performed in SPSS (Statistics Package for Social Sciences; version 25, Chicago, 

IL, USA). A normal distribution was determined by the Q-Q plots, skewness and kurtosis values, 

and the distribution of the histograms. All statistical analyses were tested 2-sided and P < 0.05 

was considered statistically significant. Wilson score confidence intervals were applied to 

determine if significant differences in proportions were present between subcategories within 

a variable; if 0.5 is part of the calculated interval no significant difference between the 

subcategories is present. To compare continuous variables between more than 2 samples, 

following unpaired tests were applied. The one-way ANOVA was applied if variables were 

considered normally distributed in all groups and equal variances could be assumed following 

Levene’s test (p ≥ 0.05). If equal variances could not be assumed, the Welch’s F-test was 

interpreted. The Kruskal-Wallis test was applied for non-normally distributed variables. To 

compare continuous variables between both source populations or the cases versus controls, 

unpaired tests involving 2 samples were applied. The unpaired Student’s t-test was applied 

for normally distributed variables if equal variances could be assumed following Levene’s test 

(p ≥ 0.05). If no equal variances were present, the Welch’s F-test was interpreted. The Mann-

Whitney U test was applied for non-normally distributed variables. To compare categorical 

variables between two samples, Chi square tests (χ2) were applied. The χ2 test was 

interpreted if following requirements were fulfilled 1) ≤20% of the contingency cells have 

expected values < 5; 2) no cells have an expected value < 1. If the requirements were not 

fulfilled, the Fisher’s Exact test was applied. Post hoc χ2 and Fisher’s Exact tests were executed 

if needed, by applying a Bonferroni correction, with pi ≤ ∝k (k = number of paired tests). To 

analyze the impact of endometriosis on ART outcomes, firstly, univariate tests were applied. 

Afterwards, a multiple logistic regression (MLR) model was designed to evaluate the presence 

possible confounders. The enter method was applied to include the following variables 1) the 

matching variables: embryo quality, female age and parity as matching does not exclude 

confounding; 2) the independent variables that reached significance in the univariate 

descriptive analyses, if clinically relevant. The largest subcategories were selected as reference 

category.  
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RESULTS 
OVARIAN AND EMBRYO CHARACTERISTICS BEFORE MATCHING 
Prior to matching, oocyte and embryo characteristics were compared between the general 

endometriosis population (n = 121) and the population diagnosed with male subfertility (n = 

361), as shown in Table 9.3. No significant differences were detected in AMH (p = 0.112), 

number of stimulation days (p = 0.848), number of follicles after stimulation (p = 0.295) and 

fertilization rate (p = 0.128). However, a statistically significant difference was found in 

stimulation protocol (p < 0.001, Post hoc 𝜒𝜒 tests: the long agonist vs. the short agonist protocol 

(p < 0.001) and the antagonist protocol (p < 0.001)), with a more frequent application of the 

long agonist protocol and less frequent use of the short agonist and antagonist protocols in 

the endometriosis group. The number of oocytes retrieved was significantly lower (p < 0.001), 

5.5 ± 3.26 in the endometriosis group compared with 6.1 ± 3.30 in the couples diagnosed with 

male subfertility. Embryo quality also differed significantly between the two groups (p = 0.020, 

Post hoc 𝜒𝜒 tests poor vs. excellent (p = 0.002), good (p = 0.028) and moderate quality embryos 

(p = 0.014)), with a higher proportion of poorer quality embryos and a lower proportion of 

excellent, good and moderate quality embryos in total in the endometriosis group. 

 

Table 9.3  Oocyte and embryo characteristics in the general endometriosis population compared with the 
general population of couples with male subfertility (before matching).  

  
  

Endometriosis 
(n = 121) 

Male subfertility 
(n = 361) 

p value 

N (missing) Statistical 
dispersiona 

N (missing) Statistical 
dispersiona 

AMH (µgram/L) 113 (8) 1.92 [1.04;3.15] 298 (63) 2.21[1.26;3.70] 0.112b 
Stimulation 
protocol 

 121 (0)  361 (0)   < 0.001c 
Short agonist 57 (47.1%) 275 (76.2%) 

Long agonist 47 (38.8%) 7 (1.9%) 
Antagonist 17 (14.0%) 78 (21.6%) 
No stimulation 0 (0.0%) 1 (0.3%) 

Number of stimulation days (n) 120 (1) 14 ± 3.4 361 (0) 14 ± 2.8 0.848d 
Number of follicles after stimulation (n) 119 (2) 12 ± 5.8 349 (12) 13 ± 3.4 0.295d 
Number of oocytes (n) 121 (0) 5.5 ± 3.26 361 (0) 6.1 ± 3.30  < 0.001d 
Fertilization rate (%)* 121 (0) 58 ± 20.7 361(0) 55 ± 20.4 0.128d 
Embryo quality  121 (0)  361 (0)  0.020e,f 

Excellent  25 (20.7%) 105 (29.1%) 
Good  55 (45.5%) 150 (41.6%) 
Moderate 29 (24.0%) 93 (25.8%) 
Poor  12 (9.9%) 13 (3.6%) 

a Normally distributed variables : mean  ±  SD; Non-normally distributed variables: median [IQR]; Categorical variables: frequency 
(%), b Mann-Whitney U test, c Fisher’s Exact test, d Unpaired Student’s T-test, e 𝜒𝜒2 test, f Bonferroni correction in posthoc tests, 
* the rate of fertilized oocytes/total number of oocytes retrieved. Post hoc 𝜒𝜒2 tests: the long agonist vs. the short agonist 
protocol (p < 0.001) and the antagonist protocol (p < 0.001) and; poor vs. excellent (p = 0.002), good (p = 0.028) and moderate 
quality embryos (p < 0.014) 
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PATIENT CHARACTERISTICS 
A significant difference in severity of dysmenorrhea (p < 0.001) was observed, with more 

severe forms in the endometriosis group. In 22 of the endometriosis patients and 24 male 

subfertility patients dysmenorrhea was present, though the grade was not mentioned in the 

patient file. Therefore, it was not included in the analysis on dysmenorrhea. Significant more 

grade 3 dysmenorrhea was present vs. grade 0 (p < 0.001), grade 1 (p < 0.001) and grade 2 (p 

< 0.001) in endometriosis patients (the reported p-values are for the post hoc pairwise 

comparisons). Also significant more grade 0 and grade 1 was present vs. grade 4 (respectively 

p = 0.19 and p = 0.006). Finally, also significant more grade 2 was present than grade 1 (p = 

0.029) (the reported p-values are for the post hoc pairwise comparisons. A post hoc test for 

grade 3 vs. grade 4 was not performed as no women of the couples with male subfertility have 

grade 3 or 4 dysmenorrhea. Other patient characteristics (BMI, smoking, duration of 

subfertility, primary subfertility, cycle duration, parity) of the case and control samples after 

matching were not different (Table 9.4). 

The subfertility characteristics of the endometriosis cases are presented in Table 9.5. A 

significant higher proportion of stage III-IV endometriosis (65.3%) compared with stage I-II 

(34,7%) (p < 0.001)) was found.  

 

OVARIAN AND EMBRYO CHARACTERISTICS AFTER MATCHING 
IVF/ICSI cycle characteristics after matching are shown in Table 9.6. In similarity to before 

matching (Table 9.1), significant differences were found in the distribution of stimulation 

protocols used (p < 0.001) and a lower number of oocytes were retrieved (p = 0.003) in the 

endometriosis cases compared with male subfertility controls Embryo quality distribution in 

both the case and control group was as follows: 21.2% of the embryos had excellent quality, 

46.6% good, 24.6% moderate, and 7.6% poor quality. One variable was added to this analysis, 

i.e. IVF or ICSI application, and a less frequent use of ICSI in endometriosis patients was seen 

(p < 0.001; ICSI: 72.9% in cases vs. 98.3% in controls).  

 

OUTCOMES  
UNIVARIATE TESTS  
In the univariate tests, no significant differences were present for a positive HCG test on day 

16 (HCGd16) (p = 0.695), ongoing implantation (OI) (p = 0.076) and ongoing pregnancy (OP) (p 
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= 0.076) between the matched endometriosis and control group. Contrarily, live birth rate 

(LBR) (p = 0.015) showed a significant difference between the cases and controls (Figure 9.2). 

 
MULTIPLE LOGISTIC REGRESSION 
Multiple logistic regression (MLR) was conducted including the matching variables and the 

variables dysmenorrhea, stimulation protocol and IVF or ICSI application, based on the 

univariate tests and clinical relevance. Although the number of oocytes showed a significant  

difference, it was not included in the MLR, as only the outcomes starting from the SET were 

evaluated in this study. 

 
Table 9.4 Patient characteristics in cases and controls. 
 Endometriosis 

(cases, n = 118) 
Male subfertility 

(controls, n = 118) 
p-value 

N (missing) Statistical 
dispersiona 

N (missing) Statistical 
dispersiona 

BMI (kg/m²) 104 (14) 23 ± 3.8 102 (16) 24 ± 3.3 0.335b 
Smoking 91 (27) 8 (8.8%) 53 (65) 7 (13.2%) 0.403c 
Duration of subfertility (y)d 93 (25) 4 ± 2.8 84 (34) 4 ± 2.5 0.297b 
Primary subfertility e 118 (0) 113 (95.8%) 116 (2) 110 (94.8%) 0.735c 
Cycle duration   109 (9)  102 (16)  0.926f 

Regular 
(25-35 days) 

95 (87.2%) 89 (87.3%) 

Oligomenorrhea  
(> 34 days) 

7 (6.4%) 6 (5.9%) 

Polymenorrhea  
(< 25days)  

1 (0.9%) 2 (2.0 %) 

Irregular not 
specified 

6 (5.5%) 5 (4.9%) 

Parity (n) 118 (0) 0 [0;1] 118 (0) 0 [0;1]  
Dysmenorrhea, g 92 (26)  89 (29)   < 0.001f,h 
 Grade 0 13 (18.6%) 21 (32.3%) 
 Grade 1 13 (18.6%) 29 (44.6%) 
 Grade 2 19 (27.1%) 15 (23.1%) 
 Grade 3 21 (30.0%) 0 (0.0%) 
 Grade 4 4 (5.7%) 0 (0.0%) 

a Normally distributed variables : mean  ±  SD; Non-normally distributed variables: median [IQR]; Categorical variables: 
frequency (percentage); b Unpaired Student’s t-test; c 𝝌𝝌𝟐𝟐 test; d Duration of subfertility  =  the period between the start of 
the wish to conceive and the date of oocyte retrieval;  e Primary subfertility  =  no previous spontaneous pregnancies which 
resulted in a live birth;  f Fisher’s Exact test; g Dysmenorrhea: Grade 0: No menstrual pain and no impact on daily activity, 
Grade 1: Mild menstrual pain and seldom impact on daily activity, Grade 2: Moderate menstrual pain and regular impact on 
daily activity, Grade 3: Severe menstrual pain, headache and severe impact on daily activity, Grade 4: Symptoms of grade 3 
associated with nausea and vomiting, h Bonferroni correction in post hoc tests: more grade 3 dysmenorrhea vs grade 0 
(p<0.001), grade 1 (p<0.001) and grade 2 (p<0.001), more grade 0 and grade 1 vs grade 4 (respectively p=0.19 and p=0.006), 
and significantly more grade 2 vs grade 1 (p=0.029).  

* Published as supplementary material 
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Table 9.5  Female subfertility characteristics of the endometriosis cases. 
  
  
                                                                     

Endometriosis (cases) 
N (missing) N (%) 

Diagnosis Laparoscopy 118 (0) 109 (92.4%) 
MRI 2 (1.7%) 
TVUS 7 (5.9%) 

Endometriosis specification Endometrioma 112 (6)  
Unilateral 56 (50.0%) 
Bilateral 9 (8.0%) 
Adhesions 113 (5) 48 (42,5%) 
Spots 113 (5) 64 (56.6%) 
Nodules 113 (5) 15 (13.3%) 
Hydrosalpinx 113 (5) 12 (10.6%) 

Adenomyosis  118 (0) 4 (3.4%) 
Classification of endometriosis rASRM stage I-II 118 (0) 41 (34.7%) 

rASRMstage III-IV 77 (65.3%) 
Medical pretreatment  
(GnRH- analogue Decapeptyl) 

118 (0) 12 (10.2%) 

Surgical pretreatment Cystectomy 118 (0) 46 (39.0%) 
Puncture of endometrioma 8 (6.8%) 
Coagulation of spots 35 (29.7%) 
Adhesiolysis 31 (26.3%) 
Resection of foci 8 (6.8%) 

Total  85 (72.0%) 
Tubal factora a Unilateral obstruction 95 (23) 22 (23.2%) 

Bilateral obstruction 6 (6.3%) 
Other diagnosis Polyp 118 (0) 2 (1.7%) 

Fundal band of fibrous tissue 2 (1.7%) 
Myoma 7 (5.9%) 
Uterine septum 1 (0.8%) 

Fibroadenoma 2 (1.7%) 
PCOS 7 (5.9%) 
Male subfertility 59 (50.0%) 

Family history endometriosis  
(1st and/or 2nd degree) 

69 (49) 17 (24.6%) 

a Tubal patency was examined by hysterosalpingography, hysterosalpingo-foam-sonography or methylene blue during laparoscopic 
investigation. 

 
 
Table 9.6 Characteristics of the IVF/ICSI cycles in matched cases and controls 
 Endometriosis 

(cases) 
Male subfertility 

(controls) 
p-value 

N (missing) Statistical 
dispersiona 

N (missing) Statistical 
dispersiona 

Stimulation protocol  118 (0)  118 (0)   < 0.001 b,c 
Agonist short 55 (46.6%) 89 (75.4%) 
Agonist long 46 (39.0%) 1 (0.8%) 
Antagonist 17 (14.4%) 27 (22.9%) 
No stimulation 0 (0.0%) 1 (0.8%) 

Number of stimulation days (n) 117 (1) 14 ± 3.3 118 (0) 14 ± 2.9 0.712d 
Number of follicles after stimulation (n) 116 (2) 12 ± 5.8 113 (5) 13 ± 5.4 0.389d 
Number of oocytes (n) 118 (0) 9.5 ± 4.67 118 (0) 11.4 ± 5.26 0.003d 
Fertilization rate (%) 118 (0) 58 ± 20.3 118 (0) 54 ± 23.1 0.215d 
IVF/ICSI application IVF 118 (0)    32 (27.1%) 118 (0) 2 (1.7%)  < 0.001b 

ICSI 86 (72.9%) 116 (98.3%) 
Cases and controls matched by embryo quality, female age and parity. a Normally distributed variables : mean  ±  SD; Non-normally 
distributed variables: median [IQR]; Categorical variables: frequency (percentage);  b 𝜒𝜒2 test; c 𝑝𝑝𝑖𝑖  ≤  0.056  =  0.0083, d Unpaired 
Student’s t-test. 
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Figure 9.2  Outcome of beta-hCG test on day 16, ongoing implantation and pregnancy and live birth rate 

in endometriosis cases and male subfertility controls, compared using univariate tests and 
multiple logistic regression, which included the matching variables (embryo quality, woman’s 
age and parity) and dysmenorrhea, stimulation protocol and IVF or ICSI use. 

 

Subcategories were merged if clinically relevant to achieve higher subcategory numbers. For 

dysmenorrhea, Grade 1 and 2 and on the other side Grade 3 and 4 were merged (𝜒𝜒2 test 

remained significant p < 0.001). One ICSI cycle without stimulation was excluded, as no 

analysis could be executed.  

No correlation between the potential confounding variables was present, evaluated by a 

combination of clinical knowledge and the Pearson correlation coefficient. Thereby, all 

variables could be included in the MLR. The condition to build a multiple regression model 

was fulfilled, i.e. that continuous variables age and parity were considered linear, as p-values 

of the Hosmer and Lemeshow test were not significant. One regression model per outcome 

was generated. Odds ratios for cases versus controls were significant for HCGd16 (n = 235; OR 

= 2.077 [CI:1.009-4.276], p = 0.047), OI (n = 233; OR = 2.265 [CI = 1.048-4.893], p = 0.038), OP 

(n = 235; OR = 2.292 [CI = 1.016-5.173], p = 0.046) and LBR (n = 219; OR = 2.502 [CI:1.029-

6.087], p = 0.043; Figure 9.2). The odds of positive ART outcomes in patients with same age, 

parity, embryo quality, stimulation protocol, grade of dysmenorrhea and IVF/ICSI application, 

were more than twice as large for the control group compared with endometriosis patients 

(Table 9.7). 
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SUB-ANALYSIS IN THE ENDOMETRIOSIS GROUP ON MALE SUBFERTILITY 
A sub-analysis was conducted to determine if the prevalence of male subfertility in the 

endometriosis group could have an influence on the outcomes. Therefore, an additional MLR 

analysis, including identical confounding variables, was executed solely in the endometriosis 

group. This model showed no significant influence of this male subfertility factor on the 

outcomes (p≥0.05; Table 9.7). 

 

DISCUSSION 
Endometriosis is a prevalent gynaecological condition associated with reduced pregnancy 

chances (284,301). In this matched cohort study, significantly lower implantation, ongoing 

pregnancy and live birth rates after transfer of equal-quality embryos were present in women 

with endometriosis, compared with women undergoing IVF/ICSI because of  subfertility of the 

partner. This study offered the ability to investigate the implantation, independently of 

oocyte/embryo characteristics, by matching on embryo quality, in addition to matching on 

woman’s age and parity. By only including SETs, direct observation of implantation per embryo 

was possible. 

Our results confirmed the impaired oocyte/embryo characteristics in women with 

endometriosis described in most existing studies (19–23,289,290). A lower number of oocytes 

and more poor-quality embryos were yielded in the endometriosis group, compared with the 

couples diagnosed male subfertility. 

Subsequently, univariate analyses only detected a significant difference in LBR, but not in 

HCGd16, OI and OP between the cases and controls. However, it must be questioned if any 

confounding variables are interfering with these outcomes. Therefore, a MLR model was 

created adjusting for the matching variables (age, parity, embryo quality) and variables that 

reached significance during univariate tests: the grade of dysmenorrhea, IVF or ICSI 

application and stimulation protocol. The described differences were following the 

expectations as dysmenorrhea is one of the major symptoms of endometriosis and the long 

agonist protocol is the experience-based preference for women with endometriosis in Ghent 

University Hospital. Furthermore, ICSI is preferred in case of male subfertility, resulting in a 

more frequent application of ICSI in the control group. In this adjusted analysis, odds on 

positive ART outcomes in couples diagnosed with male subfertility were more than twice as 

large as in endometriosis patients, suggesting a significant alteration of the implantation in 

patients with endometriosis, questioning the involvement of the uterine factor in pregnancy 



 192 | Uterine Quality 
 

development in women with endometriosis. Finally, because of the high prevalence of male 

subfertility in the endometriosis group, a sub-analysis was conducted, which showed that the 

presence of co-existent male subfertility did not influence the outcomes (p≥0.05).  

Comparison with existing literature is difficult due to differences in study design and 

populations. To the best of our knowledge, this is the first study which uses matching based 

on embryo quality, and thereby observing pregnancy outcomes. Therefore, literature 

comparison was made with the limited number of studies on implantation in endometriosis 

patients equally applying a male subfertility control group. The following results were 

described and compared with our results: Bukulmez et al. and Rubio et al. described no 

significant difference in OI and Bukulmez et al. detected no significant impact on LBR. 

However, both studies only evaluated ICSI cycles and they suggest a reduction of the negative 

impact of endometriosis by the ICSI protocol (302,303). However, in our study, after 

adjustment for IVF or ICSI application, results remained impaired, bringing the influence of 

ICSI effects into question. In contrast, Kawwass et al. reported a significant, but small, negative 

impact of endometriosis on both OI and LBR, but concluded that this is probably clinically 

irrelevant, due to a large number of cycles. Besides, Kawwass et al. have not collected data on 

embryo quality (304). In conclusion, none of the available publications with equal embryo 

quality found a relevant significant negative influence of endometriosis on implantation in 

IVF/ICSI outcomes (302–304). 

Studies selecting their control group based on other subfertility issues (e.g. tubal factor, 

unexplained subfertility, pelvic adhesions, polycystic ovary syndrome) showed controversial 

results. First most articles reported no overall effect of endometriosis on HCG tests or OI (20–

22,305). However, Senapati et al. and a meta-analysis by Barnhart et al. did detect a significant 

negative impact of endometriosis on respectively only OI and HCG tests and OI (25,291). 

Secondly, Senapati et al. found a lower LBR in women with endometriosis, in line with the 

results in our study, while two other studies found no negative influence (21,22,291). 

Limitations of these studies are the low sample numbers and the choice of control group.  

Most frequently, a tubal factor control group was applied, but as tubal disturbances could 

equally have lower implantation rates, the difference with endometriosis patients is lost. 

Furthermore, distinguishing endometriosis and tubal disease can be difficult (20,306).  

The strength of our study design was the matching on embryo quality, whereby implantation 

and pregnancy outcomes could be observed starting from the transfer of an equal-quality 

embryo. The only studies striving for this discrimination and investigation of ovarian and 
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uterine factor separately, are the oocyte donation studies. These publications with 

endometriosis donors and fertile recipients reported a significant impairment of implantation, 

suggesting a lower quality of the oocytes/embryos of endometriosis patients (23,307,308). On 

the other hand, publications on healthy donors and endometriosis recipients demonstrate no 

impaired implantation in contrast to our outcomes (23,307,309–311). However, these studies 

do not specifically take embryo quality into account, moreover, low sample numbers and 

confounding factors were present (296). 

It is impossible to discuss the pathogenesis of endometriosis-associated subfertility without 

acknowledging the possible impact of adenomyosis. Adenomyosis was described in up to 

91.1% of the women with endometriosis and a common pathophysiologic process has been 

suggested, demonstrating the close relationship between the two pathologies (298). As 

adenomyosis is a primarily uterine disease and is therefore associated with implantation 

failure, this might be interfering with implantation in endometriosis patients (95,294–

298,312). Due to a lack of clinically useful diagnostic criteria and a classification system, 

adenomyosis has been underreported. This fact is illustrated in our study, where only 3.4% 

had a confirmed adenomyosis diagnosis.  

A retrospective matched cohort design was applied, as an observational study was the most 

appropriate approach, due to limited population numbers. The well-known risk of 

confounding associated with observational studies was reduced, e.g. by applying a single-

center study design and matching; however, several possible biases remain. In the first place, 

as only electronically recorded cycles were included, a selection bias could be present. 

However, as the number of previous IVF/ICSI cycles, duration of subfertility and percentage 

primary infertility were similar between the cases and controls, next to the application of 

matching on parity, the risk of bias seems minimal. A second population bias could be caused 

by the lack of a complete, up-to-date gynecological investigation before ART, including: 

uncertainty about the extent of the endometriosis at the time of ART, a potential co-existence 

of adenomyosis, and the impossibility to exclude mild endometriosis in the control group, as 

76,9% of the control group had mild forms of dysmenorrhea. Furthermore, 72.0% of the 

patients had previous surgery, which could improve outcomes by reduction of the disease and 

impair outcomes by causing ovarian damage (27,313). In addition, 10.2% of the endometriosis 

patients received medical pretreatment with a GnRH agonist, potentially increasing rates of 

ongoing implantation, ongoing pregnancy and live birth rate (314). In conclusion, several 
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biases could have altered the outcomes in endometriosis, and future studies should take these 

considerations into account.  

Extrapolations of the results of this study to the general population should be made carefully, 

as ART protocols might have both a positive and negative impact on the outcomes. Firstly, the 

ovarian stimulation might aggravate the development of endometriosis, as this is an 

oestrogen-dependent disease, although the study by Mathiasen et al. disproved this 

suggestion (315,316). Conversely, Bourdon et al. detected a 50% reduction in cumulative live 

birth rate between fresh and frozen embryo transfers in women with endometriosis, possibly 

caused by the ovarian stimulation in fresh cycles (317). Secondly, in IVF/ICSI gametes are not 

exposed to the possibly toxic peritoneal environment, caused by endometriosis as they would 

be in natural conception. Thirdly, estrogen stimulation and luteal support could optimize the 

endometrial receptivity in endometriosis patients (318,319). The internal validation of the 

results is not impaired by these arguments; however, because of the single-center study 

design, case and control group were exposed to identical procedures (such as OPU, E2 

stimulation, luteal support). 

In conclusion, this study of implantation and pregnancy outcomes analyzed after a transfer of 

equal-quality embryos, by matching on embryo quality showed the odds on HCGd16, OI, OP 

and LBR were more than two times lower in the endometriosis group, compared with couples 

undergoing ART because of a male subfertility diagnosis. This questions the alteration of the 

endometrial function in women with endometriosis, complementary to the already known 

impairment of ovarian function. 
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GENERAL DISCUSSION 
In this chapter, the conclusions from the previous chapters are critically reviewed and general 

conclusions and limitations of the thesis are discussed. Finally, we discuss some future 

perspectives for the assessment of embryo and uterine quality and its clinical value.  

 

EMBRYO QUALITY  
In Chapter 2 we performed an external validation of the IVF prediction model by van 

Loendersloot et al 2014 (VL) (101). Our choice to the evaluate this specific model was based 

on the large dataset, the evaluation of solely morphologic embryo features, ET being 

performed exclusively on day 3 and its easy application, which seems particularly suitable to 

be implemented in clinical practice.  

A total of 333 patients (21%) had an ongoing pregnancy (OP) with a positive foetal heart rate 

after at least 11 weeks of pregnancy. The AUROC using the VL model was 0.68, which shows 

moderate applicability. Using the Hosmer-Lemeshow test, no significant difference between 

the predicted implantation rate and the observed implantation rates was observed (X2 = 6.70, 

p = 0.24). The calculated implantation probabilities of our data in the VL model were 

substantially lower than the actual observed implantation rates, but the distribution was 

reasonable.  

It should be considered that a (small) variation in assessment of the embryos exists between 

different laboratories. Despite individual examination by a well-trained and skilled 

embryologist, and auditing by colleagues, fragmentation and uniformity of embryos remain 

semi-qualitative and subjective assessments. Furthermore, the absence of information 

concerning EC may be a weakness in our dataset, and it remains unclear why VL used EC as a 

predictor in their model. Besides the fact that EC is not significant in the VL multivariate 

analysis, there is no clear consensus about the clinical importance of EC in the prediction of 

embryo quality (108,118). To overcome the lack of EC in our database, a sensitivity calculation 

was executed showing no significant differences and changes in overall prediction rate per 

embryo.  

The observed difference in implantation rate of our study population (21%) compared to the 

VL dataset (7%) was remarkable, but simple to explain. VL counted an ongoing implantation 

only in case of the presence of a singleton after SET, twin after DET and triplet after triple ET 

(TET), whereas we included solely implantation after SET. In conclusion, the overall ongoing 

implantation rate in the VL model was lowered, due to the inclusion of results after ET of 
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multiple embryos (DET: 7% TET: 0%), while SET implantation outcome was comparable (VL 

20% vs. 21% SP). In our database, we choose to include SET cycles only, as the SET policy has 

been progressively applied in the Netherlands. Additionally, several studies found results 

which suggest the transfer of multiple embryos to reduce the chance of implantation, possibly 

because of an negative influence of the embryos on each other (132–134). 

We can conclude that the VL model, as evaluated in Chapter 2, performed well in our dataset 

for ranking embryos on day three of the laboratory phase. Nevertheless, considering that for 

accurate prediction, assessment of embryo characteristics on day three could be too early and 

natural embryo selection probably appears after the cleavage stage, prediction at the 

blastocyst phase should be studied (see Chapter 3 and Chapter 4).  

 

In Chapter 3 we evaluated the predictive value of the dynamic process of morphological 

development between cleavage-stage (day-3 embryos) and blastocyst-stage (day-5 embryos). 

Embryos were scored on day 3 and day 5 of the laboratory phase based on Alpha/ESHRE 

guidelines and Gardner and Schoolcraft scoring-system as excellent, good, moderate or poor. 

Positive and negative change of direction between these scores was expressed in number of 

steps.  

Primarily, our results showed that day-5 embryo scoring is much more discriminative for 

higher and lower ongoing pregnancy rates than day-3 embryo scoring, as hypothesised in 

Chapter 2. In our study, close to 37% of embryos with the highest morphological score on day 

3 were not the best selected embryos on day 5. In other words, if selection was based purely 

on day-3 variables, an embryo of lower quality than available was transferred in more than 

one third of cases. Furthermore, classic day-5 variables (Cell stage, ICM and TE) are still most 

distinctive for selection of the best blastocyst-stage embryo. However, in the case of equally 

scored (excellent) blastocysts available on day 5, the dynamic evaluation of the embryo 

between day 3 and day 5 should be included in the selection of which embryos to transfer. An 

embryo that showed a strong morphological improvement between day 3 and day 5 (from 

poor to excellent) had a significantly higher probability for ongoing pregnancy.  

A possible explanation is that a poor-quality embryo develops superiorly after an arrest. 

Furthermore, since this is an observational study, we could not control the moment of 

evaluation of the embryo development in the laboratory, which also can influence the quality 

score. The timing of embryo assessment determines the subsequent quality score of the 

embryo, and these standardized moments of evaluation are not biologically but practically 
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timed. This means that sometimes an embryo is scored differently than it may be scored a 

couple of hours later. For example, an embryo on day 3 during the standardized observational 

moment may have 7 blastomeres, while during an observational moment 2 hours later it may 

already show 8 blastomeres, which changes the quality score.  

Although both scoring systems consisted of four categories and were generally used in clinical 

practice, comparison of these systems was possibly not ideal. For example, in the moderate 

group on day 3, only 23 embryos were included. On day 5, only 5% (19 embryos) of all embryos 

was scored as poor. This can be explained by the transfer policy to select the best embryo of 

the whole embryo cohort for the fresh transfer, as well as the inclusion of only these fresh 

transferred embryos. 

As previously discussed, the subjectivity of the static scores might hamper the results of 

embryo scoring, despite the training of the embryologist, and their evaluation being strictly in 

accordance with Alpha and ESHRE guidelines.  

Finally, the study data was retrospectively obtained from a tertiary academic referral centre, 

which also could have affected the representability of the database. 

Nevertheless, in conclusion, the classic, static morphological variables of day 5 have the 

highest predictive power to select the best blastocyst-stage embryo. When two or more 

excellent-scored embryos are available on day 5, the development over time should be 

considered as extra predictor of the selection.  

 

In Chapter 4, we proposed a random forest model (RFM) in comparison with a classic 

multivariate logistic regression model (MuLRM) to predict the implantation of a single 

transferred blastocyst-stage embryo. The performance to predict ongoing implantation 

significantly improved using an RFM approach (AUROC 0.74 ± 0.03; sensitivity: 0.84 ± 0.07; 

specificity: 0.48 ± 0.07) in comparison to MuLRM (AUROC 0.66 ± 0.03; sensitivity: 0.66 ± 0.08; 

specificity: 0.58 ± 0.08). In line with previous published studies, gravidity and parity were the 

most important predictive variables, along with the age of the woman and AMH level 

(173,175,187,188,193,194). The classic day-5 embryo variables showed high predictive value 

in the first two RFM decision nodes as well as in the MuLRM, which is in line with Chapter 3 

and existing literature. 

In addition to the significantly improved performance of the RFM in comparison with the 

classic MuLRM, machine learning approaches also consider links between different variables 

in the training set. Moreover, our RFM is able to predict IVF outcome as it can be used as 
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ranking method of blastocysts with a patient-specific classification. The lower specificity of the 

RFM can be ascribed to the higher a-priori chance of unsuccessful IVF outcome. The RFM is 

designed to maximize the ROC curve area rather than accuracy. Furthermore, to reduce the 

influence of discrepancies due to random patient distribution, the training and test sets were 

randomly selected several times.  

As also previously mentioned in Chapter 2 and 3, several morphological embryo features are 

based on subjective assessments, which can affect the generalizability of the model. 

Furthermore, also in this study, only SET cycles were included, since this avoids issues with 

traceability and, most importantly, this policy has been increasingly implemented in clinical 

practice. Moreover, also in this chapter (like Chapter 3), the fact that the patients were 

selected in a tertiary academic setting, as well the retrospective design, should also be 

considered as negative aspects influencing our results.  

Although external validation of the RFM algorithm is required, the proposed algorithm already 

has the potential to be a self-updating model using data that are constantly collected by a 

centre itself. It can be used for clinical decision making as well for quality control. But most of 

all, this work showed that using a machine-learning approach to predict ongoing implantation 

significantly improves the performance in comparison to classic prediction models based on 

logistic regression analysis. Further improvement of the RFM prediction performance is 

expected by expansion of the datasets including more predictive features. In future work, this 

model can be updated, implemented and externally validated in other centres. 

 

UTERINE QUALITY 
In Chapter 5, we presented an experimental set-up based on a human ex-vivo uterus able to 

generate controlled uterine motion to assess the accuracy of motion tracking techniques. 

Speckle tracking has proven its capability to track motion in ultrasound recording in the heart 

(320,321), and could offer a better alternative to visual inspection for uterine contraction 

assessment.  

Uterine motion was achieved by infusing a saline solution into the uterine cavity through a 

balloon catheter. An electromagnetic actuator generated controlled, rhythmic uterine motion 

through inflation and deflation of the balloon catheter. To realize a clear reference, two 

needles where inserted in the uterine wall as markers, and tracked over time by ultrasound 

speckle tracking (optical flow). First, the motion of these needle markers was compared with 

the sinusoidal driving signal of the electromagnetic actuator. A high correlation between the 
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motion of the needle markers and the driving signal was observed (r = 0.909 ± 0.054; MSE = 

0.010 ± 0.054; Hd = 0.413 ± 0.250). Based on this result, confirming the ability to produce 

controlled uterine motion, we used this setup to compare movement of the surrounding 

uterine tissue, estimated by ultrasound speckle tracking, with the motion of the needle 

markers as reference. However, the effect of the inserted needles on tissue motion should be 

considered, and in future studies, different markers should be considered. Nevertheless, the 

best agreement with the needle markers and the surrounding tissue was obtained by sum of 

absolute difference (SAD) tracking with a block size equal to twice the uterine speckle size.  

A period of 20 seconds was employed to generate one cycle of in- and deflation, which 

corresponds to the typical period of UCs (6,65). However, uterine tissue motion generated 

with this set-up differed from real UCs. First, motion in our set-up is isotropic. Pressure was 

equally divided over the uterine wall, while in the in-vivo uterus a wave-like motion is created 

by contractions which propagate through sequential activation of areas of muscle tissue.  

Second, using this setup, the muscle tissue does not ‘contract’ by inflating the uterine cavity 

but is passively ‘stretched’.  

Nevertheless, reproducing real uterine contractions was not the objective of this chapter, and 

the proposed setup is certainly useful for objective evaluation of speckle tracking performance 

as it preserves the unique speckle characteristics of uterine tissue. Settings optimized by this 

setup were later used for tracking uterine motion in the natural menstrual cycle (Chapter 6) 

as well as in cycles during IVF treatment (Chapter 7 and 8).  

 

In Chapter 6, we proposed a dedicated method for uterine-motion quantification by B-mode 

transvaginal ultrasound (TVUS). Motion analysis was implemented by speckle tracking based 

on block matching after speckle-size regularization. Several novel features were integrated 

since in-vivo measurements of uterine motion are more complex than the ex-vivo 

measurements presented in Chapter 5. Physiological uncorrelated movements due to 

respiration, heart beat and intestine motion, clutter, noise and probe movement were 

reduced by implementing singular value decomposition (SVD) filtering. The available data are 

reorganized in a different spatiotemporal representation that permits removing the 

information which is unnecessary for the identification of the uterine contractions. Before 

applying this new filtering method to the in-vivo uterus, SVD filtering was validated using the 

ex-vivo experimental setup as proposed in Chapter 5. Furthermore, median filtering of the 

matching coordinates was used for improving the robustness to speckle decorrelation and 
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noise. Eventually, a more efficient searching method than used in Chapter 5 (Full Grid Search 

(FGS)) was introduced: diamond search. With this approach, the computation time decreased 

by one third, while no significant difference in tracking performance was found in comparison 

to FGS. This is an essential and important result since it enables the implementation of this 

method in clinical practice for real-time analysis.  

In this in-vivo study in healthy women, TVUS recordings were performed during the menses, 

late follicular (LF), early luteal (EL) and late luteal (LL) phase. Our results were in line with 

previous studies based on IUP and US visual investigation (6,65). Contraction frequency was 

lowest in the LL phase and highest during LF phase (p < 0.05). Our calculated uterine 

contraction frequency range (1.05 to 1.57 UC/min) was lower than that observed in previous 

studies, except for the study by Kunz (66). Contraction frequency in the natural menstrual 

cycle ranges mostly between one and five contractions per minute; however, it can even 

extend to ten uterine contractions per minute (53). This large variation makes it impossible to 

define normal and abnormal contraction activity and confirms the subjectivity of visual 

inspection of ultrasound recordings. Evaluation of the median contraction frequency 

confirmed that the LF phase was the most active phase, in agreement with the literature (222). 

On the other hand, the menses was the quietest phase based on this analysis. This can be 

explained by the fact that during the menses the outer-two-third of the myometrium showed 

labour-like activity, while the sub-endometrial layer remains mostly quiet (53,65,222,238). 

During visual inspection, it is difficult to differentiate between the three layers of the 

myometrium and their motion pattern; instead, in this study only the sub-endometrial layer 

was investigated.  

 

Chapter 7 presented a prospective study to evaluate uterine contraction characteristics using 

quantitative ultrasound imaging of women undergoing IVF or ICSI with a fresh single blastocyst 

transfer. Patients underwent 2D-recordings of four minutes during three phases of the IVF 

treatment: firstly, during the follicle stimulation phase, thereafter, one hour before embryo 

transfer, and finally, 5-7 days after embryo transfer. Motion analysis using the method 

proposed in Chapter 5 and Chapter 6 was evaluated by frequency- (MF, MDF,  𝑓𝑓𝑐𝑐 ) and 

amplitude-related (SD and UFM) features. These features were compared with IVF outcome, 

with features of the natural menstrual cycle of healthy women (results of Chapter 6) and with 

clinical features.  
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Overall, uterine activity in terms of frequency and amplitude showed a significant decrease 

along the phases of the IVF/ICSI treatment. The OS phase was the most active phase followed 

by ET1 and ET5-7 as the quietest phase. The reduction between OS and ET1 is in line with 

previous studies (6,34) and indicated a good response to the IVF treatment. The ovarian 

stimulation increases the uterine activity, which decreases before embryo transfer. On the 

other hand, as also observed in our in-vivo study in healthy women (Chapter 6), in general, 

lower values of 𝑓𝑓𝑐𝑐  were observed in comparison with previously published studies. Also in this 

study, we focussed exclusively on the sub-endometrial layer, while previous studies were 

mainly based on visual inspection, including the full uterine wall. 

During ET1 phase, patients with OI and OP showed an average 𝑓𝑓𝑐𝑐  of 1.35 UC/min and 1.45 

UC/min, respectively, whereas patients with no OI and no OP showed a significant lower 

number of UCs: 0.91 UC/min and 0.93 UC/min, respectively. These results are comparable to 

those reported by Zhu et al.(245); who observed a lower uterine 𝑓𝑓𝑐𝑐  in pregnant IVF women 

during ET1, and women with 𝑓𝑓𝑐𝑐  in the range 1.1-2.0 UC/min had the highest clinical pregnancy 

rate (63.55%). Woolcott et al. (275) reported improved IVF outcome in the presence of uterine 

activity compared to cases where no uterine activity was detected.  

Overall, it is suggested that around ET, the combination of higher frequency and lower 

amplitude of uterine activity may favour embryo implantation. It might be reasonable that the 

embryo, after insertion into the uterine cavity, needs moderate uterine contractions for 

positioning and implantation. However, these contractions should not be strong (high 

amplitude) as they could expel the embryo out of the uterine cavity. Furthermore, this 

physiological role of uterine contractions is supported by the fact that, in comparison with HW 

(during LF and EL), pregnancies after IVF/ICSI show comparable 𝑓𝑓𝑐𝑐  (during ET1), while non-

pregnant IVF women showed significantly lower 𝑓𝑓𝑐𝑐  in the same phases as HW (LF: p < 0.001 

and EL: p = 0.046). On the contrary, the negative correlation between frequency and 

amplitude could also be ascribed to the influence of noise on the frequency estimator. At low 

contraction amplitudes, approaching the noise floor, the estimated frequency characteristics 

may be dominated by the noise frequency spectrum, resulting in higher values. 

During the ET5-7 measurement, the uterine frequency features were significantly higher in 

patients with OI or OP, whereas the amplitude features were significantly lower in patients 

with OI or OP. We can only speculate that this is due the fact that moderate uterine 

contractions avoid the expulsion of the embryo since contraction directions were not taken 

into consideration in this study.  
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In line with our expectation based on existing literature, and explained by the physiology of 

the stimulated cycle, oestrogen levels of the OS were positive correlated with 𝑓𝑓𝑐𝑐  during ET1, 

presumably caused by oestrogen secretion of the growing dominant follicle (53,195,210,250). 

Also in line with previous published studies, a negative correlation between progesterone 

levels and the amplitude was found during OS (83).  

 

In Chapter 8, we combined the results of uterine contraction characteristics using quantitative 

ultrasound imaging of women undergoing IVF treatment (Chapter 7) with EHG recordings to 

predict successful embryo implantation. Using different machine learning methods, a number 

of uterine-activity features were investigated.  

Support vector machine (SVM) and K-nearest neighbours (KNN) classifiers showed the best 

prediction accuracy (93.8%) measured during OS and ET1 phase. Predicting before embryo 

transfer has most clinical value. In fact, in case of unfavourable uterine contraction activity, ET 

could be considered to be delayed whereby a freeze-all policy could be deliberated. Uterine 

contractions patterns are expected to change without any treatment after a longer period 

with no hormonal substitution for follicle stimulation. However, when unfavourable uterine 

contraction activity persists, treatment with medication such as an oral oxytocin receptor 

antagonist can be considered in case of excessive 𝑓𝑓𝑐𝑐. Using a Gaussian mixture model (GMM) 

classifier, lower prediction accuracy was found in all phases (OS: 75%, ET1 87.5% and ET5-7: 

75%), suggesting that our data was not well represented by Gaussian distributions.   

During ET1, the most predictive individual feature was 𝑓𝑓𝑐𝑐 , extracted from TVUS speckle 

tracking, with a prediction accuracy of 81.3% (SVM and GMM) to 87.5% (KNN).   

Frequency- (𝑓𝑓𝑐𝑐) and amplitude- (SD and UFM) related features, obtained from TVUS speckle 

tracking and EHG analysis, were included by SVM and KNN in their optimal feature set. This 

showed that, independently of the adopted classifiers, these features have the capability to 

separate successful and unsuccessful IVF treatment. Furthermore, the predictive value of the 

uterine activity features was independent of embryo quality. This confirms the potential 

predictive value of the proposed features using machine learning techniques. 

To definitively evaluate the clinical value of our method, extensive and external validation is 

required. Furthermore, the absence of velocity and direction features hindered the complete 

characterization of the uterine activity during IVF treatment. The analysis of additional 

features such as velocity and direction is expected to provide more insight into spatiotemporal 

uterine activity patterns. These features may add relevant information, improve prediction 
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accuracy and confirm our hypothesis of the physiological role of uterine contractions during 

conception. 

 

In Chapter 9, a matched cohort study was performed to analyse the effect of endometriosis 

on the uterine quality (endometrial receptivity). Endometriosis patients (cases), diagnosed by 

laparoscopy, MRI or TVUS were matched to male subfertility patients (controls) (according to 

WHO criteria), in whom the uterine factor was assumed to be normal.  

In total, 118 cases and controls could be matched 1:1 based on excellent, good, moderate or 

poor embryo quality, female age (± 1 year) and parity (± 1 delivery). A significantly lower 

implantation and pregnancy outcome was found in patients diagnosed with endometriosis. 

Since a matched controlled design was used, we were able to investigate the uterine factor 

separately from alterations in oocyte/embryo characteristics, by matching on embryo quality.   

In line with most existing studies, our results confirmed the reduced number of oocytes and 

poorer embryo quality in the endometriosis group (19–23,289,290).  

Univariate analyses showed a significantly lower LBR in the endometriosis groups, but no 

difference in HCGd16, OI and OP between the cases and controls. As confounding variables 

may have influenced these outcomes, a MuLR model was generated adjusting for the 

matching variables (age, parity, embryo quality) and variables that reached significance during 

univariate tests: the grade of dysmenorrhea, IVF or ICSI application and stimulation protocol. 

In this MuLR model, the odds ratio for positive IVF outcome was found to be significantly 

higher in male subfertility patients than in endometriosis patients. This supports the theory of 

a significant impairment of the uterine factor in patients with endometriosis.  

Four main hypotheses have been suggested to explain the impaired uterine receptivity in 

endometriosis. Firstly, modification of hormonal pathways is described with endometrial 

progesterone resistance and estrogen (E2) excess, resulting in an impaired transition of the 

endometrium to the secretory phase and subsequently an impaired implantation and embryo 

development (296,301,313,322–328). Secondly, the chronic inflammatory state might disturb 

physiological inflammatory pathways, which are essential in directing and limiting trophoblast 

invasion, and consequently altering implantation. In addition, anti-endometrial auto-

antibodies, whose clinical significance is still unknown, have been reported in endometriosis. 

Both these hormonal and inflammatory pathways can reinforce one another (322,326,329). 

Thirdly, alterations in endometrial receptivity biomarkers have been described, of which αVβ3 

integrin, a cell adhesion molecule, seems the most important (322,327). Finally, divergent 
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uterine contractions patterns in patients with endometriosis may result in lower OP (39).  

Moreover, Leyendecker et al. described adenomyosis in up to 91.1% of the women with 

endometriosis (298). Since adenomyosis is known as a uterine disease and is associated with 

implantation failure, this may be the cause of implantation failure in endometriosis patients 

(95,294–298,312). Nevertheless, due to a lack of clinically useful diagnostic criteria and 

classification systems, adenomyosis has been certainly underreported in our study (only 3.4% 

had a confirmed adenomyosis diagnosis). 

Several potential biases based on the design should be considered. Also in this chapter (like in 

Chapter 3 and 4), the retrospective design and the fact that the patients were selected in a 

tertiary academic setting should be considered as a possible (negative) influence on the 

results. Bias in relation to patient selection may be present as only electronically recorded 

cycles were included. However, no significant difference between the cases and controls was 

observed in the number of previous IVF/ICSI cycles, duration of subfertility and percentage of 

primary infertility in addition to the applied matching on parity and female age. Moreover, the 

higher number of endometriosis stage III/IV (65.3%) vs. stage I/II (34.7%) could also have 

influenced the outcomes. Since severity of endometriosis may be associated with worsening 

of the fertility problems. The higher frequency of stage III/IV in our study might be due to the 

tertiary hospital setting. Yet, several studies have similar dispersion of the endometriosis 

stages (21,305). Another bias could be introduced by the lack of a complete gynaecological 

investigation before fertility treatment, including uncertainty about the endometriosis stage 

at the time of treatment and potential co-existence of adenomyosis. Moreover, it was 

impossible to exclude mild endometriosis (adenomyosis) with certainty from the control 

group since in 76.5% mild forms of dysmenorrhea were described. Additionally, 72.0% of the 

endometriosis patients had previous surgery, which could either impair outcomes by causing 

ovarian damage or improve outcomes by reduction of the disease (22,330). Finally, a medical 

pre-treatment with a GnRH agonist was received by 10.2% of the endometriosis patients, 

theoretically increasing chances of pregnancy (314).  

In conclusion, the results suggest that in addition to lower number of retrieved oocytes and 

lower oocyte quality, an impaired uterine factor in patients with endometriosis (and probably 

adenomyosis) caused subfertility.
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Future perspectives  
EMBRYO QUALITY 
Accurate embryo selection remains a crucial step during the IVF/ICSI procedure. Several 

scoring systems for cleavage-stage as well blastocyst-stage embryos have been developed in 

the last decades. 

In the recent years, there is an ongoing debate on which transfer policy (cleavage-stage or 

blastocyst stage) is most effective. There is evidence that the LBR after fresh blastocyst 

transfer is higher (35). On the other hand, extended culture time of the embryo in the 

laboratory decreases the number of available embryos for transfer or cryopreservation (35), 

whereby the overall cumulative LBR probably does not increase. Furthermore, prolonged 

embryo culture (5 days instead of 3) includes higher costs in terms of material, workload and 

storage (35). In the meantime, a Dutch nationwide RCT (ToF-study) has started to evaluate the 

fresh pregnancy rates, the pregnancy rates after cryopreservation and cumulative LBR after 

day 3 and day 5 transfer.  

A systematic review showed an AUROC of 0.67 (SE 0.028) for prediction of implantation based 

on the static day-5 embryo variables (Alpha scorings system: Cell stage, ICM and TE) with a 

heterogeneity of 98.6% (331). Therefore, in case day-5 embryo transfer policy is preferred, an 

RCT to evaluate the development process of embryos between day 3 and day 5 with automatic 

image analysis in an RCT should be considered to improve prediction performance. Besides 

the static assessment as TE thickness and ICM ratio, the development process of a cleavage 

stage embryo to an early-, expanded and hatching blastocyst stage embryo should be 

evaluated as well. Time lapse imaging is a promising technique and, in combination with static 

observation, it may give more information regarding the associations between morphological 

development and embryo viability. However, current evidence from available RCTs using 

automatic image analysis between day 3 and day 5 is still of very low quality when considering 

ongoing pregnancy rates and blastocyst formation rates (192).  

In conclusion, to improve IVF outcome based on embryo quality, first consensus about the day 

of transfer policy is needed, after which new features such as development between cleavage- 

and blastocyst-stage should be evaluated. Eventually, new embryo quality features in 

combination with uterine quality and clinical features should be included in a prediction model 

based on machine learning techniques as proposed in Chapter 4 and Chapter 8. 
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UTERINE QUALITY 
The proposed method, TVUS speckle tracking, establishes new possibilities to improve IVF/ICSI 

by linking uterine contractility, infertility conditions, and IVF failure. TVUS speckle tracking has 

the potential to provide an objective, reproducible and automatic assessment of the uterine 

activity outside pregnancy and during fertility treatment. This method should replace visual 

inspection for the assessment of uterine activity because of its objectiveness and because it is 

less time consuming for the operator in comparison with classic visual inspection. 

Our proposed TVUS method has provided powerful features for prediction of IVF treatment; 

however, there is still room for improvement. To provide more information about the exact 

role of the UCs during IVF cycles, features such as UC velocity and propagation direction should 

be considered. Furthermore, the area of interest could be extended to obtain a more 

complete representation of the uterine activity throughout the whole uterus. A grid of points 

covering the full sub-endometrial area and even the whole uterus should replace the few 

points used in this thesis. Furthermore, a three-dimensional approach could provide more 

information about the spreading and propagation of the UCs through the uterus. In 

combination with direction features, possibly also contractions patterns as described by van 

Gestel et al. (332) could be determined. For this reason, recently some additional analysis 

focussing on strain mapping and feasibility of 3D speckle tracking analysis has been 

implemented in our lab (276). Based on the uterine anatomy of the different layers of the 

myometrium (Chapter 1), longitudinal, circular and radial strain, in combination with non-

directional area and volume strain, were obtained by speckle tracking. Furthermore, a global 

estimation of propagation of the UCs was produced using additional spatiotemporal analysis 

in the frequency domain (333). In Figure 10.1, an example of the produced strain maps is 

shown, where blue shows relaxation and red contraction of the uterine muscle tissue. 

 
Figure 10.1 Example of uterine (area) strain map contraction (red) and relaxation (blue) (276). 
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In a preliminary study, also 3D analysis of uterine motion has been implemented, but the 

results are based on a very small dataset (Figure 10.2) (333). To produce more clinical evidence 

as well as for optimization of the prediction algorithms, extended datasets for 2D and 3D 

analyses are required.  

 
Figure 10.2 Examples of 3D representations of uterine contractions 

 

Based on Chapter 8 of this thesis, TVUS motion analysis seems to provide the most suitable 

option for quantitative, non-invasive assessment of UCs during IVF cycles. This is confirmed by 

the higher number of TVUS features which are chosen by the classifiers compared to EHG 

features. Furthermore, TVUS is performed as standard care in the gynaecological and fertility 

field. Therefore, implementing this analysis into daily practice seems easier. Moreover, 

important challenges should be noted for EHG analysis due the small size of the uterus and 

the distance from skin to uterus. However, EHG analysis should be investigated further as it 

could represent a valuable tool for long-term, non-invasive measurements, which are 

unfeasible by TVUS because of its obtrusiveness and the need for an operator.  

In our protocol, the ultrasound probe needs to be fixed in the same position for several 

minutes to minimize motion artefacts. However, although we used 4-minute recordings in our 

study, our results suggest that in the future 2-minute recording would be sufficient, facilitating 

the clinical uptake of the method. Another option relates to the use of transabdominal 

ultrasound imaging. The visibility of the uterus is more difficult but not impossible, and a 

transabdominal approach can profit from the larger probe size, leading to better lateral 

resolution of the images. This approach could improve patient comfort but the probe should 

still be fixed in order to reduce motion artefacts due to probe movement. Possibly the solution 

could be found in flexible ultrasound patch transducers, which are being produced on an 

experimental basis at time of writing (334).  

An important step for future analysis in daily practice should include a real time ‘speckle 

tracking’ function integrated on the ultrasound scanner. Until now, offline analysis using 
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dedicated software was executed. The computation time is already reduced by implementing 

a diamond search (Chapter 6), but it should be further improved. Ideally, an area of interest 

could be selected during the examination and the algorithm can estimate features like 𝑓𝑓𝑐𝑐 , 

amplitude and direction while scanning. In case abnormal uterine activity is seen during 

ovarian stimulation or even just before ET, the gynaecologist in collaboration with the patient 

can decide for a freeze-all procedure, postponing the ET to a more receptive moment. 

Additionally, if the uterine activity is not normalized after a longer period without hormonal 

substitution, a treatment with medication can be considered. Some pharmaceutical 

corporations are promoting treatments with medications which modulate the uterine activity 

(e.g., Atosiban, Nolasian and Barusiban). This can be of value when the effects of these 

treatments are objectively analysed, and it is clear what the exact influence on the individual 

abnormalities of the UC pattern is. Moreover, in the future a combination of the proposed 

prediction model for embryo selection in Chapter 4 could be combined with uterine activity 

features to improve prediction of the IVF treatment and counsel patients of the best 

individualised treatment. 

More in general, TVUS speckle tracking can also be used as diagnostic tool for other common 

uterine pathologies, such as adenomyosis and myomas. As mentioned in Chapter 9, 

adenomyosis is often underreported due to a lack of clinically useful diagnostic and 

classification systems. MRI has proven to be effective in identifying adenomyosis, but is 

expensive, time-consuming and has a low availability; not ideal as screening and diagnostic 

tool (335). In a preliminary study, uterine characteristics, analysed by TVUS speckle tracking, 

of patients with confirmed adenomyosis were compared to those of healthy women. Results 

showed that women with adenomyosis had significant higher 𝑓𝑓𝑐𝑐  during the LF phase, which 

might be a causal factor for subfertility in this group. Moreover, stronger UCs in women with 

adenomyosis during menses could possibly explain dysmenorrhea in this patient group. These 

results show the potential value of TVUS speckle tracking for the diagnosis of uterine 

pathologies.  
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CONCLUSION  
For successful conception, both good embryo and uterine quality are important factors. On 

the one hand, this thesis discusses predictors to determine embryo quality. As previously 

deliberated, the embryo transfer policy is still under debate until large sized RCTs will give 

convincing evidence on the ET day which results in the highest cumulative LBR. In this thesis, 

an IVF/ICSI prediction model based on day 3 ET is evaluated and a new prediction model based 

on day 5 ET is created. As machine learning approaches are emerging and show promising 

results in prediction modelling, we have followed this route for our last model. Machine 

learning can discover more connections and patterns as compared by classic MuLR models 

whereby a higher accuracy can be achieved. Also, the period between day 3 and day 5 of 

embryo development was investigated and showed potential to provide an additional, 

valuable, predictive feature, although more extensive validation in a prospective RCT is 

required.  

On the other hand, uterine quality is also discussed; and our research proposed a novel 

method for the quantitative assessment of several features to characterize uterine activity by 

TVUS speckle tracking. This method was firstly tested ex-vivo, and thereafter optimized in-vivo 

in healthy women and finally used to characterize the uterine activity pattern during the IVF 

cycle before, around and after ET. Subsequently, the results of this method were combined 

with results of EHG to predict IVF outcome based on different machine learning approaches. 

Additionally, we investigated the uterine quality of patients with endometriosis, obtaining 

results which encouraged us to extend our work to patients with uterine pathologies, using 

TVUS speckle tracking not only during IVF treatment but also as a diagnostic tool. In 

conclusion, some new steps towards improved IVF results have been taken, but there is still a 

long way to go in this fascinating research field to understand the complex 

(patho)physiological mechanisms underlying (successful) conception. 
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Lieve Carla, John, Paul, Hariëtte, Dylan, Rowan, Dennis en Jana, dank voor het luisterend oor 

en de interesse in mijn werk en onderzoek maar vooral dat jullie zulke lieve ooms, tantes, 
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