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ABSTRACT 
 
Aim: To undertake a series of studies to answer 5 key questions within assisted 

conception: 

1. Are morphokinetic variables and morphological features associated with the 

ploidy status of pre-implantation human embryos? 

2. Are artificial intelligence or machine learning algorithms superior to logistic 

regression for predicting ploidy status? 

3. Are morphokinetic model risk scores associated with live birth and miscarriage? 

4. Should clinical factors be incorporated into embryo selection models? 

5. Are morphokinetic models better at prioritising a euploid embryo for transfer 

over morphological selection by a senior embryologist? 

Methods: The above questions were addressed throughout four studies, first, a 

systematic review and meta-analysis investigated the association of ploidy status and 

abnormal cleavage, morphokinetic variables, fragmentation, multinucleation and 

embryo contraction. Second, a model development study collected data on the 

prognostic variables investigated in the systematic review from nine IVF clinics. Here, 

a sample of 8148 biopsied blastocysts was used to develop and compare 12 machine 

learning models to predict ploidy status. This was using four different algorithms, 

logistic regression, random forest classifier, extreme gradient boosting and deep 

learning. One model for each algorithm was built with euploidy as target outcome, a 

second with aneuploidy and a third using a smaller dataset which incorporated embryo 

Gardner’s classification. Third, the best performing model was retrospectively 

externally tested on a total of 3587 single embryo transfers. This determined 

association between three different model derived aneuploidy risk scores (low, 

moderate and high) and live birth and miscarriage. The final study used a separate 



 3 

cohort of 1958 biopsied blastocysts to compare the ability of morphokinetic models to 

rank euploid embryos first, given that these models will not be asked to classify 

embryos but only prioritise.  

Results: Meta-analysis demonstrated that ten morphokinetic variables were 

significantly delayed in aneuploid embryos. It is uncertain whether the morphological 

components investigated have prognostic potential. On comparing 12 different 

models, logistic regression performed the best (AUC=0.61). Including predictors such 

as age resulted in no variability in the ranking within a patient’s cohort of embryos. 

Incorporating morphological Gardner’s classification resulted in no improvement in the 

discriminatory ability of the model. A ‘morphokinetics only’ approach was therefore 

investigated by adjusted logistic regression analysis that demonstrated the model was 

not associated with miscarriage when comparing the ‘high’ to the ‘moderate risk’ (OR 

0.87; 95% CI 0.63-1.63; p=0.39) or ‘high’ to ‘low risk’ embryos (OR 1.07; 95% CI 0.79-

1.46, p<0.63). However, an embryo deemed ‘low risk’ was significantly more likely to 

result in a live birth than those embryos graded ‘high risk’ (OR 1.95; 95% CI 1.65-2.25; 

p<0.001). The final cohort study reported  that arbitrary embryo selection would rank 

a euploid embryo first 37% of the time, embryologist selection 39%, and the ploidy 

morphokinetic model 47% of the time. 

Conclusions: Morphokinetic variables and the risk scores derived from morphokinetic 

models are significantly associated with ploidy status. Including predictors such as 

age, results in a clinically ineffective model; a ‘morphokinetics only’ approach is 

therefore advised. Logistic regression was the best performing algorithm in this 

dataset for predicting ploidy status, with aneuploidy as the target variable. The 

application of this model resulted in an improved chance of a euploid embryo being 

selected for transfer over that by a senior embryologist.  
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ABBREVIATIONS AND DEFINITIONS 
 
 

aCGH: Microarray-based comparative genomic hybridization  

AC: Abnormal cleavage- When the embryo doesn’t display normal cytokinesis or 

division patterns one would normally expect 

AFC: Antral follicle count 

AI: Artificial Intelligence 

AMA: Advanced maternal age 

AMH: Anti-mullerian hormone 

ANN: Artificial neural networks 

ART: Assisted Reproductive Technology 

AUC: Area under the curve 

BMI: Body mass index 

Cc2: Time of the second cell cycle (t3-t4), from 2 to 3 cells 

Cc3: Time of the third cell cycle (t5-t3), from 2 to 3 cells 

CI: Confidence Interval 

CITL: Calibration in the large 
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D3: day 3 biopsy 

DL: Deep learning 

DUC1: abnormal division after syngamy resulting in 3-4 blastomeres. 

DUC2: abnormal cleavage at the 2-cell stage resulting in 5 or 6 blastomeres. 

DUC3: abnormal cleavage at the 4-cell stage resulting in 9 blastomeres or more. 

E2: Oestradiol level 

FISH: Fluorescent in situ hybridisation 

FSH: Follicle stimulating hormone 

GnRH: Gonatrophin-releasing Hormone 

GRADE: Grading of recommendations, assessment, development and evaluation 

guidelines 

HCG: human chorionic gonadotropin  

HFEA: Human fertilisation and embryology authority 

ICC: Intraclass coefficient  

ICM: Inner cell mass 

ICSI: Intra-cytoplasmic sperm injection 

IECV: Internal external cross validation 

IQR: Interquartile range 

IVF: In-vitro fertilisation 

LB: Live birth model 

LH: Luteinising Hormone  

LR: Logistic Regression 

M1: Fully compacted morula 

M2: Morula where partial exclusion of cells observed 

MK: Morphokinetic 
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MN: Multinucleation 

NDCG: Normalised discounted cumulative gain 

NGS: Next generation sequencing  

O/E: Ratio of observed to expected values 

OR: Odds ratio 

PA: Previous child affected by aneuploidy 

PGT-A: Pre-implantation genetic testing for aneuploidy 

PGS: Pre-implantation genetic screening 

PREFER: Predicting euploid for embryos in reproductive medicine (ploidy prediction 

model using morphokinetics and clinical variables) 

PREFER-MK: Ploidy prediction model using only morphokinetic predictors 

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analysis 

QUIPS: Quality in Prognosis studies tool 

RFC: Random forest classifier 

RIF: Recurrent implantation failure 

RM: Recurrent miscarriage 

RC: Reverse cleavage which results from blastomere fusion. 

RCT: Randomised controlled trial  

RR: Relative risk 

S2: Time of synchrony of second cell cycle (t4-t3) from 2 to 4 cells. 

S3: Time of synchrony of third cell cycle (t8-t5) from 4 to 8 cells. 

SD: Standard deviation 

SNP: Single nucleotide polymorphisms  

SSR: Surgical sperm retrieval  

STROBE: Strengthening the reporting of observational studies in epidemiology 
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TESE: Testicular sperm extraction 

tn: time from insemination to completed division of n cells. 

tPB2: time to appearance of second polar body. 

tPNf: Time when both pronuclei have faded. 

tSC: Time from insemination to the start of compaction (when the first cells of the 

embryo join). 

TLS: time lapse system 

tM: Time from insemination to the formation of the morula, where all cells have 

undergone compaction and cell boundaries are unclear. 

tSB: Time from insemination to the start of blastulation when the first signs of 

cavitation are visible. 

tB: Time from insemination to the formation of a full blastocyst, when the blastocoele 

filled the embryo with <10% in diameter. 

tEB: Time from insemination to expanded blastocyst; when the blastocyst had 

increased in diameter by more than 30% and the zona pellucida starts to thin 

tHB: Time from insemination to hatching blastocyst, trophectoderm herniation 

through the zona pellucida is observed. 

TVOR: transvaginal oocyte retrieval  

USA: United states of America 

UK: United Kingdom 

XGBoost: Extreme gradient boosting 
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BACKGROUND 
 
 
Assisted conception or assisted reproductive technology (ART) involves the 

stimulation of a patient’s ovaries with gonadotrophins to induce multi-follicular growth. 

Follicles 13mm or more in size typically contain a mature oocyte; stimulation is 

therefore tailored to maximise the number of mature eggs retrieved by monitoring 

follicular growth with transvaginal ultrasound scans (Shapiro et al. 2022). Once a 

patient is deemed ready for an egg collection (traditionally when three follicles are 

17mm or more), a ‘trigger’ injection of Human Chorionic Gonadotropin or 

Gonadotrophin-releasing hormone (GnRH) agonist (GnRH) is used to induce a surge 

of Luteinising Hormone (LH). This leads to oocyte maturation in-vivo whereby the 

oocyte completes meiosis I and stops at metaphase II until fertilisation, when meiosis 

II is complete (Seibel et al. 1982). In keeping with the timing of the LH surge, a 

transvaginal oocyte retrieval (TVOR) is performed 36 hours post trigger injection. This 

involves the use of a transvaginal pelvic ultrasound scan; a needle is passed through 

the vaginal wall and into each ovary to aspirate the follicular fluid. This fluid is then 

examined for oocytes which are then identified by the laboratory team. The eggs are 

either inseminated with prepared sperm or injected via ICSI (intracytoplasmic sperm 

injection) depending on semen analysis results (Figure 1). The fertilised eggs are then 

cultured and where possible, transferred into the uterus at the blastocyst stage on day 

five. There is a drive for single embryo transfers to avoid the complications associated 

with multiple pregnancy, therefore the best quality embryo is prioritised. The patient 

would commence progesterone luteal support prior to embryo transfer, normally 

undertaken five days following the TVOR. Any good quality spare embryos are 
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cryopreserved for future use in a subsequent cycle involving endometrial preparation 

with oestrogen and progesterone.  

 

Figure 1: Insemination methods (used with permission from Esteves et al. 2018) 

 

 

Many of the processes that dictate the success of the embryo transfer happen within 

the laboratory and ensuring the best embryo is selected. Historically, embryos are 

cultured and assessed using morphological evaluation at specific time points of 

development, examining the quality of the inner cell mass and trophectoderm 

(Cummins et al. 1986; Gardner et al. 2000; Alpha Scientists in Reproductive and 

Embryology 2011). This remains a subjective assessment despite consensus criteria; 

phenomena are also potentially missed between check points. The alternative of 

monitoring using a time lapse system (TLS) was first introduced in 1997 whereby 

frequent images are taken of early embryo development. This was extended to the 

blastocyst stage ten years later (Mio and Maeda 2008). These images are then 

annotated such that morphokinetic variables are created, for instance, time to four cells 

(t4) or start of compaction (tSC) (see list of definitions and Figure 2). Importantly, these 

observations are recorded without removing the embryo from the incubator, avoiding 
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changes in light, humidity, temperature, pH, and gases. This data can then be used to 

create algorithms for embryo selection to predict blastocyst formation, implantation and 

most recently, ploidy status.  

 

The failure of most IVF cycles is attributed to the transfer of aneuploid embryos (Tiegs 

et al. 2021). Concurrently, it is known that the proportion of aneuploid embryos 

significantly increases with the egg provider’s age, such that by the age 42 

approximately 75% of blastocysts are aneuploid (Esteves et al. 2019). The ploidy 

status of blastocysts is determined by preimplantation genetic testing for aneuploidy 

(PGT-A). In this procedure, several cells are taken from the trophectoderm of the 

developing embryo and sent for genetic analysis, more commonly using next 

generation sequencing (NGS). The blastocysts are cryopreserved awaiting the PGT-A 

results, with the hopeful transfer of a euploid embryo in a frozen embryo transfer cycle.  

Thus, many IVF professionals advocate the use of PGT-A in older age groups. It must 

also be considered that PGT-A avoids the transfer of an embryo which results in a child 

affected by a chromosomal condition and potentially reduces miscarriage risk (Neal et 

al. 2018).  
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Figure 3: Mechanisms of mitotic aneuploidy (used with permission from Mantikou et 

al. 2012) 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Despite the potential benefits described, the use of PGT-A is a controversial topic within 

reproductive medicine. The regulatory body in the UK, the Human Fertilisation and 

Embryology Authority (HFEA) updated its classification of IVF ‘add-ons’ in October 

2023 (HFEA 2023). Previously this stated that there is ‘no evidence that PGT-A is 

effective’, however this has now been updated; stating that PGT-A reduces the chance 

of miscarriage for most fertility patients, they state there is insufficient evidence to 

determine whether PGT-A improves the chances of having a baby for older patients, 

however, for most fertility patients it does not increase the chance of a live birth. This 

is due to no randomised controlled trial showing an improvement in the cumulative live 

birth rate (Cornelisse et al. 2020). Critics would argue that the outcome measured 
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should instead be live birth rate per embryo transfer and that existing study samples 

do not include participants who are most likely to benefit (Griffin 2022). Despite a lack 

of trial evidence, there are over 100 retrospective studies demonstrating a higher live 

birth or clinical pregnancy rate per embryo transfer and potentially a shorter time to 

pregnancy for those 37 years of age and older (Bhatt et al. 2021; Neal et al. 2018). Not 

least, the HFEA data itself, when reanalysed demonstrates improved clinical outcomes 

per embryo transfer, particularly in patients older than 35 (Sanders et al. 2021). 

Controversies aside, it is clear that the use of PGT-A is increasing, particularly in the 

United States, therefore finding less invasive, more cost effective options through 

technologies, such as morphokinetic algorithms, has been a focus of many research 

groups.  

 
 
Traditionally, morphokinetic models used a basic hierarchical structure, however, over 

the last decade and with the increasing availability of data, the algorithms used have 

become more complex. In particular, artificial intelligence (AI) has gained traction in its 

ability to predict clinical outcomes using routinely obtained information, such as patient 

attributes and even blastocyst image analysis. AI is a term that describes the ability of 

machines to mimic human decision making. Machine learning is a subset of this 

technology that learns to process data without explicit programming. Deep learning is 

a further subset of machine learning that utilises artificial neural networks (ANN) which 

simulate the architecture of neurons in the human brain. It can send information 

forwards and backwards in order to compute a decision via multiple connections. Such 

methods can integrate a ‘black box’ approach whereby the system arrives at a decision 

but there is no explanation or understanding about how it arrived there. This results in 
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these systems being less interpretable than traditional statistics, such as logistic 

regression. In this thesis we will examine whether such approaches outperform more 

traditional methods when creating morphokinetic algorithms for ploidy prediction.  

 

There are several mechanisms by which morphokinetics have biological plausibility to 

risk stratify embryos for ploidy status. The first consideration is the differential 

mitochondrial content that has been identified during embryo development (Ho et al. 

2018). Aneuploid embryos have been found to have a lower mitochondrial content, 

thus possible accounting for abnormal or slower cell divisions in aneuploid embryos as 

detected by a TLS (Ho et al. 2018). Second, the delays we see in morphokinetics may 

be related to the activation of error detection and DNA repair mechanisms by the 

developing embryo (Coticchio et al. 2021). he immediate consequences of aneuploidy 

on cell physiology have largely been studied in cancer cells rather than human pre-

implantation embryos. In particular, it has been identified that aneuploidy can lead to 

increased DNA damage, condensation defects, replication stress, and most 

importantly cell cycle delays (Andriani et al. 2016; Santaguida et al. 2017; Williams et 

al. 2008). Third, it has also been reported that embryos with a better prognosis as 

determined by a morphokinetic algorithm have improved processing of metabolites 

such as glucose and amino acids (Ferrick, Lee, and Gardner 2020). This may be 

because the changes to chromosome copy number lead to altered gene expression, 

proteome and metabolism, a phenomenon termed aneuploidy-stress (Zhu et al. 2018). 

These changes to the metabolomic profile of aneuploid blastocysts could therefore 

having implications for the speed of cytokinesis.  
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The detailed basic science leading to the downstream phenomena seen on a TLS are 

out of the realms of this PhD. Instead, the following chapters will report on associations 

between aneuploidy and morphokinetics. Furthermore, whether morphokinetic ploidy 

prediction models translate into improved clinical outcomes for the patient. This body 

of work represents a gap in the literature since no systematic review and meta-analysis 

has explored the question investigated herein. While there are several cohort studies 

describing the development of ploidy predictive models based on morphokinetics, this 

was the first one of this size.  
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OBJECTIVES 
 
 
There are four objectives within this PhD, thus, these will be addressed over the next 

four chapters: 

1. To determine whether morphokinetic variables and morphological features are 

associated with the ploidy status of pre-implantation human embryos. 

2. To compare the discriminative ability of different models created using four 

different machine learning algorithms for predicting ploidy status using 

morphokinetics.  

3. To examine whether the risk scores derived from morphokinetic models are 

associated with live birth and miscarriage. Further to this, this chapter aims to 

discover whether clinical factors should be incorporated into morphokinetic 

embryo selection models. 

4. Finally, and arguably most important, this chapter aims to determine whether 

morphokinetic models are better at prioritising euploid embryos for transfer over 

selection by a senior embryologist. 
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CHAPTER 2: MORPHOLOGICAL AND MORPHOKINETIC 
ASSOCIATIONS WITH ANEUPLOID: A SYSTEMATIC 

REVIEW AND META-ANALYSIS 
 
 
 
 

Thomas Bamford, Amy Barrie, Sue Montgomery, Rima Dhillon-Smith, Alison 

Campbell, Christina Easter, Arri Coomarasamy  

 

Manuscript published in Human Reproduction Update, pp.1-31 on 25th March 2022 

https://doi.org/10.1093/humupd/dmac022 

 

My role in this publication is as follows: I devised the areas to be search and created 

the search terms, carried out the literature search, collected the data, undertook the 

meta-analysis and wrote the manuscript.  

 
 
 
 
 
 
 
 





 26 

 

 

 



 27 

 

 

 



 28 

 

 

 



 29 

 

 

 



 30 

 



 31 

 

 

 



 32 

 



 33 

 
 



 34 

 

 



 35 

 



 36 

 



 37 

 



 38 

 



 39 

 
 
 

 
 
 



 40 



 41 

 
 



 42 

 

 
 
 



 43 

              



 44 

              



 45 

             

 



 46 

 
 
 
 
 
 



 47 

 

 
 
 



 48 

 
 

 



 49 

 

 



 50 

 
 



 51 

 

 
 



 52 

  

 



 53 

 
  

 
 



 54 

  
 
 

 



 55 

 
  
 
 

 



 56 

 
 
 
 
 

CHAPTER 3: A COMPARISON OF 12 MACHINE LEARNING 
MODELS DEVELOPED TO PREDICT PLOIDY, USING A 
MORPHOKINETIC META-DATASET OF 8147 EMBRYOS 
 
Thomas Bamford, Christina Easter, Sue Montgomery, Rachel Smith, Rima K. Dhillon-

Smith, Amy Barrie, Alison Campbell, Arri Coomarasamy  

 

Manuscript published in Human Reproduction, Vol. 38, No. 4, pp. 569-581, 24th 

February 2023 

https://doi.org/10.1093/humrep/dead034 

 

My role in this publication is as follows: I collected and cleaned all the data, built and 

created each of the 12 machine learning models. I learnt coding and the use of the 

University of Birmingham supercomputer, BlueBEAR. Following this I then conducted all 

analyses as part of the validation study and wrote the entirety of the manuscript.   

 

Amendments: where this article mentioned ‘traditional statistics’ it is referring to logistic 

regression. Short protocol is synonymous with short antagonist protocol.  
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CHAPTER 4: ASSOCIATION BETWEEN A MORPHOKINETIC 
PLOIDY PREDICTION MODEL RISK SCORE AND 

MISCARRIAGE AND LIVE BIRTH: A MULTICENTRE COHORT 
STUDY 

 
 
 
 

Thomas Bamford, Rachel Smith, Christina Easter, Rima Dhillon-Smith, Amy Barrie, Sue 

Montgomery, Alison Campbell, Arri Coomarasamy  

 

Manuscript published in Fertility and Sterility, 10th June 2023 

https://doi.org/10.1016/j.fertnstert.2023.06.006 

 

My role in this publication is as follows: I collected and cleaned all the data used in this 

study. I performed all statistical analyses and wrote the whole of the manuscript.  
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Abstract  

 

Study Question: Are morphokinetic models better at prioritising a euploid embryo for 

transfer over morphological selection by an embryologist?  

 

Summary Answer: Morphokinetic algorithms lead to an improved prioritisation of euploid 

embryos when compared to embryologist selection. 

 

What is known already: PREFER (Predicting euploidy for embryos in reproductive 

medicine) is a previously published morphokinetic model associated with live birth and 

miscarriage. The second model uses live birth  as the target outcome (LB model). 

 

Study design: Data for this cohort study were obtained from 1958 biopsied blastocysts 

at nine IVF clinics across the UK from January 2021 to December 2022.  

 

Participants/Materials, setting, method: The ability of the PREFER and LB  models to 

prioritise a euploid embryo was compared against arbitrary selection and the prediction 

of four embryologists using the timelapse video, blinded to the morphokinetic time stamp. 

The comparisons were made using calculated percentages and normalised discounted 

cumulative gain (NDCG), whereby an NDCG score of 1 would equate to all euploid 

embryos being ranked first.  In arbitrary selection, the ploidy status was randomly 

assigned within each cycle and the NDGC calculated, and this was then repeated 100 

times and the mean obtained.  
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Main results and role of chance: Arbitrary embryo selection would rank a euploid 

embryo first 37% of the time, embryologist selection 39%, and the LB and PREFER ploidy 

morphokinetic models 46% and 47% of the time, respectively. The AUC for LB and 

PREFER model was 0.62 and 0.63, respectively. Morphological selection did not 

significantly improve the performance of both morphokinetic models when used in 

combination. There was a significant difference between the NDGC metric of the 

PREFER model versus embryologist selection at 0.96 and 0.87, respectively (t=14.1, 

p<0.001).   Similarly, there was a significant difference between the LB model and 

embryologist selection with a NDGC metric of 0.95 and 0.87, respectively (t=12.0, 

p<0.001). All four embryologists ranked embryos similarly, with an intraclass coefficient of 

0.91 (95% CI 0.82-0.95, p<0.001). 

 

Limitations and reason for caution: Aside from the retrospective study design, 

limitations include allowing the embryologist to watch the time lapse video, potentially 

providing more information than a truly static morphological assessment. Furthermore, 

the embryologists at the participating centres were familiar with the significant variables 

in time lapse, which could bias the results. 

 

Wider implications of findings: The present study shows that the use of 

morphokinetic models, namely PREFER and LB, translates into improved euploid 

embryo selection. 
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Introduction  
 

Embryo selection is paramount to the success of assisted conception. Morphological 

assessment is known to be associated with clinical outcome, and therefore is commonly 

used in IVF laboratories worldwide for embryo selection, utilising assessment criteria, 

such as Gardner’s (Gardner et al., 2000). Historically, it has been reported that there may 

be a high degree of inter-observer and intra-observer variability using this method (Arce 

et al., 2006, Baxter Bendus et al., 2006, Paternot et al., 2011). Therefore, the concept of 

using an enclosed incubation time lapse device, allowing the precise annotation of an 

embryo’s development seemed like a breakthrough for the field. Particularly since this 

offered a great deal more information over static assessment, allowing predictive models 

to be created based upon morphokinetic variables. Meseguer et al. (2011) proposed the 

first hierarchical morphokinetic model for predicting live birth; since this model, several 

others have been proposed (Fréour et al., 2013, Huang et al., 2022, Meseguer et al., 

2011). Many similar models are now commercially available, yet there is significant 

disagreement amongst IVF professionals as to whether time lapse incubation confers any 

improvement in live birth rates per embryo transfer. Furthermore, there is also significant 

heterogeneity in the efficacy of different morphokinetic models, possibly accounting for 

the contradictory reports of clinical effectiveness (Bamford et al., 2023, Barrie et al., 2017, 

Storr et al., 2018).  

 

In order to try and improve the accuracy, some studies have used ploidy status as the 

target outcome despite the controversies surrounding pre-implantation genetic testing for 

aneuploidy (PGT-A) (Basile et al., 2014, Campbell et al., 2013, Chawla et al., 2015, Del 
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Carmen Nogales et al., 2017, Desai N., 2016). Arguably, this may be beneficial since 

ploidy status is less affected by confounding variables when compared to live birth, for 

example, BMI, parity, laboratory factors, and endometrial thickness. Furthermore, 

aneuploid embryos have a global delayed development in comparison to their euploid 

counterparts, possibly due to changes in complex biochemical processes that occur when 

errors have been detected by the developing embryo (Bamford et al., 2022, Coticchio et 

al., 2021). This therefore allows the embryos to be stratified for risk of aneuploidy based 

upon their morphokinetic timings using complex statistical modelling. This may be 

beneficial since there are now over 100 studies which suggest improved clinical outcomes 

following PGT-A (Griffin, 2022). For instance, one study examined 2464 PGT-A cycles 

taken from Human Fertilisation and Embryology Authority data (2016-2018); all age 

groups showed a significantly higher live birth rate per embryo transfer or shortened time 

to pregnancy with the use of PGT-A (Sanders et al., 2021). Despite this, there are several 

randomised controlled trials (RCTs) suggesting that PGT-A is ineffective at improving 

clinical outcomes; this is largely because PGT-A is ineffective at improving cumulative 

pregnancy rates (Munné et al., 2019, Verpoest et al., 2018, Yan et al., 2021). For instance, 

when subgroups of older women are analysed within these trials, the live birth rates per 

embryo transfer are significantly higher with PGT-A; therefore, there may be limitations in 

the design and the selection criteria of published RCTs. Controversies aside, it is 

indisputable that the use of PGT-A is increasing worldwide (Theobald et al., 2020). 

Therefore, finding less invasive alternatives has become an important aim for many 

researchers.  

 



 85 

The use of artificial intelligence (AI) within the embryology laboratory has gained 

enormous traction in recent years. It has potential advantages over traditional statistical 

modelling as it allows the exploitation of interconnections between predictors while also 

learning from incorrect classifications.  This technology is therefore well suited to embryo 

selection, particularly in cases of blastocyst image analysis (Chavez-Badiola et al., 2020, 

Tran et al., 2019). An investigation was therefore justified to determine whether AI was 

superior to traditional statistics in the case of numerical analysis of morphokinetic 

variables (Bamford et al., 2023). Twelve morphokinetic models were built by our group, 

using four different algorithms on a dataset of 8147 biopsied blastocysts. It was concluded 

that a model based on logistic regression was the best performing algorithm for predicting 

ploidy status.  This was not surprising since AI typically requires hundreds of thousands 

of data points, such as that provided by image analysis. Additionally, we concluded that 

clinical variables, such as age, should not be included into morphokinetic models. While 

age may be a strong predictor of ploidy status, this is not useful at the level of the embryo. 

The strength of this association means that the model places a larger amount of weight 

to this predictor, such that when embryos from patients of same age or from the same 

patient are ranked, there is little variability in the model risks scores. This results in the 

model ineffectively ranking embryos as all, or most, are given a similar score. A 

‘morphokinetics only’ approach was therefore more effective as it takes its predictions 

solely from embryo quality; this was named PREFER (Predicting euploid for embryos in 

reproductive medicine).  
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The association between PREFER and miscarriage and live birth was then investigated 

using a separate dataset of 3587 single embryo transfers (Bamford et al. 2023b). The 

PREFER risk score was significantly associated with live birth and miscarriage; for 

example, an embryo deemed ‘low risk’ by PREFER was significantly more likely to result 

in a live birth than those ‘high risk’ (OR 1.95; 95% CI 1.65-2.25; p<0.001). While these 

results demonstrate an association, it is not yet clear whether this model is superior at 

prioritising a euploid embryo compared to morphological ranking by an embryologist. 

Those against the use of time lapse culture would argue that there are now several RCTs 

that have demonstrated it results in no improvement in live birth rate (Ahlström et al., 

2022, Armstrong et al., 2019). Our study therefore aimed to determine whether a 

morphokinetic model prioritised embryos for transfer that were more likely to be euploid 

when compared to embryologists using morphological assessment of timelapse videos. 

Two models were compared; PREFER, and a morphokinetic model used in the 

participating centres to predict live birth (LB model).   

 

Materials and Methods 
 

Data for this cohort study were obtained from 1958 biopsied blastocysts at nine IVF clinics 

across the UK from 2021 to 2022. The participating centres are part of a fertility group 

providing private and state funded treatments. Each centre conforms to the same 

laboratory practices. There were no changes in laboratory procedures during the study 

period. This study was granted institutional review board approval 

(CARE/ERC/09.02.2023). This research did not receive any grant from funding agencies 
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in the public, commercial, or not-for-profit sectors. Participants consent to their data being 

used for research purposes as part of their treatment at participating centres.   

 

Participants 

Women were included in this study if they had an autologous PGT-A cycle with the use 

of time lapse. Embryos that contributed data to previous model derivation were not used 

this study. Cycles with only one biopsied embryo were excluded as this study aimed to 

determine the ability of morphokinetic models to rank and prioritise euploid embryos. A 

total of 1608 biopsied blastocysts remained from 498 patients who had PGT-A for 

advanced maternal age, recurrent implantation failure (≥ 3 failed embryo transfers), 

recurrent miscarriage (≥ 3 miscarriages) or to shorten the time to pregnancy. Patients 

underwent pituitary suppression and ovarian stimulation using either the long GnRH 

agonist or short antagonist protocol. Transvaginal oocyte retrieval was performed under 

sedation 36 hours after the trigger injection (hCG or agonist) when three follicles 

reached 17mm or more. All embryos were cultured in a time lapse system, 

EmbryoScope (Vitrolife, Frölunda Sweden) at 37C, 6-6.5% CO2, 5% O2 and 88.5-89% 

N2. The wells of the Embryoscope slide (Vitrolife, Frölunda, Sweden) were filled with 

culture medium Global total LP (Cooper Surgical; Trumbull, CT, USA) and overlaid with 

LifeGuard mineral oil (Cooper Surgical; Trumbull, CT, USA). Morphokinetic parameters 

were manually annotated by an embryologist trained in house, following published 

guidelines and utilising an in-house quality assurance process (Barrie et al., 2021, Ciray 

et al., 2014). Every 10 minutes microscopic images were acquired of the embryos 

through seven multifocal planes. All blastocysts underwent laser assisted hatching on 
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day 3 to facilitate trophectoderm herniation, and it has previously been reported that this 

has no effect on time from insemination to start of blastulation (tSB) or formation of a full 

blastocyst (tB) (Campbell et al., 2013). Those embryos suitable for biopsy on day 5 or 6, 

had 5-10 cells aspirated as described elsewhere (Campbell et al., 2013). The samples 

were analysed using next-generation sequencing (NGS, Cooper Surgical, Trumbull, CT, 

USA). Embryo grading was performed according to Gardner’s classification (Gardner D. 

K., 1999). 

 

Model development 

Two morphokinetic models were compared, with one using ploidy status as the target 

outcome (PREFER) and the other using live birth (LB model). Morphokinetic model 

development has been extensively described elsewhere (Bamford, et al., 2023). For the  

model, a sample of 8147 biopsied blastocysts was used to create a mixed effects logistic 

regression model using the patient identifier as the random intercept, allowing for within-

cluster variability. Predictors were selected for inclusion in the model using backward 

elimination with a p value <0.157. The final PREFER model included: time to 6 cells (t6), 

7 cells (t7), start of compaction (tSC), formation of morula (tM), tB. This model had a 

meta-analysed AUC of 0.61 and F1 score of 0.72, calculated using internal-external cross 

validation (Bamford et al., 2023). The LB model had AUC of 0.68 and was built using the 

same methodology with a sample of 6228 fresh embryo transfers. This LB model is an 

updated version of that reported by Fishel et al (2018), and the latest algorithm has been 

validated in-house only. The following final variables were included in the LB model: tSB, 

trophectoderm and morula grade, the interval between tB and tSB, and kinetic interval 
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calculations of t3, t4, t5, t8. The PREFER model categorised embryos into six risk scores 

with a score of 1 indicating a high risk of aneuploidy and a score of 6, more likely euploid. 

The LB model was constructed such that an embryo was categorised into one of 10 

scores, with score 1 indicating the lowest, and score 10 associated with the highest 

chance of live birth.  

 

Sample size 

The sample size for this study was chosen to ensure that estimates of accuracy were 

made with adequate precision. We deemed a sensitivity and specificity of 70% to be 

clinically useful. We chose a sample size of 1200 embryos, using a prevalence of euploid 

embryos of 37%. The CIs of 70% for sensitivity would be 65.5%-72.3% and 66.6-73.2% 

for specificity.  

 

Statistical analysis 

The association between risk scores for both models and ploidy status was investigated 

through graphical analysis and percentages. This was performed for all patients and a 

subgroup analysis of different patient age groups including, ≤35, 36-38 and >38 years. 

Four embryologists were asked to rank a random sample of 100 embryos within each 

treatment cycle from best prognosis (1) to worst (‘n’), where ‘n’ is the number of 

blastocysts in the cycle. The embryologist was permitted to watch the time lapse video as 

often as they wanted and the morphokinetic timestamp was edited out of the video so 

that the embryologist was blinded to morphokinetic timings. Intraclass correlation 

coefficient (ICC) is an index used to reflect the degree of correlation and agreement 
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between measurements, whereby values of <0.5 indicate poor reliability and values >0.9 

indicate excellent reliability. All four embryologists ranked embryos similarly, with an ICC 

of 0.91 (95% CI 0.82-0.95, p<0.001). Each embryologist had at least 5 years of 

experience. This ranking was compared to that provided by the LB and PREFER models. 

Where the morphokinetic models had more than one embryo with the same score, they 

were denoted as the same rank. 

 

A statistical metric called normalised discontinued cumulative gain (NDCG) was used to 

determine the accuracy of the rank for ploidy prediction. It uses a weighted scale based 

upon the relative position in the list (Jarvelin and Kekalainen, 2002). Should all euploid 

embryos be placed at the top of the rank, it would score a 1. The mean NDGC score was 

compared for each embryo selection technique investigated in the sample of 100 embryos 

that the embryologists were asked to rank. The Student’s t-test was utilised to determine 

whether there was statistically significant difference between the approaches. Each 

selection technique was also compared to arbitrary embryo selection, where ploidy status 

was randomly assigned within each cycle and the NDGC calculated, and this was then 

repeated 100 times and the mean obtained. This was undertaken using a random number 

processor or in Python. A final approach was compared for each model, whereby for 

embryos with equal ranks, morphological grading was used to prioritise the better quality 

embryo. All variables required to compute the risk scores had <5% missing data and 

therefore they were considered missing at random; no imputation was required.  
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Model performance was also analysed using the metrics: AUC, accuracy, positive 

predictive value, negative predictive value, false positive rate, false negative rate, 

sensitivity, specificity, precision and F1 score. It must be considered that this required the 

model to use a defined threshold of predicted probability to classify an embryo as ‘euploid’ 

or ‘aneuploid’. The models would never be expected to determine this, only the risk of 

aneuploidy; however, such metrics provide important information about performance. 

 

Results  
 

An overview of patient characteristics is provided in Table 1. There was an association 

between a lower PREFER model risk score i.e., worse prognosis, and a higher proportion 

of aneuploid embryos (Fig. 1). In contrast, the trend in the proportion of euploid and 

aneuploid embryos for the LB model risk scores is less clear. The general trend between 

a higher PREFER score and proportion of euploid embryos remained for each subgroup 

of ages (Supplementary Fig. S1). There was a clearer relation demonstrated for the LB 

model risks score and percentage of euploid embryos in 36- to 38-year-olds compared to 

all other age groups and all ages combined (Supplementary Fig. S1). Furthermore, there 

is a correlation between the morphological grade of the embryo (as assessed by an 

embryologist) and the PREFER and LB model probabilities of euploidy and live birth, 

respectively (Fig. 2). 

 

 

 



 92 

Figure 1: Percentage of euploid and aneuploid embryos in each risk score of the LB 

model and PREFER model 
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Table 1: Participant Characteristics (n=1608 embryos) 

 

 Euploid Aneuploid p-value 

Number of embryos (%) 617 (41%) 991 (59%)  

Mean oocyte provider age, (SD)* 36.7 (3.44) 38.6 (3.58) <0.001 

Oocyte provider age**    

<35 836 (52%) 772 (48%) <0.001 

35-37 800 (50%) 808 (50%) 

38-39 563 (35%) 1045 (65%) 

40-42 434 (27%) 1174 (73%) 

>=43 61 (9.5%) 1463 (91%) 

BMI, Median (IQR)* 23.9 (21.4-25.9) 23.3(21.1-27.1) 0.785 

AMH, Median (IQR)* 15.9 (10.1-29.1) 15.1 (9.1-26.2) 0.004 

AFC, Median (IQR)* 10 (0-15) 10 (0-16) 0.825 

Number of oocytes retrieved, 
Median (IQR)* 

14 (10-18) 13 (8-15) <0.001 

Sperm provider age, Mean (SD)* 38.5 (5.11) 40.6 (5.83) <0.001 

Protocol type**                  
<0.001 

Short 1383 (86%) 1303 (81%) 

Long 225 (14%) 305 (19%) 

Average FSH dose received**    
               

<0.001 
75-150 IU 772 (48%) 836 (52%) 

187.5-225 IU 595 (37%) 1013 (63%) 

262.5-337.5 IU 547 (34%) 1061 (66%) 

>=450 IU 434 (27%)  1174 (73%) 

Embryos created from donated 
sperm* 

50 (3.1%) 87 (5.4%) 0.001 

Grading at biopsy**    
<0.001 Full Blastocyst 402 (25%) 450 (28%) 

Expanded Blastocyst 225 (14%)  338 (21%) 

Hatching Blastocyst 981 (61%) 820 (51%) 

ICM Grade**    
0.135 1 338 (21%) 241 (15%) 

2 1158 (72%) 1158 (72%) 

3 113 (7%) 209 (13%) 

Trophectoderm Grade**    
0.025 1 193 (12%) 209 (13%) 

2 997 (62%) 932 (58%) 

3 418 (26%) 466 (29%) 

Morula Grade**    
0.432 1 756 (47%) 740 (46%) 

2 852 (53%) 868 (54%) 

ART method (n, %)**    
0.826 IVF 868 (54%) 820 (51%) 

ICSI 740 (46%) 788 (49%) 

Sperm Concentration (median, 
IQR)* 

65 (36-93) 63 (34-91) 0.401 

*Man-Whitney U Test for statistical significance  
** Chi2 test for significance 

 
Key- SD- Standard deviation, BMI- body mass index, AMH- Anti-Mullerian hormone, AFC- antral follicle count, IQR- 
interquartile range, FSH- follicle stimulating hormone, ICM- inner cell mass, ART- assisted reproductive technology.  
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Figure 2: Graph to show the correlation between embryologist morphological ranking and 

probability of euploid and live birth as predicted by PREFER and LB model, respectively 

(n=783 embryos). Key in footnote below.  

 

 

 

*4=1AB/1BC/2AB/2BC, 5=1AA/2AA, 6=3CC, 7=3BC/3CB, 8=3BB/3AC/3CA, 

9=3AB/3BA, 10=3AA, 11=4CC, 12=4BC/4CB, 13=4BB/4AC/4CA, 14=4AB/4BA, 15=4AA, 

16=5CC/6CC, 17=5BC/5CB/6BC/6CB, 18=5BB/5AC/5CA/6BB/6AC/6CA, 

19=5AB/6AB/5BA/6BA, 20=5AA/6AA as per Gardner’s criteria 
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The abilities of the PREFER and LB models and four embryologists to prioritise euploid 

embryos were compared using the NDGC metric (Table 2). Arbitrary embryo selection 

would rank a euploid embryo first 37% of the time. The embryologist, LB model and 

PREFER model ranked a euploid embryo first 39%, 46% and 47% of the time, 

respectively. Morphological selection did not significantly improve the performance of 

either morphokinetic model when used in combination. There was a significant difference 

between the NDGC metric of the PREFER model versus embryologist selection, at 0.96 

and 0.87, respectively (t=14.1, p<0.001). Similarly, there was a significant difference 

between the LB model and embryologist selection with a NDGC metric of 0.95 and 0.87, 

respectively (t=12.0, p<0.001). All four embryologists ranked embryos similarly, with an 

ICC of 0.91 (95% CI 0.82-0.95, p<0.001). Table 3 outlines model performance metrics for 

the LB and PREFER models: model performance was similar (AUC=0.62 and 0.63, 

respectively). Both models are sensitive but not specific at detecting an aneuploid 

embryo.  
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Table 2: Results of NDCG analysis, comparing ranking of four embryologists, the live 

birth and PREFER model and finally the respective models combined with 

morphological grading  

 Random Embryologi
st 

Live 
Birth 
Model 

PREFER 
Model 

LB Model + 
morphologi
cal grading 

PREFER 
model + 
morphologic
al grading 

 

Mean 
NDCG* 

Standar
d Deviation 

0.85 
(SD 
0.01) 

0.87 
(SD 0.047) 

0.95 
(SD 
0.085) 

0.96 
(SD 0.079) 

0.96 
(SD 0.069) 

0.96 
(SD 0.059) 

Euploid 
embryo in 
the top of 
the rank 

37% 18/46 
39% 

 
 

173/376 
46% 

188/399 
47% 

134/280 
48% 

136/280 
49% 

           

* A statistical metric called normalised discontinued cumulative gain (NDCG) was used to 
determine the accuracy of the rank for ploidy predication. This uses a weighted scale based upon 
the relative position in the list (Jarvelin and Kekalainen, 2002). Should all euploid embryos be 
placed at the top of the rank, it would score a 1. The mean NDGC score was compared for each 
embryo selection technique investigated in the sample of 100 embryos that the embryologists 
were asked to rank.  
 
 
 

Table 3: Model Performance Metrics 
 

 LB 
model 

PREFER 

AUC 0.62 0.63 

Accuracy (%) 63 60 

Positive predictive value (%) 58 62 

Negative predictive value (%) 45 48 

False positive rate (%) 60 62 

False negative rate (%) 18 15 

Sensitivity (%) 72 75 

Specificity (%) 28 31 

Precision (%) 58 55 

F-1 score* 0.68 0.69 

 

*F-1 score is a statistic used in machine learning to measure the balance between 
precision and recall 
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Discussion  
 

This multicentre cohort study demonstrated that the use of morphokinetics resulted in an 

improved prioritisation of euploid embryos when compared to selection of blastocysts by 

an embryologist, without the use of a morphokinetic model. Two morphokinetic models 

were compared, one designed to select embryos based upon ploidy status (PREFER) 

and another built with live birth as the target outcome (LB model). PREFER and the LB 

model improved the chance of ranking a euploid embryo at the top when compared to 

arbitrary selection (46% and 47%, respectively versus 37%). Whilst a variety of 

performance metrics have also been reported in Table 3, this study focuses on the ranking 

ability of these algorithms. This is because asking a morphokinetic model to classify an 

embryo as ‘euploid’ or ‘aneuploid’ is not representative of how these models will be 

expected to function when selecting embryos. The aim is for morphokinetic models to 

determine chance of euploidy or live birth, but they are not intended to be a diagnostic 

tool.  

 

It was investigated whether morphokinetic models aid decision making by using 

morphology grading to decide between tied ranks, however this did not demonstrate any 

improvement in the prioritisation of a euploid embryo. This may be because there is 

significant collinearity between morphology and morphokinetics; such that morphology 

adds little prognostic information in the context of morphokinetics which is more 

quantitative and potentially discriminatory. This has been demonstrated in Fig. 2, whereby 

a higher grade embryo is also correlated with a better prediction of live birth and ploidy 
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status by a morphokinetic model. This is not unsurprising since we know that 

morphological assessment of embryos, whist subjective, is associated with live birth, and 

therefore by association, euploidy. A previous study and Fig. 1 illustrate the association 

between ploidy status and PREFER (Bamford et al., 2023). The present study therefore 

concludes that the use of morphokinetic models, namely PREFER and LB, translates into 

improved euploid embryo selection.  

 

The ability of morphokinetic algorithms to discriminate between euploid and aneuploid 

embryos remains a controversial area despite a decade of research (Campbell, Fishel, 

Bowman, Duffy, Sedler and Hickman, 2013, Chawla et al., 2015, Del Carmen Nogales et 

al., 2017, Desai et al., 2014, Huang et al., 2021, Mumusoglu et al., 2017, Uyar et al., 

2015). More recent research has failed to clarify this issue; Quinn et al. (2022) reported 

that morphokinetics did not distinguish between euploid and aneuploid embryos. 

However, little can be extrapolated from the Quinn study since only low-quality embryos 

(n=328) were examined and no algorithm was created; only individual parameters were 

examined. This is in contrast to the findings from a large systematic review and meta-

analysis on this topic (Bamford et al., 2022). In contrast, a well-designed study by Kato et 

al. (2023) included 3573 biopsied blastocysts and reported that euploidy was significantly 

correlated with two commercially available live birth prediction morphokinetic models, 

iDAS and KIDScore. Their reported findings are concordant with those reported in this 

manuscript, and we also agree that while there is an association with ploidy status, no 

morphokinetic model should as yet be used as a diagnostic tool but it may be used for 

the prioritisation for biopsy or, for instance, where legislation prohibits embryo biopsy. This 
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may change with improvements to ploidy prediction models, perhaps with the addition of 

blastocyst image, video analysis, proteomics and metabolics (Chavez-Badiola et al., 

2020, Katz-Jaffe and McReynolds, 2013, Krisher et al., 2015, Payá Bosch et al., 2023, 

Tran et al., 2019). 

 

When investigating time lapse, it must be considered that the benefits may arise from 

undisturbed culture or enclosed incubation rather than, or in addition to, the morphokinetic 

models themselves. Considering this, there have only been three RCTs which have 

investigated the use of time lapse compared to morphology while incubating all embryos, 

including those in the control group, in a time lapse device (Ahlström et al., 2022, 

Goodman et al., 2016, Kaser et al., 2017). While these studies do not investigate ploidy 

prediction models, they do provide some indication on the clinical utility of morphokinetics 

as one can extrapolate that a model built on live birth also targets euploidy since most 

live births will be euploid. All of these studies concluded that time lapse did not lead to 

significant improvement in clinical outcomes. Although, it must be noted that in the study 

by Goodman et al. (2016), only 75% of randomised patients underwent blastocyst 

transfer. Furthermore, Kaser et al. (2017) terminated the study after only 60% of patients 

had been randomised and Ahlström et al. (2022) randomised only half (776/1656), 

however, the latter study was considerably larger than prior RCTs. This meant that 

Ahlström et al. (2022) were only able to detect a difference of 10% at a power of 80%, 

compared to a 90% power for PREFER (Bamford et al. 2023b). In the study by Ahlström 

et al. (2022), the ongoing pregnancy rate was comparable in the two groups (47.4% in 

the time lapse group and 48.1% in the control). There was also no difference in ongoing 
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pregnancy after the adjustment of confounders. These three studies also investigated 

three different models, Kaser et al. (2017) used Early embryo viability assessmentTM, 

Ahlström et al. (2022) used KIDSCORETM D5 and Goodman et al. (2016) investigated a 

selection algorithm developed in house. One could argue that it is therefore difficult to 

compare the results of one study to another as the interventions in these groups are not 

consistent, and the models tested were commercially available, generic models. Rubio et 

al. (2014) performed a large group-wide RCT (n=843) demonstrating a significant 

increase in ongoing pregnancy rate in the time lapse group compared to the control 

(51.4% versus 41.7%, p=0.005), however, the results of this study are difficult to interpert 

since the embryos in the control group were cultured in a standard.  

 

While there have been several retrospective studies demonstrating positive associations 

between morphokinetic models and live birth, many studies have suggested that this does 

not translate into an improvement in clinical outcomes when compared to morphological 

selection (Kato et al., 2021, Lee et al., 2019, Reignier et al., 2018). Given that many 

morphokinetic models performed in a similar fashion to morphological selection in most 

trials, there remains an argument that while it does not conclusively confer an 

improvement in clinical outcomes, it may improve labaratory work flows, standardise 

selection and provide extra information over static assessment. It is this more detailed 

assessment that some professionals argue leads to improved selection in a smaller group 

of embryos displaying abnormal cleavages or other unusual phenomena, and is the basis 

of the reported success of such in-house developed and tested algorithms, as described 

in this study.  
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There are significant limitations to the design of this study that should be considered when 

interpreting the findings. Firstly, we allowed the embryologist to watch the whole time 

lapse video, and whilst this did not include the morphokinetic time stamp or morphokinetic 

annotations, it does provide more information than a truly static morphological 

assessment. Second, the embryologists at the participating centres were familiar with 

working with time laspe and had previously participated in quality assurance in time lapse 

annotation and embryo assessment. They had a good knowledge of the most predictive 

morphokinetic components used in the LB model, primarily, time to start blastulation (tSB), 

which has recently been reported to be the single most powerful morphokinetic variable 

for prediction of live birth (Campbell et al., 2022). Therefore, having the ability to 

repeatedly view the video of the developing embryo could introduce bias since the 

embryologists may be able to deterine embryos with a shorter tSB, albiet less accurately 

than with a time lapse device. That said, during the study design we wanted to be as fair 

as possible, hypothesising that morphokinetic models have an additive effect over and 

above the consideration of sole parametres, such as tSB. The alternative is to use a static 

image of a blastocyst, a metholodology used in the validation study by Chavez-Badiola 

et al. (2020). The limitation of this approach is that it doesn’t provide a comparable amount 

of information for an embryologist to make a selection compared to the time-lapse video 

used in a real life.  

 

It is known that many factors contribute to embryo quality over and above the ploidy status 

of the embryo (Coticchio et al, 2021). Therefore, it may be that a model built on live birth, 

while not more likely to select a euploid embryo over PREFER, may select an embryo 
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with improved viability. It could be argued that using the outcome of live birth is superior 

to ploidy status as it is a confirmed outcome, whereas ploidy status is inferred from a 

biopsy result. We must, therefore, be confident of the concordance of PGT-A biopsy 

results and true ploidy status of the embryo, particularly considering mosaic results. That 

said, studies have demonstrated reliable reporting, with no live births from aneuploid 

transfers in non-selection studies (Tiegs et al., 2021). This can only be truly tested by an 

RCT; considering the limitations of previous studies it would be important to achieve the 

desired randomisation number in order to be confident in the conclusions. Finally, we do 

not know whether the use of deep learning image analysis and automated annotation 

would improve the accuracy of morphokinetic models, and this will be explored in future 

studies. 

  

One limitation of existing morphokinetic models, even those commercially available, is 

the lack of well-designed validation studies using robust methodology. Therefore, a 

strength of the present study is that the morphokinetic models have been externally and 

extensively validated and published in peer reviewed journals (Bamford et al., 2023a, 

Bamford et al., 2023b, Fishel et al., 2018). We therefore can be confident that the models 

have been designed to detect meaningful differences between embryos utilising very 

large datasets, and that results from these models are entirely consistent and 

reproducible. Second, the authors of this study have previously validated the annotation 

practices of embryologists in participating centres, finding that there was no significant 

difference between practitioners, as replicated in this study’s findings (Barrie, 2021). A 

third strength is the size of the sample size to validate these models, however the sample 
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size was more limited in the group of embryos where embryologist ranked a cohort of 

each patient’s embryos (n=46 patients, 100 embryos). Therefore, despite a negative 

trend, it might be that this study is underpowered to detect a difference between 

embryologist and morphokinetic model selection.  

  

Conclusion  
 

In conclusion, in this study it has been demonstrated that morphokinetic models offer an 

advantage in prioritising euploid embryos for transfer over selection by an embryologist 

alone. Two different approaches to morphokinetic models were compared, one aiming to 

predict ploidy status (PREFER) and another live birth (LB model). Whether the LB model, 

PREFER or morphological selection is better at improving clinical outcomes needs to be 

investigated further. This study forms the foundation for a future prospective RCT to 

include a specific investigation of a ploidy prediction algorithm, as that does not currently 

exist in the literature.  
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The study of morphokinetics using a time-lapse device has given fertility practitioners a 

wealth of information about embryo development. Indeed, phenomena have been 

observed using these enclosed incubation systems that would be more challenging to 

study in standard incubation. What is less clear, is whether the lessons learnt and 

morphokinetic algorithms created using annotated variables lead to improved embryo 

selection. This thesis has explored the evidence that both supports or challenges the 

routine use of time-lapse in IVF laboratories.  This constitutes an ongoing debate since 

there remains insufficient good quality evidence of difference for live birth or miscarriage 

with or without the use of time-lapse. Given the paucity of evidence, one cannot be 

absolutely certain, and conclusions drawn from many existing studies are low in quality. 

That said, the notion of improved selection through time-lapse continues to be challenged 

as more recent, well designed randomised controlled trials have found no difference in 

clinical outcomes with the use of time-lapse. This thesis has, however, recognised the 

diversity of morphokinetic algorithms available and therefore the intervention across these 

studies is inconsistent.  Arguably therefore, this debate is not yet settled, nevertheless it 

has provided the context for a more specific question concerning the application of 

morphokinetics to determine risk of aneuploidy. This is a timely and relevant topic as there 

is now an appetite for non-invasively detecting the ploidy status of pre-implantation 

embryos in ART.  

 

The debate of embryo selection isn’t limited to morphokinetics but also PGT-A. This thesis 

has critically discussed available evidence from cohort studies and randomised controlled 

trials. Namely, it has been suggested that a more appropriate way to assess this 
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technology would be to report live birth rate per embryo transfer, include data on time to 

pregnancy and conduct further trials on poorer prognosis groups in order to address the 

limitations of existing studies. These are the important considerations for patients. Re-

analysis of existing datasets in this way has highlighted the positive impact PGT-A can 

potentially have. That said, PGT-A has cost implications, technical challenges, a limited 

scope of genetic screening, carries a small risk of damage and many patients have ethical 

concerns. Therefore, it seems fitting that we endeavour to find a non-invasive alternative. 

To that end, there have been a variety of attempts to utilise morphokinetics in order to 

create an algorithm with the ability of risk stratifying embryos for ploidy status.  

 

In order to explore this further, this thesis first explored the unadjusted association of 

morphokinetic variables and ploidy status through systematic review and meta-analysis. 

Interestingly, ten morphokinetic variables were delayed in aneuploid embryos. This was 

most notable later in embryonic development, around the time of blastulation, for 

example, t8 had a mean difference of 1.13h (95% CI 021-2.05; three studies, n=742, 

I2=0%). Importantly, however, there is a significant amount of variability in the 

morphokinetic timings of euploid and aneuploid embryos; with significant heterogeneity 

in some variables. For example, while tB had a larger mean difference between euploid 

and aneuploid embryos of 2 hours, the confidence intervals were wide and close to zero 

(95% CI 0.15-3.81) with an I2 of 76%. This chapter concludes that while utilising 

morphokinetics to accurately determine ploidy status will be impossible, it may be 

possible to utilise time-lapse to determine risk of aneuploidy through sophisticated 

algorithms. Importantly, morphokinetics have been found to be related to other factors, 
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including patient specific characteristics such as age and laboratory conditions. These 

confounding factors should therefore be considered when interpreting and planning future 

studies.  

 

A variety of morphological aspects and their association with ploidy status were also 

explored in this thesis. These factors can be witnessed on a time-lapse device, thus if 

identified to be a potential prognostic marker, they could be incorporated into a future 

prediction model. Four additional literature searches were conducted for fragmentation, 

multinucleation, abnormal cleavage and embryo contraction. It was reported in this 

chapter that there is potentially some prognostic information in only: percentage of 

fragmentation, multinucleation persisting to the four-cell stage and frequency of embryo 

contractions. This was, however, very low-quality evidence and therefore we cannot be 

certain whether these morphological components are useful for incorporation into a ploidy 

prediction model.  

 

The following chapter of this thesis explores different approaches to the development of 

morphokinetic models to predict ploidy status. Importantly, newer approaches using 

artificial intelligence were compared to more traditional statistical methods. The 

application of artificial intelligence in reproductive medicine was discussed, in particular 

it’s growing popularity for embryo selection. Limitations were highlighted, including the 

interpretability of these algorithms, reduced effectiveness where only limited training data 

exists, and finally overfitting, thus potentially reducing external validity. This chapter 

compares twelve machine learning models developed to predict ploidy using a dataset of 
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8147 biopsied embryos. Four algorithms were used to build twelve models, mixed effects 

multivariable logistic regression, extreme gradient boosting, random forest classifier and 

deep learning. Interestingly, logistic regression outperformed all other approaches for 

discriminating between euploid and aneuploid embryos (AUC=0.71). Further questioning 

the increasing focus on artificial intelligence methodologies; such approaches may not be 

the most appropriate for more modest numerical datasets.  

 

Following the identification of an appropriate methodology for model development, the 

work of this thesis then moved on to discuss the association of the risk scores derived 

from this model with live birth and miscarriage. This chapter also importantly investigates 

whether it’s appropriate to include demographic or clinical parameters into embryo 

selection models. It was discovered that by including variables such as age, results in 

little ranking within a patient’s cohort of embryos. We know that age is the best predictor 

of success and chance of aneuploidy, therefore the algorithms apply too much weight to 

this predictor, such that it ineffectively ranks at the level of the embryo. It was therefore 

concluded that such factors should not be included into morphokinetic models. 

Considering this, the ‘morphokinetics only’ logistic regression model had an AUC of 0.61 

for predicting ploidy status. A separate dataset of 3587 embryos was used to test the 

association of this model’s risk scores with live birth and miscarriage. An embryo deemed 

‘low risk’ of aneuploidy as determined by this model was significantly more likely to result 

in a livebirth than those embryos graded ‘high risk’ (OR, 1.95; 95% CI, 1.65-2.25). In 

contrast, miscarriage was not associated with this model’s risk score between the ‘high 

risk’ to ‘moderate risk’ or ‘high risk’ to ‘low risk’ embryos. 
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The final study in this thesis investigated whether morphokinetic models are better at 

prioritising euploid embryos for transfer over morphological selection by an embryologist. 

Data from this study were obtained from 1958 biopsied blastocysts. Two models were 

applied, a live birth and ploidy prediction model. It was identified that the use of the live 

birth and ploidy prediction morphokinetic models improved the prioritisation of a euploid 

embryo from 39% to 46% and 47%, respectively. A statistic termed normalised discounted 

cumulative gain (NDCG) was used, this is commonly used in machine learning research 

to determine the ranking ability of search engines or algorithms. A NDCG score of 1 

indicates perfect ranking. There was a significant difference between the NDGC metric of 

the PREFER model vs. embryologist selection at 0.96 and 0.87, respectively (t=14.1, 

p<0.001). This study therefore demonstrated that there was improved prioritisation of 

euploid embryos with the application of a morphokinetic model.  

 

This body of work has had several strengths associated, firstly, we have presented the 

first systematic review investigating associations between individual prognostic variables 

identified on a TLS. This is thus far the most comprehensive piece of work published on 

this topic, involving 58 studies. Second, the cohort studies reported in this thesis have 

included a large number of embryos and the models developed used robust methodology 

designed with experts in the field. Furthermore, the prognostic models have each been 

extensively externally validated using a variety of performance metrics. The weaknesses 

with the studies reported above are the fact that they are retrospective in design; while 

showing important associations with clinical outcomes, some performance metrics, e.g. 
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AUC 0.61, may be interpreted as a poorly performing model. This identifies the need to 

add further prognostic information into future models, such as image analysis.   

 

Through a series of cohort studies and meta-analysis, we now have excellent grounds to 

justify a multi-arm randomised controlled trial (RCT). This would be the first RCT 

investigating a morphokinetic algorithm predicting aneuploidy. It would be vital to 

incorporate a representative cohort of patients, powered to allow for subgroup analyses. 

It is suggested that the outcome is live birth per embryo transfer and to include important 

secondary outcomes, such as time to pregnancy. This work has been a privilege to 

undertake, particularly since it has the potential to meaningful for patients.  
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APPENDIX I- SUPPLEMENTARY DATA FOR CHAPTER 2  
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Systematic Review MESH Search Terms 

 

Embryo [AND] ploidy [AND] [[morphokinetics [OR] timelapse [OR] fragmentation [OR] abnormal cleavage [OR] reverse 
cleavage [OR] unequal cleavage [multinucleation]] 
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Morphokinetics 
 

Derrick et al., 2017 Perivitelline threads associated with fragments 
in human cleavage stage embryos observed 
through time-lapse microscopy. 

Different prognostic 
factor tested 

Morphokinetics 
 

Gazzo et al., 2020 Blastocyst contractions are strongly related 
with aneuploidy, lower implantation rates, and 
slow-cleaving embryos: a time lapse study. 

Different prognostic 
factor tested 

Morphokinetics 
 

Huang et al., 2019 Early blastocyst expansion in euploid and 
aneuploid human embryos: evidence for a 
non-invasive and quantitative marker for 
embryo selection. 

Different prognostic 
factor tested 

Morphokinetics 
 

Gonzalex et al., 2018 Contraction behaviour reduces embryo 
competence in high-quality euploid 
blastocysts. 

Different prognostic 
factor tested 

Morphokinetics 
 

Lagalla et al., 2017 Embryos with morphokinetic abnormalities 
may develop into euploid blastocysts. 

Different prognostic 
factor tested 

Morphokinetics 
 

McCoy et al., 2018 Tripolar chromosome segregation drives the 
association between maternal genotype at 
variants spanning PLK4 and aneuploidy in 
human preimplantation embryos. 

Different prognostic 
factor tested 

Morphokinetics 
 

Ottolini et al., 2017 Tripolar mitosis and partitioning of the genome 
arrests human preimplantation development in 
vitro. 

Different prognostic 
factor tested 

Morphokinetics 
 

Ozbek et al., 2021 Comparison of single euploid blastocyst 
transfer cycle outcome derived from embryos 
with normal or abnormal cleavage patterns. 

Different prognostic 
factor tested 

Morphokinetics 
 

Lagalla et al., 2020 Alternative patterns of partial embryo 
compaction: prevalence, morphokinetic history 
and possible implications. 

Different prognostic 
factor tested 

Morphokinetics 
 

Vera-Rodriguez et al., 
2015 

Prediction model for aneuploidy in early 
human embryo development revealed by 
single-cell analysis. 

Morphokinetic 
measurement not in a 
standardised format 

Morphokinetics 
 

Schenk et al., 2018.  Impact of polar body biopsy on embryo 
morphokinetics-back to the roots in 
preimplantation genetic testing?. 

Polar body biopsy 

Morphokinetics 
 

Campbell et al., 2014 Aneuploidy is a key causal factor of delays in 
blastulation: author response to 'A cautionary 
note against aneuploidy risk assessment using 
time-lapse imaging'. 

Commentary  

Fragmentation Stone et al., 2019 Embryo fragmentation as a determinant of 
blastocyst development in vitro and pregnancy 
outcomes following embryo transfer. 

Investigated blastocyst 
development 
competence in relation 
to fragmentation only 

Fragmentation Ebner et al., 2003 Selection based on morphological assessment 
of oocytes and embryos at different stages of 
preimplantation development: a review. 

Literature Review 

Fragmentation Pellestor et al. 1995 Relationship between morphology and 
chromosomal constitution in human 
preimplantation embryo. 

Literature Review 

Fragmentation Daughtry et al., 2019 Single-cell sequencing of primate 
preimplantation embryos reveals chromosome 
elimination via cellular fragmentation and 
blastomere exclusion. 

Ploidy status not the 
outcome measured 

Fragmentation Bongso et al., 1991 Preimplantation genetics: chromosomes of 
fragmented human preembryos. 

Ploidy status not the 
outcome measured 

Fragmentation 
& 
Multinucleation 

Munne et al., 1998 Chromosome abnormalities in human 
embryos. 

Ploidy status not the 
outcome measured- only 
mosaicism  

Fragmentation Pellestor et al., 1994 Relationship between morphology and 
chromosomal constitution in human 
preimplantation embryo. 

Investigated morphology 
grading not specifically 
fragmentation 
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Fragmentation Almeida et al., 1994 The relationship between chromosomal 
abnormalities in the human oocyte and 
fertilization in vitro, Human Reproduction 

Examined oocytes not 
embryos 

Abnormal 
Cleavage 

Nagai et al., 2021 Abnormal cleavage is involved in the self-
correction of bovine preimplantation embryos. 

Non-human embryos 

Abnormal 
Cleavage 

Magata et al., 2019 Growth potential of bovine embryos presenting 
abnormal cleavage observed through time 
lapse cinematography. 

Non-human embryos 

Abnormal 
Cleavage 

Okada et al. 2020 Analysis of chromosomal abnormality of 
bovine IVF embryos based on next-generation 
sequencing. 

Non-human embryos 

Abnormal 
Cleavage 

Han et al., 1999 Pronuclear location before the first cell division 
determines ploidy of polyspermic pig embryos. 

Different prognostic 
factor tested 

Abnormal 
Cleavage 

Boediono et al., 2021 Morphokinetics of embryos after IMSI versus 
ICSI in couples with sub-optimal sperm quality: 
A time-lapse study. 

Different prognostic 
factor tested 

Abnormal 
Cleavage 

Lagalla et al. 2020 Alternative patterns of partial embryo 
compaction: prevalence, morphokinetic history 
and possible implications. 

Different prognostic 
factor tested 

Abnormal 
Cleavage 

Davies et al., 2018 Male Factor is the most important factor 
influencing the frequency of unequal direct 
cleavage events as visualized by time-lapse 
during early embryo development. 

Ploidy status not the 
outcome measured 

Abnormal 
Cleavage 

Montgomery et al. 
2018 

Time Lapse assessment of the occurrence and 
clinical outcome of direct cleavage in a 
population of 10,529 embryos cultured to the 
blastocyst stage. 

Clinical outcomes only 

Abnormal 
Cleavage 

Cetinkaya et al., 2014 The synchronicity of mitotic divisions predicts 
embryo implantation and live birth. 

Clinical outcomes only 

Abnormal 
Cleavage 

Karamalegos et al. 
2014 

Assessing the impact of factors derived from 
morphokinetic analysis in decreasing 
implantation potential of morphologically good 
embryos. 

Clinical outcomes only 

Abnormal 
Cleavage 

Davies et al., 2016 Time Lapse analysis of the interrelationship 
between direct cleavage, multinucleation and 
maternal age in Natural Cycle IVF and 
Standard IVF. 

Ploidy status not the 
outcome measured 

Abnormal 
Cleavage 

Grau et al. 2015 Morphokinetics as a predictor of self-correction 
to diploidy in tripronucleated intracytoplasmic 
sperm injection-derived human embryos. 

Focuses on subset of 
embryos e.g., 
multinucleated 

Abnormal 
Cleavage 

Burruel et al., 2014 Abnormal early cleavage events predict early 
embryo demise: sperm oxidative stress and 
early abnormal cleavage. 

Ploidy status not the 
outcome measured 

Abnormal 
Cleavage 

Alfarawati et al., 2012 How does aneuploidy affect embryo 
morphology and development from the 
cleavage to the blastocyst stage. 

Investigated morphology 
grading not specifically 
fragmentation 

Abnormal 
Cleavage 

Ho et al., 2017 Abnormal cleavage patterns in embryos are 
associated with aneuploidy and poor 
morphology scores. 

Duplicate abstract of the 
original paper by Ho et 
al. 2018  

Abnormal 
Cleavage and 
Morphokinetics 

Ho et al., 2017 Blastulation timing is associated with 
differential mitochondrial content in euploid 
embryos 

Morphokinetic 
measurement not in a 
standardised format 

Contraction Chian et al., 2016 Comparing blastocyst expansion dynamics 
between euploid vs. Aneuploid embryos: A 
quantitative and automated analysis of time-
lapse cinematography. 

Investigated association 
of blastocyst expansion 
volume/ rate of 
expansion and ploidy  

Contraction Huang et al., 2017 Comparison of blastocyst expansion 
morphokinetics in euploid versus aneuploid 
embryos from infertility patients. 

Investigated association 
of blastocyst expansion 
volume/ rate of 
expansion and ploidy  
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Contraction Huang et al., 2017 Morphokinetics of blastocyst expansion in 
euploid and aneuploid human embryos. 

Investigated association 
of blastocyst expansion 
volume/ rate of 
expansion and ploidy  

Contraction Huang et al., 2019 Early blastocyst expansion in euploid and 
aneuploid human embryos: evidence for a 
non-invasive and quantitative marker for 
embryo selection. 

Investigated association 
of blastocyst expansion 
volume/ rate of 
expansion and ploidy  

Contraction Caprell et al., 2019 Increased expansion and decreased 
contraction of embryos corresponds to 
increased clinical pregnancy rates in single 
FET cycles. 

Clinical outcomes only  

Multinucleation Laverge et al., 2000 Chromosome analysis of human 
preimplantation embryos by fluorescent in situ 
hybridization. 

Review article 

Multinucleation Zhang et al. 2012 Clinical relevance of embryos with 
multinucleated blastomeres in PGD cycles for 
aneuploidy, translocation, or single gene 
defects. 

Clinical outcomes only  

Multinucleation Edgar et al. 2012 Factors associated with multinucleation in 
human cleavage stage embryos. 

Clinical outcomes only 

Multinucleation Karamalegos et al., 
2014 

Assessing the impact of factors derived from 
morphokinetic analysis in decreasing 
implantation potential of morphologically good 
embryos. 

Clinical outcomes only 

Multinucleation Zhan et al., 2018 Detection of multinucleated trophectoderm 
cells by time-lapse microscopy: Implications 
for PGT-A biopsy results. 

Investigates 
multinucleated cells in 
the trophectoderm 

Multinucleation Munne, 1993 Unsuitability of multinucleated human 
blastomeres for preimplantation genetic 
diagnosis. 

Focuses on sex 
chromosomes only to 
determine origins or 
multinucleation 
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unable to find 
alternative 

Ozbek et al., 2021 Yes Contacted for further 
data/ supplementary 
information 

Responded Include 

Gonzalez et al., 
2018 

Yes Contacted for further 
data/ supplementary 
information 

No response Include 

Gazzo et al., 2019 Yes Contacted for further 
data/ supplementary 
information 

No response Include 

Scott et al., 2010 Yes Contacted for further 
data/ supplementary 
information 

No response Include but excluded from 
quantitative analysis  

Davies et al. 2016 No- email 
undeliverable, 
unable to find 
alternative 

Contacted for further 
data/ supplementary 
information 

No response Include but excluded from 
quantitative analysis 

Melzer et al., 2013 Yes Contacted for further 
data/ supplementary 
information 

No response Include but excluded from 
quantitative analysis 

Yilmaz et al., 2013 Yes Contacted for further 
data/ supplementary 
information 

No response Include but excluded from 
quantitative analysis 

Li et al., 2015 Yes Contacted for further 
data/ supplementary 
information 

No response Include 

Goodman et al., 
2015 

Yes Contacted for further 
data/ supplementary 
information 

No response Include but excluded from 
quantitative analysis 

Desai et al., 2016 
& Desai et al., 
2018 

Yes Contact to confirm 
abstract published is 
different to Desai et al. 
2018 paper.  

No response Abstract remains in the 
’awaiting classification table’ 
and not included  due to risk 
of it containing the same 
embryos. Desai et al. 2018 
included.  

Agerholm et al., 
2008 

Not able to find 
updated 
contact 
information 

Contacted for further 
data/ supplementary 
information 

No response Include 

Mazur et al. 2013 Yes Contacted for further 
data/ supplementary 
information 

Responded Include 
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Supplementary Figures 6- Relative risk of euploidy embryos displaying pooled 
abnormal cleavage, DUC1, DUC2, respectively  
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Supplementary Figures 7- Sensitivity analysis for morphology- excluding 
studies with a high risk of bias according to QUIPS  
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DUC2 
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All studies included in the analysis have a high risk of bias therefore would be excluded  
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152 

Supplementary Figures 8- Sensitivity analysis for morphology- Fixed effects 
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Supplementary Figures 9- Relative risk of a multinucleated embryo being 
euploid when assessed on day 2, at the 2 cell stage, respectively. 
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Appendix I- IRB Committee Ethical Approval 
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Supplementary Table 2- Terminology definitions for AI modelling 
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Supplementary Table 3- Missing data and predictors included in 
each model 
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Supplementary Table 4- Full multivariable mixed effects logistic 
regression model prior to backward elimination (dataset I; target= 
euploid) 
 
 
 

 
 

Supplementary Table 5- Final multivariable mixed effects logistic 
regression model after backward elimination (Dataset I; 
target=euploid) 
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Supplementary Figure 1: Graph to show the relationship between 
male age and percentage of euploid embryos when stratified for 
female age 
 
 

 
 
 
 
 

Supplementary Figure 2: Pooled AUC for internal-external cross-
validation for Logistic Regression Model (Dataset I) 
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Supplementary Figure 3: Feature Importance for artificial 
intelligence modelling using Extra Trees Classifier 
 

 
 
genetics: genetic platform used; protocol: long or short protocol; embryofrag: percentage of 
embryo cleavage stage fragmentation; fshcat: FSH dose; tn: time to n cells; tPNf: time to 
pronuclear fade; tSC: time to start of compaction; tM: time to formation of morula; tSB: time to 
start of blastulation; tB: time to formation of blastocyst; spermprmot: sperm progressive motility; 
spermconc: sperm concentration; spermage: sperm provider age; eggs: number of eggs 
retrieved. 
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APPENDIX III- SUPPLEMENTARY DATA FOR CHAPTER 4 
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APPENDIX III- SUPPLEMENTARY DATA FOR CHAPTER 5 
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Supplementary Figure S1: Subgroup analysis of the association between ploidy and LB 

model risk scores and the proportion of euploid and aneuploid embryos 
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