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ABSTRACT 

‘Uterine receptivity’ refers to the status of the uterus when the endometrium is 

available to accept the embryo for implantation. Optimal endometrial receptivity leads 

to normal embryo implantation processes that serve as a foundation for a healthy 

pregnancy. Over the last three decades, there have been many advances in embryology 

that have resulted in significant improvements in embryo viability and overall in vitro 

fertilization (IVF) success rates. It is believed that implantation failure due to reduced 

endometrial receptivity is one of the major remaining impediments to higher IVF 

pregnancy rates. 

 

In a normal ovulatory cycle, the receptive endometrium develops following sequential 

exposure to sex steroids – estrogen and progesterone, secreted by the ovaries during 

follicular development, ovulation and formation of a corpus luteum. Successful 

implantation will occur when the development of endometrium is in synchrony with the 

growing embryo. Both asynchronous and pathological endometrium can lead to 

reduced receptivity and implantation failure. 

 

With the rapid development of transcriptomic technologies in the recent years, gene 

expression studies of endometrium have advanced our understandings of endometrial 

physiology. Clinical tests based on gene expression profiles of endometrium have also 

been developed. Unfortunately, there are still significant knowledge gaps in endometrial 

receptivity research. Expression quantitative trait loci (eQTL) analysis seeks to identify 
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genetic variants – single nucleotide polymorphisms (SNPs) that affect the expression of 

genes. Identification of eQTLs has proven to be a powerful tool in the study and 

understanding of various diseases. We hypothesized that an eQTL approach to identify 

DNA variants (SNPs) which influence the expression level of genes in the peri-

implantation human endometrium would have significantly more power to identify 

genes and gene pathways that influence uterine receptivity than simple endometrial 

gene (or protein) expression profiling experiments that have been undertaken 

previously. The overall aim of this thesis is to improve the current understanding of 

uterine receptivity through transcriptomic and genomic (eQTL) approaches. In the 

second half of the thesis, we also evaluate current practices for improving uterine 

receptivity.  

 

It has been well established that endometrial gene expression is influenced by stage of 

the menstrual cycle. Adequate normalization for cycle stage is crucial in differential gene 

expression research of endometrium. However, no such normalization technique exists. 

In order to address this issue, we have developed a molecular ‘day of cycle’ model 

through precise histology dating and endometrial gene expression data. This model 

serves as an accurate and reliable way to date endometrial samples for subsequent 

studies.   

 

The main body of this thesis involves transcriptomic and genomic studies of 

endometrium from women suffering from recurrent implantation failure (RIF), in search 

for markers of uterine receptivity. Differential gene expression studies of endometrial 
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samples after normalization for cycle stage and false discovery rate correction did not 

show any significant difference between control and study groups. In order to gain 

enough power for identification of eQTLs, we have combined our endometrial samples 

with a larger cohort for endometrial eQTL analysis. This analysis identified novel 

endometrial cis- and trans-eQTLs. However, eQTL for RIF genes could not be detected 

due to absence of any significant differential gene expression between RIF and control 

groups.  

 

In the recent years, various methods and strategies have been proposed to improve 

uterine receptivity and embryo implantation. These include freeze-all cycles to reduce 

the impact of controlled ovarian hyperstimulation on endometrium and to improve 

embryo-endometrial synchrony. We performed a cross sectional study of more than 

10,000 cycles comparing clinical outcomes between fresh and frozen embryo transfer 

cycles of cleavage stage embryos. Our results suggested that any potential gains due to 

improved endometrial receptivity and embryo-endometrial synchrony following FET are 

lost, presumably due to freeze-thaw process related embryo damage  

 

This thesis also investigates whether any genes are differentially expressed in 

endometrium following endometrial scratch, which is a common practice by many IVF 

groups for improvement of uterine receptivity. The results from this study showed no 

statistically significant gene expression differences before and after endometrial 

‘scratch’. However, endometrial gene expression profiles before and after endometrial 
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‘scratch’ were very similar in most of the subjects, suggesting that endometrial gene 

expression remains consistent from cycle to cycle. 

 

In conclusion, this thesis has explored the molecular mechanisms underlying uterine 

receptivity. We have developed a molecular ‘day of cycle’ prediction model as a useful 

tool for determining ‘biological’ day of cycle for endometrium. The model was 

subsequently used to normalize endometrial samples for cycle stage in differential gene 

expression studies. Differential gene expression studies did not identify transcriptomic 

markers for RIF. The failure to identify RIF-related genes is not surprising given the 

multiple causes that could contribute to RIF, coupled with the possibility that some 

subjects in the RIF group could have undetected co-morbidities. This work has advanced 

our knowledge on uterine receptivity and provided several new avenues for ongoing 

research. There is still a need for better clinical tests for uterine receptivity. Hopefully 

the work in this thesis will provide a foundation for that to occur.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 A SYNOPSIS 

This thesis presents studies on human endometrium from women suffering from 

infertility and evaluates current practices to improve uterine receptivity in in vitro 

fertilization (IVF). 

 

Successful implantation is a critical event for establishment of an ongoing pregnancy. 

Implantation happens when a free-floating mature blastocyst attaches onto the 

endometrium, invades the stroma, and establishes the placenta. For this process to be 

successfully accomplished, the endometrium must be in a receptive state. This involves 

a complex series of events that happen during a well-defined period when the 

development of both the embryo and the endometrium are in synchrony. The three 

prerequisite factors for successful implantation to take place are: an embryo with 

implantation competency, an endometrium in receptive state and synchronized 

development between the embryo and the endometrium.  

 

Over the past 30 years there have been many advances in embryology that have resulted 

in significant improvements in embryo viability and overall IVF success rates. Embryos 

with chromosomal and genetic abnormalities can now be detected with pre-
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implantation genetic testing. However, the contribution that reduced uterine receptivity 

makes to human infertility remains unclear. With the increasing utility of IVF for 

infertility treatment, it is important to understand the significance of reduced 

endometrial receptivity, especially in those with recurrent implantation failure after 

exclusion of embryonic factors. 

 

1.2 OBJECTIVES 

The overall aim of this thesis is to improve the current understanding of uterine 

receptivity.   

 

The thesis has been divided into two parts. The first part examines the dating of human 

endometrium, and searches for determinants of uterine receptivity through 

transcriptomic and genomic studies. The second part evaluates current practices for 

improving uterine receptivity.  

 

1.2.2 SPECIFIC OBJECTIVES 

1. To improve endometrial dating through development of a molecular dating 

model for endometrium. 

2. To investigate potential determinants of uterine receptivity through gene 

expression studies. 

3. To improve understanding of embryo-endometrial synchrony through 

retrospective analysis of IVF cycles.  
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4. To investigate underlying molecular changes following endometrial ‘scratch’. 

 

1.3  CHAPTER OUTLINES 

Chapter 2 provides an overview of the current knowledge of uterine receptivity. This 

chapter also discusses the concept of embryo-endometrial synchrony and its role in 

embryo implantation and IVF success.  

 

Chapter 3 describes the recruitment process used for infertile women to participate in 

the studies (chapters 4, 5 and 7) included in this thesis.  Recruitment occurred between 

2013 and 2016 at the Royal Women’s Hospital, Parkville and Melbourne IVF, East 

Melbourne. Endometrial samples were collected through endometrial Pipelle biopsy or 

endometrial curetting.  

 

Chapter 4 describes the development of a molecular ‘day of cycle’ prediction model. 

This work involved use of gene expression data and precise histologic dating of secretory 

phase endometrial samples. This model has been used to normalize endometrial 

samples for cycle stage in subsequent gene expression studies. 

 

Chapter 5 describes the search for determinants of uterine receptivity through a gene 

expression and expression quantitative trait loci (eQTL) study of human endometrium 

at the time of embryo implantation. Our results from this study demonstrate in 

conjunction with the published literature that no reproducibly consistent genes linked 
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to RIF have yet been identified. eQTL analysis expends our knowledge of the genetic 

regulation in endometrium.  

 

Chapter 6 describes the retrospective data analysis of 10,744 single autologous embryo 

transfer cycles comparing live birth rate (LBR) between fresh and frozen embryo transfer 

(FET) cycles using cleavage stage embryos. This study suggested that any potential gains 

in LBR due to improved endometrial receptivity and embryo-endometrial synchrony 

following FET are lost, presumably due to freeze-thaw process related embryo damage. 

The results from this study confirm the positive influence of younger maternal age, 

better embryo quality, faster embryo development and improved embryo-endometrial 

developmental synchrony on LBR, while also demonstrating that embryo freezing has a 

negative impact on LBR. 

 

Chapter 7 describes a gene expression study of human endometrium following local 

mechanical injury (endometrial ‘scratch’). This is a prospective study in women with 

repeated implantation failure to investigate whether any genes are differentially 

expressed in endometrium taken at the time of endometrial ‘scratch’ compared to 

endometrium takin in the subsequent cycle. The results from this study show no 

statistical significantly gene expression differences before and after endometrial 

‘scratch’. However, endometrial gene expression profiles before and after endometrial 

‘scratch’ are very similar in most of the subjects, suggesting that endometrial gene 

expression remains consistent from cycle to cycle. 
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Chapter 8 is where I summarize the research findings from this PhD thesis, and discuss 

future research directions that this work has generated. 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

CHAPTER 2  

UTERINE RECEPTIVITY 

 

2.1 INTRODUCTION 

Successful implantation is a critical event for establishment of an ongoing pregnancy. 

Implantation happens when a free-floating mature blastocyst attaches onto the 

endometrium, invades the stroma, and establishes the placenta. For this process to be 

successfully accomplished, the embryo must have implantation potential and the 

endometrium must be in a receptive state. These are a complex series of events that 

happen during a well-defined period when the development of both the embryo and 

the endometrium are in synchrony. The three prerequisite factors for successful 

implantation to take place are: an embryo with implantation competency, an 

endometrium in a receptive state and synchronized development between the embryo 

and the endometrium.  

 

Over the past 30 years there have been many advances in embryology that have resulted 

in significant improvements in embryo viability and overall in IVF success rates. Embryos 

with chromosomal and genetic abnormalities can now be detected with pre-

implantation genetic testing. In comparison with the many advances in embryology, 

understanding of endometrial receptivity has remained relatively constant. With the 

increasing utility of IVF for infertility treatment, it is important to understand the role of 
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uterine receptivity in successful implantation, especially in those with recurrent 

implantation failure not due to embryonic factors. 

 

In this chapter, I aim to provide an update on the role of uterine receptivity in present 

day IVF. A review of the published literature on uterine receptivity was undertaken, 

which includes markers of uterine receptivity and potential approaches to improve 

uterine receptivity. The concept of embryo-endometrial asynchronous development 

leading to reduced implantation success is also explored. 

 

2.2 WHAT IS UTERINE RECEPTIVITY?  

‘Uterine receptivity’ refers to the status of the uterus when the endometrium is 

available to accept the embryo for implantation. In a normal ovulatory cycle, the 

receptive endometrium develops following sequential exposure to sex steroids – 

estrogen and progesterone, secreted by the ovaries during follicular development, 

ovulation and formation of a corpus luteum (1). This self-limited period of endometrial 

maturation during which the trophectoderm of the blastocyst can attach to the 

endometrial epithelial cells and subsequently proceed to invade the endometrial stroma 

and vasculature has been referred to as the ‘implantation window’ (2). Optimal 

endometrial receptivity leads to normal embryo implantation processes that serve as a 

foundation for a healthy pregnancy. On the other hand, abnormal endometrial 

receptivity leads to a range of reproductive problems, from complete implantation 

failure (infertility) to severely deficient implantation (miscarriage) and mildly abnormal 

implantation (pre-eclampsia) (3). 
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2.2.1 HORMONAL INDUCTION OF ENDOMETRIAL RECEPTIVITY 

The human endometrium gains its receptive state after sequential exposure to estrogen 

and progesterone. However, there is still relatively limited understanding of the 

amounts or timing of these hormones that are required for optimal receptivity. The 

length of normal human menstrual cycles and the levels of circulating gonadal hormones 

are naturally highly variable. 

 

In response to gonadotropin stimulation, the granulosa cells of the developing follicle 

produce estrogen in the follicular phase. Estrogen priming of the endometrium to induce 

both endometrial proliferation and progesterone receptor recruitment before exposure 

to progesterone is an important step for the uterus to acquire a receptive status (4, 5). 

In response to progesterone, the endometrium undergoes profound cellular and 

biochemical changes, from proliferative to secretory, with a concomitant induction of 

endometrial receptivity. Progesterone plays a key role in establishing endometrial 

receptivity. Exposure of the uterus to progesterone triggers the endometrium to 

develop through a receptive phase, endometrial age is thus commonly calculated as the 

time from when the uterus is first exposed to progesterone, while the embryonic age is 

taken from the time of fertilization. 

 

The role of estrogen during the luteal phase is not well established, but it is likely that a 

small amount of estrogen is necessary for normal luteal phase endometrial 

development (6). It has been suggested that luteal phase estrogen modulates 

endometrial progesterone receptors, and estrogen antagonism has been found to result 

in disrupted secretory development of the endometrium (7). High levels of estrogen has 
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also been shown to induce a premature refractory phase, whereas low levels induced a 

pre-receptive phase of endometrium (8). Progesterone is an absolute requirement for 

embryo implantation and pregnancy maintenance. Exposure of the uterus to increasing 

levels of progesterone after ovulation triggers the start of the endometrial secretory 

phase transformation and the development of receptivity.  

 

The successful establishment of pregnancy in a woman with primary ovarian failure 

using oocyte donation in 1983 launched a new era of understanding of endometrial 

receptivity as an entity that could be achieved artificially (9). This demonstrated that 

estrogen and progesterone are the two key, and only, hormones required for 

preparation of the human endometrium for implantation (10). Endometrial receptivity 

can be induced by exogenous administration of estrogen and progesterone in a variety 

of regimens. The optimal duration of estrogen stimulation before the commencement 

of progesterone has not been established. Successful pregnancies have been reported 

in women with simulated follicular phases between days to weeks of estrogen 

replacement (11, 12). This has provided important insights into the flexibility of the 

uterine requirement for estrogen, and shown that estrogen does not act on the uterus 

by initiating a time-sensitive series of molecular and cellular events as apparently occurs 

with progesterone (13, 14). 

  

To date, there is no evidence to suggest that a receptive endometrium in the human can 

be achieved by anything other than sequential exposure to estrogen and progesterone. 
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2.2.2 UTERUS DETERMINES THE SUCCESS OF IMPLANTATION 

It is believed that in the presence of a healthy blastocyst, it is the uterus, appropriately 

conditioned by ovarian hormones, that predominantly determines the success or 

otherwise of implantation (15). This concept originated from animal studies, which have 

shown that the uterus can maintain the embryos in a viable and resting condition until 

the condition is optimal for implantation to take place. Nidation of embryos can be 

delayed after mating in ovariectomized rats, until uterine receptivity is achieved (16). 

This concept is also supported by the finding that a delayed blastocyst that is 

subsequently activated reverts to its delayed state if replaced in the uterine cavity of a 

mouse in delayed implantation (17). In several species such as rats, embryonic diapause 

or delayed implantation is used to maximize reproductive efficiency. During diapause, 

the uterus arrests blastocyst development until environmental conditions are suitable 

for pregnancy to continue (18). On the contrary, in some species developmentally 

younger embryos when placed in advanced endometrium can be forced to accelerate 

their development in order to be ready for implantation at the proper time, as in the 

case of sheep and cattle (19, 20).   

 

In addition to the receptive state, there is evidence in some species that the uterus goes 

through neutral and refractory non-receptive states. In the rats, progesterone priming 

of the uterus establishes a pre-receptive neutral state, which the embryo can survive 

but will not implant. Exposure of this neutral uterus to estrogen induces a state of 

refractoriness by 36 hours. During the refractory non-receptive state, the uterine 

environment becomes hostile to the blastocyst, and the embryo is actively destroyed 

(21).  
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Other studies have shown that blastocysts are capable of implanting in a variety of 

tissues. However in contrast to the uterus, implantation occurs in ectopic sites such as 

the anterior chamber of the eye, the kidney, the testis and the spleen regardless of 

hormonal conditioning (22-27). Reported ectopic site implantation rate was as high as 

95% in the mouse cryptorchid testis (25). Embryo implantation at ectopic peritoneal 

sites such as the broad ligament, omentum and bowel, with successful pregnancy 

development to term have also been reported in humans (28, 29). The high success of 

embryos implanting at ectopic sites regardless of the hormonal status of the hosts 

further supports the hypothesis that the uterus is the major controlling partner in the 

implantation process. 

 

Recent human data derived from in-vitro model studies, have suggested that the 

endometrium can reject incompetent embryos. In reaction to signals from the embryo, 

endometrial stromal cells tend to migrate towards a developing embryo, however this 

is not observed in presence of an arrested embryo (30). 

 

This evidence from animal and in-vitro models suggests that the uterus plays a leading 

and controlling role in the process of implantation. Interpreting these data in the context 

of human endometrial receptivity is difficult because of the significant differences 

between humans and animal species. However, these animal studies have provided 

valuable insights into the concept that the uterus almost certainly governs successful 

implantation in humans. 
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2.2.3 EMBRYO-ENDOMETRIAL DEVELOPMENTAL SYNCHRONY 

The time when the blastocyst first attaches and starts to invade into the endometrium, 

usually around days 19-23 of a standard 28-day menstrual cycle, is known as the 

‘window of implantation’ (2). This term is commonly used to imply a single critical 

window in the menstrual cycle that determines whether implantation will occur or not. 

This interpretation can be misleading. Embryo maturation and endometrial 

development are two independent continuous processes. Implantation occurs when the 

two tissues fuse, and pregnancy is established. An important concept in understanding 

this event is developmental ‘synchrony’, defined as when the early embryo and the 

uterus are both developing at the same rate such that they will be ready to commence, 

and successfully continue implantation at the same time. Using the concept of 

developmental synchrony, the length of the implantation window can be defined as the 

amount of embryo-uterine developmental asynchrony that can be tolerated while still 

allowing successful implantation. 

 

Implantation can occur over a range of times in a normal cycle. In 1950, Chang was the 

first to demonstrate the importance of the synchrony between the age of the embryo 

and the developmental stage of the endometrium (31). Shortly after that, Hertig et al. 

(32) showed that embryos only implant after day 19 of a 28-day cycle in hysterectomy 

specimens from pregnant women. Another study showed that initial detection of 

urinary human chorionic gonadotrophin (hCG) in women attempting to conceive 

occurred over a range of 6-18 days post-ovulation (33). However, among pregnancies 

that survived for at least 6 weeks, the range was only 6-12 days. Most of the successful 

pregnancies (84%) had first detection of urinary hCG from day 8-10 post-ovulation. 
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These data support the concept that optimal implantation rates occur with embryo-

endometrial developmental asynchrony of 1 day or less. Based on these data, we can 

infer that successful implantation can still occur with asynchrony of up to 3 days. 

However, the implantation process may be initiated, but fail to progress normally with 

asynchrony of up to 9 days (33). 

 

Development of embryo freezing techniques and availability of embryo/oocyte 

donation programs in assisted reproduction technology (ART) have provided an 

opportunity whereby the embryo age and endometrial chronology can be dissociated, 

thus allowing separate assessment of oocyte development and the induction of 

endometrial receptivity. In previous reviews of published pregnancies established in 

premature ovarian failure patients receiving donated oocytes, it was estimated that 

successful implantation occurred when the embryo was anything from 39 hours in front 

to 48 hours behind the uterus. These data suggest that embryo-endometrial asynchrony 

of +/- 2 days can be tolerable for embryo implantation to take place (34, 35). 

 

Study of oocyte donation cycles in women with ovarian failure demonstrated a viable 

pregnancy rate of 32.4% when the embryos were transferred with embryo-endometrial 

asynchrony of not more than 3 days (between day 17 and 19). No implantation was 

reported when the embryos were transferred before or after this time frame (4 transfers 

on cycle day 16, 11 transfers after day 19) (36). 

 

Another study has demonstrated a statistically significant reduction in pregnancy rate 

by almost half when endometrial development was one day behind or up to two days 
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more advanced than the embryo age (clinical pregnancy rate 20.5% versus 11%, p<0.05). 

This study involved 249 synchronous transfers when day 2 embryos were transferred on 

the fourth day following the luteinizing hormone (LH) surge initiating rise, and 117 

asynchronous transfers where the uterus was one day behind the embryo or one or two 

days older than the embryo (37). This further supports the evidence suggesting that 

optimal implantation happens when embryo-endometrial asynchrony is less than 3 

days.  

 

Similar results were reported in IVF cycles involving different protocols. A study involving 

40 women having IVF/intracytoplasmic sperm injection (ICSI) cycles, who had histologic 

dating of endometrium on the day of oocyte retrieval reported no pregnancy if 

development of the endometrium was greater than 3 days more advanced than the 

embryos (38). Gonadotropin releasing hormone (GnRH) agonist and human menopausal 

gonadotrophins (hMG) were used for controlled ovarian hyperstimulation in the IVF/ICSI 

cycles in this study. Similar results were demonstrated in other studies involving the use 

of GnRH antagonists and recombinant follicle-stimulating hormones (FSH). No clinical 

pregnancy was observed when the endometrium showed a discrepancy of more than 3 

days when compared to the expected chronological date (39, 40). 

 

It is highly unlikely for ethical reasons that systematic investigation of the optimal timing 

of human uterine receptivity will ever be undertaken again. Evidence from these earlier 

investigations suggests that in humans the highest implantation rates will be achieved 

within a limited period of embryo-endometrial developmental asynchrony, and that the 

implantation rates will reduce as asynchrony increases. While it is possible that in some 
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cases of asynchronous transfer, pregnancy may be established (41), the overall 

implantation rate is likely to be significantly reduced when asynchrony is more than 3 

days. (Figure 2.1) 

 

A study compared the effect of day 5 and day 6 blastocyst transfers on patterns of 

implantation rates and clinical pregnancy rates (CPR) between 377 fresh autologous and 

106 frozen embryo transfer cycles. The CPR for day 5 blastocyst transfers was higher 

than for day 6 blastocyst transfers in fresh autologous cycles (51% versus 33.3%, 

P=0.0006). However, there was no significant difference between transfers of 

blastocysts cryopreserved on day 5 and day 6 in FET cycles (63.6% versus 58.9%) (42). It 

is known that ovarian stimulation with pituitary suppression induces a more 

histologically advanced endometrium than in natural cycles (39, 43, 44). This 

advancement may lead to better synchrony between day 5 blastocysts and the 

endometrium, than their day 6 counterparts. In the study by Shapiro et al. (42), the 

superior performance of day 5 blastocysts in fresh autologous cycles may have been due 

to better synchrony between these faster-growing embryos and the advanced 

endometrium in stimulated cycles. The embryo-endometrial synchrony was similar 

between day 5 and day 6 blastocysts in FET (assuming similar stage of embryonic 

development in blastocysts, disregarding whether the developmental stage was 

achieved on day 5 or day 6), therefore achieving similar clinical outcomes. 

 

Figure 2.2 demonstrates the concept of embryo-endometrial synchrony. This figure 

represents a new way to demonstrate the developmental synchrony between the 

endometrium and the embryo within a ‘cycle’. The main causes of implantation failure 
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have also been listed: 1. Embryo developmental defects e.g. chromosomal anomalies; 

2. Endometrial developmental defects e.g. luteal phase deficiency, reduced endometrial 

receptivity; 3. Embryo-endometrial developmental asynchrony. 

 

2.2.4  UTERINE PATHOLOGIES  

While embryo-endometrial synchrony is important, it is not the only endometrial factor 

affecting normal implantation. Acquisition of endometrial receptivity is dependent upon 

a normally functioning tissue. Uterine pathologies such as endometrial polyps, uterine 

fibroids and adenomyosis are commonly found in women with infertility (45). It is 

important to understand that presence of these pathologies does not imply a definite 

negative impact on fertility and endometrial receptivity.  

 

Endometrial polyps are localized overgrowths of endometrial glands, stroma and fibrous 

tissues within the uterine cavity. It has been suggested that endometrial polyps may 

adversely impact fertility through mechanical interference and alteration of molecules 

that detrimentally effect endometrial receptivity (46). Hysteroscopic removal of 

endometrial polyps is generally recommended prior to infertility treatment (47).  

 

Uterine fibroids, also known as leiomyomas, are benign tumours of uterus that exhibit 

various forms of smooth muscle differentiation. Management of asymptomatic fibroids 

in infertile women depends mainly on the location of the fibroids. A meta-analysis 

showed a significant decline in pregnancy and implantation rates in the presence of 

submucosal fibroids, or fibroids distorting the endometrial cavity (48). A number of 

potential mechanisms have been suggested, including abnormal uterine contractility, 
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abnormal vascularization, alteration of endometrial cytokines and chronic endometrial 

inflammation (46). Removal of submucosal fibroids and fibroids distorting the 

endometrial cavity is generally recommended before fertility treatment.  

 

Adenomyosis is defined as presence of ectopic endometrial glands and stroma within 

the myometrium, while endometriosis is the presence of ectopic endometrium outside 

the uterus. Current evidence has suggested that adenomyosis has a negative impact on 

fertility including IVF outcome (49, 50). It has been suggested that adenomyosis can 

reduce implantation rates by impairing normal uterine peristalsis and reducing 

endometrial receptivity by inducing abnormal immune response within the endometrial 

environment (46, 49). Treatment options for adenomyosis to improve fertility are 

limited. Treatment with GnRH agonists prior to embryo transfer has been shown to 

improve pregnancy rates with IVF (51).  

 

There are studies suggesting that each of these uterine pathologies alter molecular 

expression during the endometrial receptive phase, and can have a negative impact on 

implantation (46). With the relative ready access to diagnostic tools and techniques 

nowadays, these pathologies can be easily identified in women presenting with 

infertility.  

 

2.3 ASSESSMENT OF UTERINE RECEPTIVITY 

In ART, embryo maturation and endometrial development can be dissociated. While it 

is possible to precisely monitor the growth of an embryo in an IVF laboratory, 

development of the endometrium can only be assessed by less accurate methods (Figure 
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2.3). Significant effort has been invested by various research groups in the search for 

markers of uterine receptivity. Recurrent implantation failure (RIF) caused by uterine 

factors can be due to asynchronous and/or pathological endometrium (52). An ability to 

accurately identify the receptive phase and/or presence of pathologies of human 

endometrium will provide valuable clinical benefit in the field of reproductive medicine.  

 

2.3.1 ENDOMETRIAL HISTOLOGY AND MICROSCOPY 

2.3.1.1 TRADITIONAL HISTOLOGICAL DATING 

The endometrium undergoes a sequence of histological and ultrastructural changes 

under the influence of estrogen and progesterone during the menstrual cycle, and 

significant morphological changes of endometrial stromal cells have been observed 

around the time of implantation (53-56). Historically, development of the endometrium 

is assessed via histological examination of the tissue from endometrial biopsy. More 

than 60 years have passed since the traditional histologic dating of endometrium was 

initial described by Rock and Bartlett, which was then revised by Hertig, and 

subsequently fine-tuned by Noyes and colleagues (53, 57).  

 

The validity and accuracy of histologic dating of the endometrium has been questioned 

many times (58, 59). One criticism of the Noyes endometrial dating system is that the 

fundamental standard was based on analyses of an infertile population (53). The 

inherent subjectivity of endometrial dating results in inevitable inter- and intra-observer 

variation, this has also made the accuracy of histological dating questionable (60, 61). 

However, the secretory activity in the second half of the menstrual cycle is characterized 
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by a diversity of structural changes that are apparent on routine examination of 

endometrial biopsies, showing a different pattern every day of the cycle (62, 63).  

 

Although the traditional endometrial dating by Noyes criteria is subject to a certain 

degree of observer-dependent variability and inaccuracy, it remains the current gold 

standard for assessing endometrial development, until superior modalities are 

validated. 

 

2.3.1.2 ENDOMETRIAL HISTOLOGY AND FERTILITY 

The role of endometrial biopsy for evaluation of infertility has also been questioned (64, 

65). A prospective multicentre study involving 847 subjects was performed to assess the 

ability of histology dating to discriminate between women of fertile and infertile 

couples. Fertile women (successful pregnancy within 2 years of biopsy) and women with 

either primary or secondary infertility (defined as no pregnancy after 12 months of 

attempted conception) were recruited. Subjects were randomized to endometrial 

biopsy in the mid (7-8 days after LH surge) or the late (12-13 days after LH surge) luteal 

phase after detection of the LH surge by urinary LH testing. There were no statistically 

significant differences with the prevalence of out-of-phase biopsy between the two 

study groups in either the mid and the late luteal phase (65).  

 

An earlier study involving analysis of 82 women showed that histologic dating of 

endometrial biopsies in relation to mid-cycle serum LH peak did not differ significantly 

between patients with tubal and male infertility and patients with unexplained infertility 

(66). Detailed morphometric analysis of peri-implantation endometrium has also failed 
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to demonstrate any difference between fertile controls and infertile subjects (67). We 

can conclude from these studies that histologic endometrial dating is not useful as a 

screening tool for assessing women presenting with infertility. 

 

2.3.1.3 UTERINE NATURAL KILLER CELLS 

Natural killer cells are a type of granular lymphocyte that belong to the innate immune 

system, deriving from haematopoietic progenitor cells in the bone marrow (68). 

Peripheral NK (pNK) cells are measured in the blood by flow cytometry. Uterine NK (uNK) 

cells are evaluated using monoclonal antibodies by immunohistochemical (IHC) staining 

of tissue or by flow cytometry of cells obtained by endometrial biopsy. The uNK cells are 

phenotypically and functionally different from the pNK cells (69). pNK cells also lack the 

immune-modulatory potential that has been demonstrated in uNK cells (70). Therefore, 

data derived from pNK cell testing must be interpreted with caution, as it may not 

represent what happens at the feto-maternal interface.  

 

uNK cells proliferate during the menstrual cycle and constitute 70% of endometrial 

leucocytes at the time of embryo implantation (71). These cells express a variety of 

angiogenic factors and chemo-attractants that facilitate vascular remodelling and 

trophoblast invasion during placental development (70, 72). uNK cells have been 

suggested to play a role in human reproductive failure (73). There are controversial 

results in the literature in regards to the possible role of NK cells in reproductive failure 

(74). Some studies have reported increased CD56+ and CD16+ uNK cells during the peri-

implantation period in women with RIF (75-78). While no difference or fewer uNK cells 

in RIF patients compared to fertile controls was reported by others (79, 80). A systematic 
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review has demonstrated no significant difference in the percentage of pNK cells in 

infertile women compared with fertile controls, as well as no difference in the 

percentage of uNK cells in women with recurrent miscarriage (RM) compared with 

fertile controls. There was also no significant difference in IVF outcome among women 

with and without raised NK cells (74). 

 

There has been no consensus in the literature with regard to the method, timing and 

reference range for the uNK cell testings (74). Recently, Lash et al. reported a 

standardized IHC protocol established by three independent UK laboratories, to quantify 

CD56 uNK cells in endometrial biopsies. Consensus was achieved amongst laboratories 

using this protocol. However, no significant differences were detected amongst fertile 

women, women with recurrent miscarriage and those with RIF (81). Using the same 

protocol, we have also failed to detect any significant differences in the density of uNK 

cells in women with RIF compared to fertile women (80).   

 

Embryo implantation and pregnancy involves significant modulation of the complex 

endometrial immune system. Measurement of uNK cells activity alone is not likely to 

reflex this complex and variable immune response and does not appear to predict 

reproductive outcomes.  

 

2.3.1.4 PINOPODES 

Pinopodes (also known as uterodomes) are progesterone dependent transient 

microscopic projections that arise from the apical surface of the luminal epithelium of 

the endometrium (82). The initial observation of pinopodes on the endometrial surface 
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was in rodents through transmission electron microscope studies (83, 84). In vivo study 

has suggested that pinopodes are involved with embryo attachment during 

implantation (85).  

 

In the rat endometrium, the appearance of pinopodes clearly demarcates the receptive 

status of the endometrium, and they are obligatory for successful implantation (86). In 

humans, pinopode morphology changes as the endometrium develops through the 

secretory phase. Human pinopode development has been categorized into 3 phases: 

developing (day 19), fully developed (day 20 and 21) and regressing (day 22), with each 

phase lasting approximately 24 hours (87). Although studies to date have failed to show 

a reliable pattern for the expression of pinopodes in human endometrium, on average, 

prominent development occurs on day 20-22 of a standard 28-day natural cycle 

coinciding with the time when endometrium develops its receptivity (88-91).  

 

Previous studies did not detect a difference when comparing expression of pinopodes 

between infertile and fertile women. This work also reported that pinopode formation 

in the endometrium of infertile women was poorly reproducible and highly variable from 

one cycle to another (92). More recent studies have however demonstrated more 

promising observations of the potential for pinopodes to be considered as a marker for 

endometrial receptivity. These studies have reported that greater expression of fully 

developed pinopodes at midluteal phase in women undergoing IVF was associated with 

improved clinical outcomes (93, 94).  
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To date, most studies on pinopodes have use scanning electron microscopy (SEM) to 

evaluate density of pinopodes in the endometrium. There is inter- and intra-observer 

variation with this technique. Recent studies have suggested that pinopode 

morphology, rather than density and number may be more relevant to endometrial 

receptivity (93, 95). It has also been suggested that running at least 60 fields in each 

specimen is necessary to achieve a reproducible result (93). Optimization and 

standardization of technique to analyse pinopodes is required to establish consistency 

across the literature, and to improve the understanding of pinopodes in endometrial 

receptivity. 

 

2.3.2 RADIOLOGY 

Radiological modalities such as ultrasound and Doppler imaging allow non-invasive 

assessments of the uterus. These radiologic modalities have been used to investigate 3 

key aspects of uterine appearance that may relate to uterine receptivity – endometrial 

morphology, myometrial contractility, and uterine perfusion (96). 

 

2.3.2.1 ENDOMETRIAL THICKNESS 

Several studies have shown that greater endometrial thickness measured on the day of 

hCG administration in an IVF cycle is associated with better outcome (97-100), however 

others have shown negative results (101, 102). A recent meta-analysis involving 14 

studies and 4922 IVF cycles has shown a statistically significant difference in the mean 

endometrial thickness between pregnant and non-pregnant groups. However, the mean 

difference between the two groups was <1mm, which may not be clinically meaningful 

(103). Although pregnancies have been reported with endometrial thickness as low as 
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4-5mm, the probability of achieving pregnancy with an endometrial thickness of less 

than 6mm is reduced (96). A more recent study has also demonstrated lower live birth 

rates and neonatal birth weights with endometrial thickness of less than 7mm (104). 

Although endometrial thickness is the most studied ultrasonographic parameter, 

ultrasonographic measurement of endometrial thickness cannot accurately predict 

histological dating (105). A recent meta-analysis has reported low predictive accuracy of 

endometrial thickness for clinical pregnancy (106).  

 

2.3.2.2 ENDOMETRIAL PATTERN 

The morphological changes of endometrium throughout the menstrual cycles are 

evident with ultrasonography. The endometrial pattern has been correlated with IVF 

outcome, with a trilaminar pattern shown to be associated with higher implantation 

rates than a homogenous hyperechogenic pattern at the time of hCG administration in 

IVF cycles (107-109). It is likely that the appearance of homogenous hyperechogenic 

endometrium at late follicular phase is indicative of premature secretory maturation of 

the endometrium. If correct, this may subsequently lead to embryo-endometrial 

developmental asynchrony and reduced implantation rates.  

 

2.3.2.3 ENDOMETRIAL VOLUME 

Measurement of endometrial volume can be achieved with 3-dimentional (3D) 

ultrasonography. The endometrial volume increases steadily throughout the follicular 

phase until ovulation, then remains relatively constant through the luteal phase (110). 

It has been suggested that endometrial volume measured by 3D-ultrasound on the day 

of embryo transfer is an objective parameter to predict endometrial receptivity (111, 
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112). A few studies have shown that endometrial volume of less than 2.0 - 2.5ml 

measured during embryo transfer is associated with a lower pregnancy rate in IVF cycles, 

and no pregnancy has been reported with endometrial volume <1ml (111, 113). 

However, the majority of published studies did not find significant differences in 

endometrial volume between those patients who became pregnant and those who did 

not after IVF (114). To date, there is insufficient evidence in the literature to support the 

use of endometrial volume to predict endometrial receptivity and guide clinical 

management. 

 

2.3.2.4 MYOMETRIAL CONTRACTILITY 

Advanced audio-visual and computer technology with real-time ultrasonography has 

allowed non-invasive observation of myometrial movements. The contractile activity of 

the uterus varies during the menstrual cycle, with the most frequent uterine 

contractions observed during midcycle. The contraction frequency usually diminishes 

during the luteal phase during which the uterus eventually becomes quiescent (115, 

116).  

 

Previous studies have shown that reduced uterine activity on the day of IUI or embryo 

transfer is associated with higher clinical pregnancy rates (117-121). Uterine activity has 

been shown to be increased in IVF cycles when compared to natural cycles. This can 

probably be explained by the significantly deranged hormone levels secondary to 

ovarian hyperstimulation in IVF cycles. Higher uterine activity and correspondingly 

increased mobility of the endometrium may affect implantation (122). 
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2.3.2.5 UTERINE AND ENDOMETRIAL PERFUSION 

A good blood supply to the endometrium is generally considered an important 

requirement for successful implantation, and it has been suggested that decreased 

uterine perfusion may indicative of infertility (123). Throughout a normal menstrual 

cycle, uterine arterial impedance decreases in response to rising estrogen and 

progesterone levels (124), with the lowest resistance observed during the midluteal 

phase (125). Most, but not all studies (126, 127) have reported that high uterine 

impedance measured either peri-ovulatory or on the day of embryo transfer is 

associated with poor implantation during ART (128-132).  

 

Endometrial and subendometrial blood flows can now be objectively measured with 3D 

Doppler ultrasound. It has been showed that endometrial vascularity increased during 

the proliferative phase, peaking around 3 days prior to ovulation before decreasing to a 

nadir 5 days post-ovulation (110). It has been reported that endometrial-

subendometrial blood flow measured before embryo transfer is correlated with the 

pregnancy rate. The rates of implantation and pregnancy following embryo transfer in 

patients who had both endometrial and subendometrial flow were 47.8% and 24.2%, 

respectively. These rates fell to 29.7% and 15.8% when only subendometrial flow was 

evident and to only 7.5% and 3.5% when no flow was detected at all (133). It has also 

been suggested that resistance to subendometrial blood flow measured on the day of 

embryo transfer might be more indicative of uterine receptivity than the presence or 

absence of subendometrial blood flow alone (134). 
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Contradictory evidence exists in the literature in regards to the correlation between 

endometrial-subendometrial blood flow measured on the day of oocyte retrieval and 

implantation rate (127, 132, 135, 136). With the current evidence, endometrial and 

subendomertial blood flow measured at a single time point during the IVF cycle do not 

appear to be reliable predictors of uterine receptivity and successful implantation. 

Further work is required in this area. 

 

2.3.3 ENDOMETRIAL GENE EXPRESSION ANALYSIS 

2.3.3.1 TRANSCRIPTOMIC PROFILES OF HUMAN ENDOMETRIUM 

Development of gene expression microarrays has facilitated the advancement of global 

gene profiling technology to investigate gene expression in human endometrium (137). 

Previous microarray studies of human endometrium have shown that gene expression 

changes significantly during different phases of human menstrual cycle, with the most 

significant changes seen in mid-secretory phase endometrium (138-141).  

 

A study in 2004 has proposed the transcriptomic characterisation of the human 

endometrium throughout the menstrual cycle by using a locally made 10.5k cDNA glass 

slide microarray as an alternative to histological dating. Endometrial samples from 43 

normal cycling women were used to study the correlation between traditional histologic 

evaluation and molecular profile of the samples (141). By using a more powerful array 

(54k probes for genes and expressed sequence tags) in 28 normo-ovulatory women, a 

later study demonstrated 4 clusters of samples corresponding to the proliferative, early-

secretory, mid-secretory and late-secretory phases, with distinct patterns of gene 

expression for each group. Despite different sets of genes used in the two analyses 
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(principal component analysis (PCA) and hierarchical clustering analysis), the same 

clusters were found by both methods (142). Both studies have demonstrated that there 

is a strong relationship between the grouping of endometrial samples based on gene 

expression profiles, and their cycle stages (141, 142). The study by Ponnampalam et al. 

has also suggested that discordant patterns of gene expression might help to select 

endometrial samples with subtle abnormalities not readily identified by routine 

histologic examination (141).  

 

Other studies have focused on identifying genes involved in implantation and on 

comparing their gene expression profile during the time of implantation and other 

phases of menstrual cycle (138-140, 142-148). Global transcriptomic profiling of human 

endometrium achieved by these studies has provided important insights into the 

biological processes and molecular mechanisms that occur in the endometrium in 

response to the hormonal influences across the normal menstrual cycle. The 

proliferative phase of the cycle, under the influence of estradiol, has a preponderance 

of genes involved in DNA synthesis and cell cycle regulation. Genes encoding ion 

channels and cell adhesion, as well as angiogenic factors, are also highly regulated in this 

phase of the cycle. The early secretory phase is notable for up-regulation of multiple 

genes and gene families involved in cellular metabolism, steroid hormone metabolism, 

as well as some secreted glycoproteins (149). Major changes in endometrial gene 

expression occur in the mid-secretory phase, coinciding with the time that the 

endometrium becomes receptive, with several gene clusters showing peaks of 

expression at that time. These gene expression changes occur in response to 

progesterone in the secretory phase, and have been identified in some of the major 
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biological processes taking place during implantation, such as signalling, growth, 

differentiation and cell adhesion (141). The genes whose expression alters during the 

transition from the early- to the mid-secretory phases are mainly involved in cell cycle 

regulation, ion binding, transport of signalling proteins, and members of the family of 

immunomodulators (144). In the transition between the mid-secretory and the late-

secretory phases, the genes that mostly change their expression are related to the 

immune response of the innate immune system, the humoral and cellular immune 

response (142), haemostasis, blood coagulation, steroid biosynthesis and the 

metabolism of prostaglandins (150, 151).  

 

With the transcriptomic profile of the human endometrium provided by these studies, 

it is now possible to more accurately catalogue endometrium at different stages based 

on transcriptomic profiles.  

 

2.3.3.2 TRANSCRIPTOMIC SEARCH FOR MARKERS OF UTERINE RECEPTIVITY 

The hunt for potentially informative markers of uterine receptivity led several 

researchers to investigate gene profiles of women with unexplained infertility (152) and 

recurrent implantation failure (153, 154). Inadequate uterine receptivity is thought to 

be one of the major causes of unexplained infertility and recurrent implantation failure. 

Comparing endometrial gene expression between these women and fertile women may 

provide new information on genes and pathways that may have functional significance 

as regards to endometrial receptivity and subsequent embryo implantation.  
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A study compared 12 fertile women with 20 women with RIF to identify the global gene 

profile in women with RIF (153). Gene array analysis by these authors demonstrated 

that the expression of various genes is altered in RIF patients, including those belonging 

to the cell cycle, Wnt signalling and cellular adhesion pathways. Interestingly, this study 

also demonstrated that about 8% of the affected genes were estrogen dependent, and 

the authors raised the possibility that RIF patients may suffer from defective 

endometrial estrogen responsiveness.  

 

More recently, Koot et al. (155) reported identification of a signature containing 303 

genes predictive of RIF. Endometrial gene expression profiles from 81 women (31 

women with RIF and 50 controls) were analysed to discover the signature associated 

with RIF. The study reported a positive predictive value of 100% with a subsequent 

independent validation of 34 samples (12 women with RIF and 22 controls). Functional 

analysis of RIF transcriptome showed that there are many more genes with decreased 

expression (81%). Exploration of the expression changes suggested that RIF is primarily 

associated with reduced cellular proliferation. Interestingly, this study did not identify 

any indication of estrogen dependent down regulation of gene expression in RIF patients 

as suggested by previous study (153, 155). 

 

2.3.3.3 ENDOMETRIAL RECEPTIVITY ANALYSIS 

The endometrial receptivity analysis (ERA) was developed as an objective molecular 

dating method to more accurately identify receptivity status of the endometrium. By 

profiling the transcriptome of 238 genes, the ERA classifies endometrial biopsies into 

proliferative, pre-receptive, receptive and post-receptive stages. Women then undergo 
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personalised embryo transfer that has been timed based on the receptive status 

identified by ERA (145).  

 

In the initial study, it was reported that the ERA had a high specificity (0.8857) and 

sensitivity (0.9976) for endometrial staging (156). The cycle to cycle consistency of the 

ERA test was reported to be 100%. This single publication examining the reproducibility 

of the test was reported by the group who designed the test, which described a 

comparison of seven women, each of whom had duplicate endometrial sampling 

performed 29-40 months apart (156). 

 

The incidence abnormal ERA test results in women with RIF was reported around 25% 

(157-159). Improved clinical outcomes after ERA in women with RIF was been reported 

in small retrospective observational studies (157, 158, 160). By evaluating the available 

clinical data, some have argued that ERA only identifies a minority of patients with 

recurrent implantation failure and likely also misidentifies a small percentage (3). 

 

Diaz-Gimeno et al. (161) has recently analysed ERA test results of 771 women, 

correlating with their clinical outcomes, to further characterise the receptive 

endometrium and to identify additional transcriptomic profiles. The endometrial 

receptivity profiles were redefined into six sub-profiles: proliferative, early pre-

receptive, late pre-receptive, optimal receptive, late receptive and post-receptive. The 

ongoing pregnancy rates ranged between 76.9 and 80% in the late pre-receptive and 

receptive groups compared to 33.3% in the late receptive endometrium. This study 
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demonstrates ongoing development of the ERA transcriptomic tool for assessment of 

endometrial receptivity.  

 

The ERA is an emerging molecular tool for evaluation of endometrial receptivity and may 

herald the switch from anatomical to molecular medicine in the area of endometrial 

evaluation. The definitive clinical value of the ERA test is yet to be evaluated by larger, 

multicentre, randomized trials.  

 

2.3.3.4 ENDOMETRIAL RECEPTIVITY MAP 

The Endometrial receptivity Map (ER Map) is another molecular tool to determine the 

receptivity status of an endometrium based on combined quantitative reverse 

transcription polymerase chain reaction (RT-qPCR) expression analysis of genes involved 

in endometrial proliferation and immunity. A total of 184 genes related to endometrial 

proliferation and maternal immune response were chosen by the authors after a 

literature review for inclusion in the ER Map test. When compared with ERA test, ER 

Map results matched the ERA results in 91.67-97.59% of cases.  Interestingly, the ER 

Map test shares only seven common genes with the ERA test (162). This test has only 

recently become available and has yet to be evaluated for its clinical value.  

 

2.3.4 OTHER BIOMARKERS OF UTERINE RECEPTIVITY 

A variety of molecular mediators, particularly those expressed by endometrium around 

the time of embryo implantation, have been identified as potential markers for uterine 

receptivity. These potential biomarkers include cell adhesion molecules, cytokines, 

growth factors, and others such as calcitonin and homeobox genes (163).  
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2.3.4.1 aVb3 INTEGRIN 

avb3 integrin is a cell adhesion molecule (163). It  has been proposed as biomarker for 

uterine receptivity as its expression increased in the mid-luteal phase (164). Expression 

of avb3 integrin is first detected on human endometrium around the time when 

endometrial receptivity occurs, and its expression persists into pregnancy with 

expansion to the decidua. It is also detected on the endometrial luminal epithelial 

surface, which first interacts with the trophoblast. Therefore, avb3 integrin has also 

been proposed as a potential receptor for embryonic attachment (165, 166). It was 

suggested that altered endometrial avb3 integrin expression may be associated with 

unexplained infertility (167, 168) and endometriosis (169). A clinical test was developed 

to assess endometrial receptivity based on the evaluation of the avb3 integrin in an 

endometrial biopsy, known as the E-tegrity test. However, the evidence was 

controversial, as subsequent studies failed to demonstrate a different expression 

pattern (92, 168, 170). Endometrial avb3 integrin expression has poor reproducibility 

and high variability cycle to cycle (89). A recent prospective study has also failed to show 

any difference in endometrial avb3 integrin expression during mid-luteal phase 

between women with recurrent implantation failure and controls (171).  

 

2.3.4.2 LEUKAEMIA INHIBITORY FACTOR 

Leukaemia inhibitory factor (LIF) is an Interleukin-6 (IL-6) cytokine that has been found 

to play an important role in embryo implantation (172, 173).  LIF is expressed in the 

endometrium in the mid to late secretory phase, with a peak at mid secretory phase 

(174, 175).  LIF is involved in both adhesive and invasive phases of implantation due to 
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its anchoring effect on the trophoblast and regulation of trophoblast differentiation 

(176). Evidence suggests that dysfunction of LIF expression may contribute to 

implantation failure (177-181). Recombinant human LIF (r-hLIF) was proposed as a 

treatment to improve endometrial receptivity in patients with RIF. However, a large 

multicentre, randomized study has failed to demonstrate an improvement in 

implantation and pregnancy rate after r-hLIF treatment when compared with placebo in 

women with recurrent RIF (182). 

 

2.3.4.3 ENDOMETRIAL FUNCTION TEST  

The endometrial function test (EFT) has been designed to date normal endometrium, 

and also to differentiate between normally and abnormally developing endometrium. 

The EFT consists of histologic endometrial dating and immunohistochemistry of cyclin E 

and p27 in the endometrium. Cyclin E promotes endometrial proliferation, while p27 

inhibits it and allows differentiation to occur. It has been shown that estrogen positively 

regulates cyclin E while progesterone induces the transition to a p27-dominated state 

(183). Small study has shown that EFT resulted in altered clinical practice and 

subsequent increased pregnancy rates (184). However, the full potential of the EFT will 

require further research involving different centres to validate and establish its clinical 

use. 

 

2.3.4.4 OTHERS 

Many other molecules have been found to play a role in successful embryo implantation. 

These markers include prostaglandins and cyclooxygenases,  MUC-1 glycoprotein, 

serum- and glucocorticoid- inducible kinase, placental growth factor, and many others 
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(185). Achievement of uterine receptivity involves cellular events and molecular 

pathways under the influence of sex hormones and an implantation competent 

blastocyst. It seems unlikely that a single biomarker will be able to define uterine 

receptivity. Given that the implantation process is a continuum of events, uterine 

receptivity may be better defined by a combination of key markers that occur over a 

period of time.  

 

2.3.5 MINIMALLY INVASIVE APPROACH VIA ENDOMETRIAL FLUID ANALYSES 

One of the other limitations for histology/immunohistochemistry and gene expression 

study of endometrium has been the need to use cells collected by endometrial biopsy 

for profiling. The approach of performing endometrial biopsy during the secretory phase 

is incompatible with clinical use in a potential conception cycle.  

 

Endometrial fluid is the microenvironment that an embryo first encounters as it enters 

the uterine cavity. The components of the endometrial fluid originate from the luminal 

and glandular epithelium through passive and active secretions. It contains amino acids, 

lactate, pyruvate, oxygen, glucose, antioxidants, ions, growth factors, hormones, lipids, 

proteins, and miRNA (186-188). It is known to contain mediators that modulate 

endometrial receptivity, and that may also be involved in the maintenance and nurturing 

of the embryo (189, 190). 

 

Uterine aspiration of the endometrial fluid causes minimal destruction of the 

endometrium. A longitudinal study was performed to compare gene expression profiles 

of cells isolated from uterine aspirates (54 samples) collected during pre-receptive and 
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receptive phases of a natural cycle. 53 candidates genes predictive of endometrial 

receptivity were identified, with 24 of them previously identified in the 238 gene ERA 

test (145, 191). This is a potential non-invasive modality to assess endometrial 

receptivity in active IVF cycles.  

 

2.3.5.1 miRNA EXPRESSION IN ENDOMETRIAL FLUID 

Micro-ribonucleic acids (miRNAs) are small noncoding RNA molecules that regulate the 

expression of other genes through complementary binding sites in their mRNA targets. 

It has been suggested that estrogen and progesterone might regulate endometrial gene 

expression and function through miRNAs (192).  

 

A study compared the miRNA expression profile between the late-proliferative and the 

mid-secretory phases and found that miRNAs up-regulated in the mid-secretory phase 

targeted genes involved in DNA replication licensing and cell cycle regulation (193). 

Another study also found a different profile between the early-secretory and the mid 

secretory phases. Bioinformatics analysis revealed that these miRNAs regulate a large 

number of genes, some of which are known to be associated with endometrial 

receptivity (194). A recent study has described the miRNA signature in secretory phase 

human endometrial fluid. A consistent endometrial miRNA signature was observed in 

the acquisition of endometrial receptivity (187). Evaluation of the differential expression 

of miRNAs in the secretory endometrium in women with implantation failure versus 

women with proven fertility, has also found different profiles in both groups (154, 195).  
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The receptivity of the endometrium is regulated by estrogen and progesterone. 

Progesterone is the dominant hormone during secretory phase, and it regulates the 

action of estrogen via multiple pathways, including down-regulation of estrogen 

receptors, induction of enzymes that metabolize estradiol, and modulation of estrogen 

signalling pathways and other pathways that block the proliferative effects of estrogen  

(192). It has been strongly suggested by previous study that progesterone acts to oppose 

estrogen by inducing expression of miRNAs to fine tune expression of endometrial genes 

(193).  

 

miRNAs could be new candidates for diagnosis and treatment of impaired uterine 

receptivity associated with certain conditions such as polycystic ovary syndrome, where 

there is a loss of normal balance between the actions of estrogen and progesterone.  

 

2.3.5.2 PROTEOMIC STUDY OF ENDOMETRIAL FLUID 

Proteomic approaches have been utilized by multiple research groups to study the 

biology of human endometrium, and to search for endometrial receptivity markers. 

Previous studies have shown that endometrial fluid contains at least 600-3000 different 

proteins (186, 189, 196). Casado-Vela et al. performed a comprehensive proteomic 

analysis of human endometrial fluid during the secretory phase (197). Others have 

demonstrated different protein profiles between different phases of the menstrual 

cycle, and between fertile and infertile women (198, 199). Recently, Kasvandil et al. 

proposed a proteomic method for estimating endometrial receptivity, by measuring a 

subset of proteins present in the endometrial fluid (186).  
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Proteomic studies of endometrial fluid have provided extensive lists of proteins 

generated and secreted by the endometrium. However, numbers of subjects in current 

studies are still relatively low. Further research is required to validate the diagnostic 

potential of these proteins before bringing any proteomics-based test for uterine 

receptivity into clinical use. 

 

2.3.5.3 LIPIDOMIC STUDY OF ENDOMETRIAL FLUID 

In recent years, several studies in animal models have shown the importance of lipids at 

the time of embryo implantation. Lipidomic studies have enabled the identification and 

characterization of lipids potentially involved in endometrial receptivity. Prostaglandins 

(PGs) are the most studied lipids in endometrial fluid. It has been established that PGs 

significantly contribute to establishing the microenvironment required during 

implantation and decidualization (200). Reduced PG synthesis in the human 

endometrium has also been proposed as a cause for repeated implantation failure in 

patients undergoing IVF treatment (201). 

 

Using lipidomic approaches to analyse endometrial fluid, Viella et al. has demonstrated 

that PGE2 and PGF2α are especially abundant during the mid-secretory phase, and 

proposed this as a new non-invasive technique to predict the state of endometrial 

receptivity (202).  

 

There are many regulatory steps between the transcriptome and functional proteins or 

lipids, therefore proteomics or lipidomic analysis may provide more physiologically 

relevant information than genomics analysis. The application of proteomics and 
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lipidomics has the potential to provide biomarkers for endometrial receptivity. 

However, further studies with larger sample cohorts are required to ensure robust 

biomarker validation.   

 

2.4 UTERINE RECEPTIVITY IN ASSITED REPRODUCTIVE TECHNOLOGIES 

2.4.1 CONTROLLED OVARIAN STIMULATION 

Controlled ovarian hyper-stimulation (COH) is routinely used in IVF cycles to achieve 

multiple oocyte development. The associated supra-physiological serum concentrations 

of sex hormones can impair optimal uterine receptivity and embryo implantation by 

disrupting embryo-endometrial synchrony and/or promoting pathological endometrial 

development (38-40, 203-206). 

 

There is evidence from histological observations that ovarian hyperstimulation for IVF 

profoundly alters endometrial development. In a stimulated cycle, advanced 

endometrial development with premature secretory changes are commonly observed 

on the day of oocyte retrieval (38-40, 204, 206). Abnormal endometrial development 

with significant discordant stromal maturation was observed two days after oocyte 

retrieval in up to 91% of women undergoing COH for IVF (203). Dyssynchronous 

glandular and stromal differentiation was also commonly seen in mid-luteal phase 

endometrium after COH (205, 207). A recent study compared endometrial histology in 

fertile women, fertile women undergoing hormonal stimulation for oocyte donation and 

infertile women undergoing fresh embryo transfers in an ART cycle with further 

comparisons between women who did or did not become pregnant. The study showed 

that endometrial histology was dramatically altered upon stimulation for ART. However, 
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those women who became pregnant presented with significantly fewer endometrial 

histological alterations (208).  

 

In contrast to the natural cycle, expression of estrogen and progesterone receptors was 

dys-regulated in the peri-ovulatory phase in IVF cycles with COH (43, 206, 209, 210). An 

altered pattern of gene expression has also been observed after COH in both peri-

ovulatory and peri-implantation endometrium (40, 43, 211). The high levels of serum 

estradiol and progesterone from COH affect the gene expression profiles of 

endometrium and modulate steroid receptor expression. This then leads to an advanced 

response of the endometrium to steroids in the luteal phase, with subsequent rapid or 

early secretory transformation and/or abnormal endometrial development.  (Figure 2.4) 

 

2.4.3 SUBOPTIMAL ENDOMETRIAL FUNCTION AS A RESULT OF COH 

Poorer obstetric and perinatal outcomes have been associated with ART pregnancies 

(212). A retrospective cohort study of 6730 singleton births after ART in Victoria 

Australia has demonstrated that all obstetric haemorrhages were more frequent 

following IVF/ICSI than in the general population. Exploratory analysis of factors in the 

IVF/ICSI group suggests events around the time of implantation are responsible for the 

increase in subsequent obstetric haemorrhages. The increased antepartum 

haemorrhage has been shown to be related with events associated with COH such as 

fresh embryo transfer and with a greater number of oocytes collected.  This has 

suggested that suboptimal endometrial function around the time of implantation may 

be critical. (213) 
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Shih et al. has reported that birthweights were lower and low birthweight rates higher 

after gamete intra-fallopian transfer (GIFT) and fresh embryo transfer than after frozen 

thaw embryo transfer (FET). Results for FET were similar to those for non-ART 

conceptions. These findings have suggested that IVF/ICSI laboratory procedures 

affecting the embryos are not causal, but other factors operating in the woman such as 

COH used in GIFT and fresh embryo transfers which affect endometrial receptivity, 

implantation or early pregnancy, may be responsible for low birthweight with ART (214).  

 

A more recent systematic review and meta-analysis from 11 observational studies has 

reported that singleton pregnancies from FETs were associated with a lower risk of 

perinatal mortality, small for gestational age baby, preterm birth, low birth weight baby 

and antepartum haemorrhage when compared with those from fresh ETs. The authors 

suggested that these results might be related to the more natural uterine environment 

in a FET cycle, which is favourable for early placentation and embryogenesis (215). This 

conclusion supports findings from previous studies (213, 214). 

 

Some IVF programmes now promote a freeze-all strategy to try and improve birth 

outcomes from IVF pregnancies (216). The widely accepted Barker Hypothesis suggests 

that people who had low birthweight are at greater risk of developing chronic diseases 

later in life (217). In view of the significance of the potential long-term consequences 

from low birthweight, more evidence is required to investigate the influence of COH on 

endometrial function and subsequent implantation and pregnancy outcome. The 

current practice of fresh embryo transfer may need to be restricted or abolished if 

further evidence arises regarding the impact of COH on embryo-endometrial synchrony 
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and subsequent pregnancy outcome. This would result in embryo transfer only being 

performed if the endometrium has not been exposed to ovarian stimulation and is in 

developmental synchrony with the embryo. As a compromise approach to this problem, 

low-dose stimulation regimens have been developed in an attempt to minimize the 

adverse effects of more aggressive conventional controlled ovarian hyperstimulation 

(218).  

 

2.4.4 PREMATURE LUTEINIZATION DURING IVF CYCLES 

In the proliferative phase of a natural cycle, the level of progesterone is usually 

<0.5ng/mL. Serum progesterone level start to rise in the late follicular phase before the 

LH surge, with levels of >5ng/mL detected after ovulation (10). Previous studies have 

reported that in IVF cycles with COH, a modest increase in serum progesterone levels 

before hCG administration for induction of final oocyte maturation is associated with 

lower pregnancy rates and higher pregnancy loss (219-221). 

 

The threshold level of progesterone on the day of hCG administration that has been 

used to classify patients with or without premature progesterone rise, varies 

considerably in the literature, ranging from 0.9 to 1.5 ng/mL. A study involving more 

than 4000 cycles has shown that women with serum progesterone levels of >1.5 ng/mL 

on the day of hCG administration have significantly lower ongoing pregnancy rates than 

those with progesterone levels <1.5 ng/mL (31.0 versus 19.1%, P=0.00006) irrespective 

of the GnRH analogue used for pituitary down-regulation (222). However, progesterone 

levels as low as 0.8-1.1 ng/mL have been shown to be associated with a decreased 

probability of pregnancy when compared with those without elevated progesterone in 
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a recent meta-analysis of more than 60,000 cycles (221). In this meta-analysis, no 

association was found between elevated progesterone on the day of hCG administration 

in the fresh IVF cycle and the pregnancy rate in a subsequent thaw cycle using the 

embryos originating from that cycle. Similarly, women who receive oocytes from donors 

with elevated progesterone on the day of hCG administration do not have decreased 

pregnancy rates when compared with those who receive oocytes from donors with 

normal progesterone levels (221).  

 

This confirms that it is likely that the detrimental effect of elevated progesterone levels 

on pregnancy rates is exerted through its action on the endometrium and not the 

oocytes. Genomic studies have also revealed significant alterations in the gene 

expression profile of the endometrium in IVF cycles when the progesterone levels were 

elevated on the day of hCG administration (223, 224). The association between elevated 

progesterone and lower pregnancy rate can be explained by the concept of embryo-

endometrial synchrony. In a natural cycle, exposure of the uterus to increasing levels of 

progesterone after ovulation triggers the start of the endometrial secretory phase 

transformation and the development of receptivity for implantation. A premature rise 

of progesterone levels in fresh IVF cycles because of ovarian hyperstimulation triggers 

early transformation of the endometrium, leading to advanced endometrial 

development and subsequently increased embryo-endometrial asynchrony and lower 

pregnancy rates. 
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2.4.5 LUTEAL PHASE DEFECT 

Progesterone is essential for successful establishment and maintenance of pregnancy; 

therefore, disorders related to impaired progesterone production or action are likely to 

affect implantation and pregnancy success. Luteal phase defect (LPD) is a deficiency of 

corpus luteum progesterone steroidogenesis, either in amount or duration, or both. The 

diagnosis is made on the basis of a well-timed endometrial biopsy that is two or more 

days out of phase on histological assessment (225, 226).  LPD has been detected in 3.5% 

of infertile patients and 35% of patients with recurrent miscarriage (227). It has been 

associated with hyperandrogenism, hypothyroidism, and hyperprolactinemia (225).  

 

LPD is also observed in most IVF cycles involving ovarian hyperstimulation, with 

characteristic features of raised progesterone levels and reduced luteal phase length 

(228). Use of GnRH agonist leads to delayed pituitary recovery during the luteal phase 

and results in a lack of support of the corpus luteum (229). Administration of hCG or 

progesterone can either rescue or compensate for the failing corpus luteum.  (230). It 

was previously thought that luteal phase defect might not be an issue in IVF cycles using 

GnRH antagonists, because the recovery of pituitary gonadotrophin release happens 

within hours after discontinuation of GnRH antagonists (231). However, it is now clear 

that premature luteolysis also occurs in IVF cycles using GnRH antagonists, resulting in 

a significant reduction in the length of the luteal phase, and compromised chances of 

pregnancy (232). Luteal phase supplementation is the standard of care for any IVF cycles 

involving COH, regardless of the mode of pituitary suppression (233). (Figure 2.5) 
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2.5 POTENTIAL MODALITIES FOR IMPROVING UTERINE RECEPTIVITY 

2.5.1 ENDOMETRIAL SCRATCH/INJURY  

Endometrial scratch, also known as endometrial injury or biopsy is a procedure 

undertaken to induce mechanical injury to the endometrium using Pipelle endometrial 

biopsy or hysteroscopy and curette. It has been proposed as a procedure to improve 

endometrial receptivity and implantation rates in women undergoing IVF treatment 

(234-236). This procedure is offered by many fertility clinics to infertile women, most 

commonly those suffering from RIF (237).  

 

Earlier studies and meta-analyses have suggested improved clinical outcomes in women 

undergoing fertility treatment after endometrial scratch (235, 238-242). However, more 

recent studies have shown negative results (243-248).  

 

In early 2019, Lensen et al. (243) published the largest randomised controlled trial (RCT) 

involving 1364 women from 13 fertility clinics in five countries in the New England 

Journal of Medicine, demonstrating that endometrial scratch did not result in a higher 

rate of live birth than no intervention among women undergoing IVF. The frequency of 

live birth was 26.1% in the endometrial scratch group and 26.1% in the control group 

(adjusted odds ratio, 1.00; 95% confidence interval, 0.78 to 1.27). Subgroup analysis of 

women with at least two previous implantation failures (337 women) showed that LBR 

was lower among women who were in the endometrial scratch group (adjusted OR 0.68, 

95% CI 0.39-1.17).  
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A recent meta-analysis (240) examining the effect of endometrial scratch in women with 

previous implantation failure, involving ten studies and 1,467 women, demonstrated a 

benefit of the intervention. The intervention group showed higher LBR (RR 1.38, 95% CI 

1.05-1.80) and CPR (RR1.34, 95% CI 1.07-1.67) in comparison to controls. The 

endometrial scratch was beneficial only for women with two or more previous 

implantation failures, but not for women with single previous failure. Recently, Olesen 

et al. (249) published another RCT involving 304 women with one or more previous 

implantation failures. The study showed that endometrial scratch before ovarian 

hyperstimulation significantly enhances the CPR in women with three or more previous 

implantation failures (31.1% vs. 53.6%, RR 1.72, 95% CI 1.05-2.83). 

 

It is clearly demonstrated by the recent studies that endometrial scratch provides no 

benefit in general IVF population, where majority of them are not suffering from 

reduced uterine receptivity (243, 249). However, evidence about the benefit of 

endometrial scratch in women suffering from RIF, especially those due to uterine 

receptivity issues, remains unclear. Hopefully we will be able to clarify this with further 

evidence from ongoing RCTs concentrating on women with unexplained and 

implantation failure in the near future (250, 251). Endometrial scratch will be discussed 

in detail in Chapter 7. 

 

2.5.2 FREEZE-ALL 

Cryopreservation of embryos has become an essential step in IVF treatment, commonly 

to store remaining viable embryos, to reduce the chance of multiple pregnancy, to lower 

risk of ovarian hyperstimulation syndrome (OHSS), and to perform pre-implantation 
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genetic testing on blastocysts. The technology to cryopreserve human embryos has 

developed significantly in the last decade, especially with the introduction of vitrification 

protocols (252). The freeze-all protocol involves ovarian stimulation and 

cryopreservation of all viable embryos for transfer of frozen-thawed embryos in 

subsequent cycles. It has been commonly utilised in women with high follicle number to 

reduce the risk of OHSS (253). 

 

It is believed that COH used in IVF cycles has detrimental effects on the endometrium, 

as well as potentially disrupting normal embryo-endometrial synchrony (40, 206, 254). 

Previous studies have also demonstrated poorer obstetric and perinatal outcomes in 

pregnancies resulted from fresh ET when compared to FET cycles (213, 215). Use of 

routine freeze-all protocol has been proposed with the aims to increase pregnancy rate 

and to improve birth outcomes from IVF cycles. It has been suggested that, with freeze-

all protocol embryos will be transferred into the endometrium in a more normal 

physiological statue, avoiding embryo-endometrial asynchrony and possible low level 

pathological changes due to COH (216, 255, 256).  

 

A recently published Cohort study of more than 300,000 IVF cycles has shown that LBR 

was lower in freeze-all/FET cycles when compared to fresh ET (RR 0.80, 95% CI 0.78-

0.83) (257). There is also emerging evidence in the recent years that FET is associated 

with an increased risk of macrosomia and large for gestational age offspring (257-259). 
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Further evidence is required to support the use of freeze-all protocol in routine IVF. 

Some hold the opinion that freeze-all with subsequent FET should be restricted to those 

with a clinical indication (257).  

 

2.6 CONCLUSION 

Successful implantation is a complex process requiring a receptive endometrium, a 

viable embryo and synchronized dialogue between maternal and embryonic tissues. 

There is increasing awareness that the synchronized development of the embryo and 

the endometrium play a crucial role in successful implantation, and that the routine 

ovarian stimulation protocols used in IVF can disrupt endometrial development and 

hence endometrial-embryo synchrony. IVF and embryo culture techniques, particularly 

embryoscope, allow precise assessment of embryo maturation. Conversely, estimates 

of the development of the endometrium are based on the LH surge or the length of 

progesterone exposure, which can be unreliable and imprecise. Improved embryo-

endometrial developmental synchrony is reliant on better assessment of endometrial 

development, preferably using a non-invasive approach in the cycle of embryo transfer. 

 

It is clear that uterine factors play a key role in determining the outcome of IVF 

treatment. However, there remain significant gaps in our knowledge of either markers 

or mechanisms that would help in understanding this problem. The ultimate goal for 

research in the field of uterine receptivity is to identify biomarkers or other diagnostics 

that are reliable and specific enough to be of clinical use in decision making during the 

IVF treatment process. 
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While several potential biomarkers of endometrial receptivity are now available, 

international collaboration will be required to sufficiently validate these before offering 

them for use in IVF clinics. It appears unlikely that single biomarkers will accurately 

identify receptive endometrium. An integrated approach with a combination of 

different evaluation modalities, including histologic, radiologic, transcriptomic, 

secretomic, and hormonal markers, may be required to accurately and reliably identify 

uterine receptivity. 
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Figure 2.1 Embryo-endometrial synchrony  

 

(Reprinted by permission from Springer Nature Licence: Journal of Assisted Reproduction 

and Genetics: What is the contribution of embryo-endometrial asynchrony to 

implantation failure? Wan-Tinn Teh, John McBain, Peter Rogers, 2016) 

 

 

Human implantation rate reduces as the asynchrony between the embryo and the 

endometrium increases. Evidence suggests that the human embryo implantation rate is 

significantly reduced when asynchrony between the embryo and the endometrium is 

greater than 3 (+/- 1.5) days. 
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Figure 2.2 Illustration of synchrony between the embryo and the endometrium  

 

(Reprinted by permission from Springer Nature Licence: Journal of Assisted Reproduction 

and Genetics: What is the contribution of embryo-endometrial asynchrony to 

implantation failure? Wan-Tinn Teh, John McBain, Peter Rogers, 2016) 

 

 

A functional embryo, a receptive endometrium, and the synchrony between the embryo 

and the endometrium are the three prerequisites for successful implantation. This figure 

represents a new way to demonstrate the developmental synchrony between the 

endometrium and the embryo within a ‘cycle’. The main causes of implantation failure 

have also been demonstrated: 1. Embryo developmental defects e.g. chromosomal 

anomalies; 2. Endometrial developmental defects e.g. luteal phase deficiency, reduced 

endometrial receptivity; 3. Embryo-endometrial developmental asynchrony. 
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Figure 2.3 Embryo-endometrial synchrony in ART 

 

(Reprinted by permission from Springer Nature Licence: Journal of Assisted Reproduction 

and Genetics: What is the contribution of embryo-endometrial asynchrony to 

implantation failure? Wan-Tinn Teh, John McBain, Peter Rogers, 2016) 

 

 

Controlled ovarian hyperstimulation (COH) has a detrimental effect on uterine 

receptivity. Various modalities have been demonstrated in this figure for assessing 

uterine receptivity in an IVF cycle with COH. Potential modalities that can be used to 

predict uterine receptivity prior to embryo transfer include ultrasound assessment of 

endometrium, serum progesterone level, and genomic or proteomic assessment of 

uterine cells/fluid. Other assessments of uterine receptivity that can be offered in a cycle 

prior to embryo transfer cycle include traditional histology dating and ERA test. 
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Figure 2.4 Advanced endometrial development in COH 

 

(Reprinted by permission from Springer Nature Licence: Journal of Assisted Reproduction 

and Genetics: What is the contribution of embryo-endometrial asynchrony to 

implantation failure? Wan-Tinn Teh, John McBain, Peter Rogers, 2016) 

 

 

Controlled ovarian hyperstimulation (COH) in IVF cycle leads to suboptimal endometrial 

function. Supra-physiological serum concentrations of sex hormones during COH can 

negatively influence uterine receptivity by disrupting embryo-endometrial synchrony. 

This figure demonstrated the concept of advanced endometrial development leading to 

increased embryo-endometrial asynchrony in COH, resulting in implantation failure. 
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Figure 2.5 Luteal phase deficiency 

 

(Reprinted by permission from Springer Nature Licence: Journal of Assisted Reproduction 

and Genetics: What is the contribution of embryo-endometrial asynchrony to 

implantation failure? Wan-Tinn Teh, John McBain, Peter Rogers, 2016) 

 

 

Controlled ovarian hyperstimulation (COH) in IVF cycle leads to suboptimal endometrial 

function. Supra-physiological serum concentrations of sex hormones during COH can 

negatively influence uterine receptivity by causing luteal phase deficiency. This figure 

shows the occurrence of corpus luteum progesterone steroidogenesis leading to luteal 

phase defect. 
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CHAPTER 3  

SUBJECT RECRUITMENT 

 

3.1 INTRODUCTION 

This chapter describes the recruitment of subjects, collection of specimens and clinical 

data for studies (Chapter 4 – Molecular dating of endometrium, Chapter 5 – 

Identification of genomic and genetic determinants of uterine receptivity, and Chapter 

7 – Endometrial ‘scratch’ to improve uterine receptivity’: a gene expression study of 

human endometrium following local mechanical injury) included in this thesis.  

 

3.2  RECRUITMENT CENTRES 

Between 2013 and 2016, I recruited women with infertility at the Royal Women’s 

Hospital, Parkville, and Melbourne IVF, East Melbourne in Victoria, Australia. The Royal 

Women’s Hospital (RWH) is a specialist public hospital that advocates for the health of 

women and newborns, including women and couples with fertility issues. Melbourne 

IVF is one of the largest fertility units in the southern hemisphere. Fertility specialists at 

the RWH and Melbourne IVF conduct assessment of fertility for women and couples who 

have been unsuccessfully trying to conceive and provides ongoing treatment, including 

in vitro fertilisation (IVF).  
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3.3 ETHICAL CONSIDERATIONS 

Ethics approvals were obtained from both the RWH Research and Human Research 

Ethics Committees (Project no: 13/17 and 13/38) and the Melbourne IVF Human 

Research Ethics Committee (HREC reference no: 05-11) before commencement of the 

recruitment process. Both RWH project no: 13/17 and Melbourne IVF HREC no: 05-11 

were for the research project to identify genomic and genetic determinants of uterine 

receptivity (Chapter 5), while RWH project no: 13/38 was for research project on 

endometrial ‘scratch’ (Chapter 7). Data collected from both research projects were used 

for development of molecular dating of endometrium (Chapter 4). 

 

3.4 RECRUITMENT METHOD 

Women aged between 18 and 46 years with regular monthly menstrual cycles and 

history of RIF were invited to participate in the studies. RIF was defined as absence of a 

gestational sac on ultrasound at more than 5 weeks post embryo transfer, after >3 

embryo transfer cycles or the transfer of ≥10 cleavage stage embryos / ≥5 blastocysts in 

multiple transfers. (Please refer to Chapter 5.3 Recurrent implantation failure for 

details) Women who had been pregnant within the last 2 years, were invited as controls. 

Women with history of RIF at recruitment  but conceived with subsequent IVF treatment 

were also included in the control group. Recruitment occurred at both recruitment 

centres through flyers (Figure 3.1) and invitation letters (Figure 3.2 and 3.3).  

 

3.5 INTERVIEWS 

I conducted a brief phone interview with women who had shown an interest to in 

participating in the study to make sure they were eligible. I then discussed participation 
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requirements for women who were eligible for the study, including completion of a 

written consent form and participant questionnaire, tracking of menstrual cycle, and 

preparation for endometrial sample collection. After the phone interview, a parcel 

including the consent form, participant questionnaire and urine ovulation kits was 

posted to participants (Figure 3.4).  

 

For most participants, the second interview was conducted on the day of endometrial 

biopsy and venesection. I went through the consent form with the participant, answered 

all the questions she had, went through study check list with her, prior to the 

endometrial biopsy.  

 

3.6 TRACKING OF LH SURGE 

Participants were instructed to use urinary LH detection kits (Seratec, GmbH, Germany) 

to identify their LH surge. I performed an ultrasound scan for follicle tracking and/or 

organized blood test (measurement of serum LH and progesterone levels) for 

participants in the event of inconclusive urinary LH detection. Serum LH >20IU/L 

determined a positive LH surge, and Progesterone >5.0nmol/L indicated ovulation. 

 

3.7  ENDOMETRIAL BIOPSY AND VENESECTION 

I performed endometrial biopsy and venesection on LH plus 6 days (+/- 1 day) for 

participating woman. A Pipelle catheter (Pipelle de Cornier, Laboratoire, France) was 

inserted through the cervix and into the uterus. The endometrial sample was collected 

by moving the Pipelle back and forth while the piston on the Pipelle was pulled to create 

suction. If the participant had been recommended by their doctor to have a 
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hysteroscopy, the endometrial sample was collected during the hysteroscopy (instead 

of via a Pipelle biopsy). About 20mls of peripheral blood was collected after the 

endometrial biopsy.  For participants in the ‘scratch’ study (Chapter 7), the same 

procedure was repeated the following month.  

 

3.8  SAMPLE PREPARATION 

I split endometrial tissue into two portions. The majority (90%) of the endometrial tissue 

was placed in RNAlater (Life Technologies, Grand Island, NY, USA), while a smaller 

portion (10%) was placed in formalin, with both stored overnight at 4oC. Endometrial 

tissue in RNAlater was then drained of RNAlater and stored at -80oC for genomic studies. 

The endometrial sample fixed in formalin was processed by the RWH pathology 

department for routine paraffin embedding and heamatoxylin and eosin stained 

sections prepared. Blood samples collected through venesection were divided into four 

vacutainer collection tubes – three EDTA (ethylenediaminetetraacetic acid – 

anticoagulant) and one serum gel tube. The EDTA tubes were stored immediately at -

80oC for DNA extraction. A serum sample was collected from the serum gel tube after 

centrifugation and stored in a clean polypropylene tube at -80oC. 

 

3.9  CONCLUSIONS 

A total of 122 women were recruited, 99 in the Receptivity study and 23 in the Scratch 

studies (Receptivity study refers to Chapter 5 – Identification of genomic and genetic 

determinants of uterine receptivity; Scratch study refers to Chapter 7 – Endometrial 

‘scratch’ to improve uterine receptivity’: a gene expression study of human 

endometrium following local mechanical injury.) Women participated in the scratch 
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study had two endometrial biopsies (please refer to Chapter 7 for details). Five 

participants were excluded from the receptivity study, while three were excluded from 

the scratch study.  

 

In summary, over the three years period, I collected a total of 134 endometrial samples 

(94 samples for Receptivity study, 40 samples for Scratch study) from 114 women, with 

corresponding blood samples and clinical data for the research projects in this thesis. 

(Figure 3.5) 
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Figure 3.1 Recruitment flyer 
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Figure 3.2 Invitation letter for potential controls 
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Figure 3.3 Invitation letter for potential participants 

 



87 
 

Figure 3.4 Participation letter 
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Figure 3.5 Recruitment flowchart 
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CHAPTER 4 

MOLECULAR DATING OF 

ENDOMETRIUM 

 

4.1 INTRODUCTION 

Responding to cyclical changes in circulating estrogen and progesterone, endometrium 

undergoes dynamic cellular development with daily changes in the expression of many 

genes during the menstrual cycle (138, 141). It is now possible to characterize different 

phases of the menstrual cycle through genomic approaches (142, 145). Clinical tests 

have also been developed by profiling selected genes expressed by the endometrium 

during the receptive phase for embryo implantation (145, 162).  

 

One of the main challenges in assessing differential gene expression between 

endometrium from different subjects is accurate menstrual cycle staging of the samples. 

The dynamic changes in gene expression over the menstrual cycle makes normalization 

difficult, which in turn makes identification of differential gene expression between 

different phenotypes or pathologies challenging. Inadequate normalization can lead to 

false-positive or false negative findings. Currently, there is no molecular model available 

for normalization of cycle stage to use in differential gene expression research.  
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One of the initial tasks for this thesis was to make sure cycle stage of endometrial 

samples was corrected for subsequent differential gene expression studies. The majority 

(88%, 118/134) of the endometrial samples collected were prospectively timed through 

urinary LH detection (Seratec, GmbH, Germany) or follicle scan with serum LH and 

progesterone measurements. The endometrial samples were also made available for 

histology dating (please refer to Chapter 3.6 for details). An experienced pathologist in 

gynecological pathology did an initial assessment of all the endometrial samples. A post-

ovulation day (POD) was provided for the endometrial samples. The histology POD 

correlated very poorly with LH surge POD (Figure 4.1). This raised a critical question 

about the reliability and accuracy of current methods for determining endometrial 

development and the need to find a better way to normalize our genomic data for cycle 

stage. Unlike the LH data, principal component analysis (PCA) of gene expression data 

showed that endometrial samples with similar histology POD tended to cluster together, 

suggesting that histology POD correlates with genomic data (Figure 4.2).  

 

4.2  AIM OF STUDY 

The aim of this study was to use precise histology dating of endometrium in conjunction 

with endometrial gene expression data to establish an accurate molecular prediction 

model for endometrial cycle stage. This molecular model was subsequently used to 

normalize endometrial samples for differential gene expression studies in Chapters 5 

and 7. 
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4.3 CURRENT METHODS TO ASSESS ENDOMETRIAL DEVELOPMENT 

In ART, embryo maturation and endometrial development may be dissociated, for 

example when frozen embryos or donor gametes are being used. With the invention of 

embryoscope, it is now possible to precisely monitor the growth of an embryo in an IVF 

lab. On the other hand, endometrial development can only be assessed indirectly 

through ultrasound measurement and monitoring of serum or urinary hormone profiles. 

Investigators in endometrial research commonly rely on detection of urine LH surge 

alone to determine endometrial development (145, 155).  

 

4.3.1 ULTRASOUND ASSESSMENT 

Endometrial thickness is one of the most studied ultrasound markers of endometrial 

receptivity (106). Li et al. (105) examined the correlation of endometrial thickness and 

histology dating in 63 natural cycles. Endometrial histology is likely to be proliferative if 

the thickness is less than 8mm and is likely to be secretory if the thickness is more than 

9mm. However, for a given endometrial thickness, the stage of endometrial 

development varies widely, suggesting that ultrasound measurement of endometrial 

thickness cannot accurately predict histological development.  

 

IVF units commonly combine ultrasound measurement of follicle size and endometrial 

thickness with urinary or serum LH surge to determine endometrial development to 

time the day of embryo transfer. It is inconvenient and not practical to perform 

ultrasounds on every day to detect ovulation (disappearance of the dominant follicle), 
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hence most IVF units rely on detection of LH surge after ultrasound determination of the 

dominant follicle, to time embryo transfer day. 

 

4.3.2 LH SURGE 

Detection of urinary LH surge is the most commonly used method to time endometrial 

biopsy in endometrial research (145, 155). LH surge has been shown to be more precise 

than next menstrual period date to determine the chronological date of endometrial 

biopsies (260). However, early studies (10-12) have shown the natural LH surge to be 

highly variable. 

 

McGovern et al. (261) examined endometrial biopsies of 706 women (380 fertile and 

326 infertile) with regular menstrual cycles and demonstrated that home urinary LH test 

kits had a false-positive rate of more than 7%. Endometrial biopsies collected 7-13 days 

after a positive urine LH test revealed proliferative endometrium in 7.65% of women 

(7.63% fertile, 7.67% infertile).  

 

Park et al. (262) studied characteristics of the LH surge in urine of 46 reproductive aged 

women with regular menstrual cycles. This study demonstrated that only 93% of women 

with regular menstrual cycle had an ovulatory cycle during the study, and not all LH 

surges result in ovulation. Three different configurations of LH surge were described – 

single peak, multiple-peak, and plateaued peak, with corresponding incidences of 42%, 
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44% and 14%. This study also shown that the duration of the LH surges ranges from 5 to 

11 days. The amplitude also ranges from 2.5 to 14.8 times the baseline level.   

 

Direito et al. (263) studied 107 normal fertile women over 283 cycles to describe the LH 

variants and analyse their relationship with the day of ovulation and other hormone 

levels. This study has demonstrated that ovulation could occur at the onset, on the same 

day, and 2 days after the LH surge. These studies confirmed that individual LH surges are 

extremely variable in configuration, amplitude and duration.  

 

The variable nature of the LH surge has significant implications for those who rely on the 

LH surge to predict endometrial development, and should be taken into account in 

clinical practice, as well as endometrial research. In order to detect true differential gene 

expression in endometrial tissues, it is crucial to normalize the data for cycle stages, even 

when biopsies have been collected with other chronological information.  

 

4.3.3 HISTOLOGICAL DATING OF ENDOMETRIUM 

Histological assessment of endometrium has been discussed in Chapter 2. Endometrial 

histologic assessment provides 2 pieces of information – developmental stage of the 

sample and presence/absence of endometrial pathology.  

 

The secretory endometrium undergoes a diversity of structural changes that are 

apparent on routine examination of endometrial biopsies, showing a different pattern 
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on every day of the secretory phase of the cycle (62, 63). Figure 4.3 demonstrates the 

histological changes of the endometrium through a 28-day menstrual cycle (63). Noyes 

and Haman reported an inter-observer agreement rate of 82% within a 2-day range (60). 

Although traditional endometrial dating by Noyes criteria is subject to a certain degree 

of observer-dependent variability and inaccuracy, it remains the current gold standard 

for assessing endometrial development (60, 61).  

 

4.3.4 PREDICTION OF ENDOMETRIAL RECEPTIVITY THROUGH GENE EXPRESSION 

ANALYSIS 

Clinical tests have been developed based on transcriptomic profiles to assess receptivity 

status of an endometrium – ERA and ER Map (145, 162). To predict the receptivity phase 

of endometrium, expression level of 238 endometrial genes are examined by the ERA, 

and 184 genes by the ER Map. Interestingly, these two commercial tests share only 7 

common genes. These tests are not useful when it comes to differential gene expression 

studies including a large number of genes, or across the whole menstrual cycle.  

 

4.4 METHODS  

4.4.1 ENDOMETRIAL SAMPLE COLLECTION AND PREPARATION 

Please refer to Chapter 3 regarding subject recruitment, sample collection and 

preparation.  
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4.4.2 HISTOLOGIC DATING 

Due to the nature of the assessment, histology dating of endometrium is subject to 

inevitable inter- and intra-observer variation. In order to improve the accuracy of 

histologic dating, three independent pathologists experienced in gynecological 

pathology were involved in evaluating the endometrial samples. One of the pathologists 

assessed the samples twice at two separate occasions more than 12 months apart, 

hence each sample was evaluated four times.  Each sample was assigned a post-

ovulatory day (POD) each time it was examined. Endometrial samples were only used to 

build the molecular model if 3 out of the 4 histology PODs agreed to within 2 days, and 

with absence of any pathology. 

 

4.4.3 GENE EXPRESSION ARRAY 

Gene expression array was performed by The Institute for Molecular Bioscience at the 

University of Queensland. Total RNA was extracted from homogenized endometrial 

tissue using RNA lysis solution (RLT buffer) and RNeasy Plus Mini Kit according to the 

manufacturer’s instructions (QIAGEN, Valencia, CA, USA). RNA integrity was assessed 

with the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), and 

concentrations were determined using the NanoDropND-6000 (Thermo Fisher Scientific, 

Scoresby, VIC, Australia). Total RNA was amplified and converted to biotinylated cRNA 

using Ambion Illumina TotalPrep RNA amplification kit (Ambion, Thermo Fisher 

Scientific, Scoresby, VIC, Australia). Expression profiles in endometrial tissue were 

generated by hybridizing 750ng of cRNA to Illumina Human HT-12 v4.0 Beadchips 
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according to Illumina whole-genome gene expression direct hybridization assay guide 

(Illumina,Inc., SanDiego, CA, USA) (264). 

 

4.4.4 STATISTICAL ANALYSIS 

The R statistical software packages, Limma and Lumi (265), were used to load and 

normalize the microarray data. Background correction and robust spline normalization 

(RSN) produced logged values of probe intensity. The ComBat method in the surrogate 

variable analysis (SVA) R package was used to correct for the batch effect between 

different arrays.  

 

4.5  RESULTS 

4.5.1  BUILDING OF MOLECULAR ‘DAY OF CYCLE’ PREDICTION MODEL 

A total of 60 samples from the secretory phase where at least 3 out of the 4 histology 

POD agreed to within 2 days were initially chosen to develop the molecular ‘day of cycle’ 

prediction model.  

 

A total of 47,231 probes, mapping to 25,971 unique genes were included in the analysis. 

A curve was fitted using spline (df=3) for each probe using expression values for each 

POD in the secretory phase. This curve was used to obtain the expected expression value 

for each probe for any given day. Figure 4.4 shows the curve of an example probe - 

ILMN_1699852. For each sample, the observed expression was compared with the 

expected expression value for all probes, and the day which had the smallest difference 
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was the estimated POD. If the difference between the molecular model estimated POD 

and the average pathology POD was greater than 2 days, the sample was removed (6 

samples), and the curves recalculated.  

 

The final model has been built from 54 secretory phase endometrial samples. The 

correlation between average histology day of cycle (POD) and the molecular model day 

for the 54 samples that have been used to build the model is shown in Figure 4.5. A 

graph of gene expression is created for every gene in the endometrium. The graphs for 

randomly selected example probes (n=16) are shown in Appendix I. These graphs 

demonstrate the changes of corresponding genes’ expression in the endometrium 

across secretory phase. Also shown in Appendix I are the ‘corrected graphs’ of the 

example probes after normalized for cycle day with the molecular prediction model. 

These graphs provide a baseline that can be used to check cycle stage and normalcy of 

any future endometrial specimen.  

 

4.5.2 NORMALIZATION OF DATA WITH THE MOLECULAR PREDICTION MODEL 

Once the molecular model had been established, all secretory endometrial samples 

were analysed. The molecular prediction model was used to estimate a day for all 

secretory samples by picking the day with the minimum mean squared difference 

between observed expression and expected expression for all probes on all days. A 

normalized dataset was generated by subtracting the expected expression from the 

observed data, then re-adding the probe mean.  
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A total of 105 endometrial samples had gene expression array data and were normalized 

for cycle stage using the molecular model. 91 out of these 105 samples were timed 

prospectively with LH surge, with the majority (93%, 85/91) of them collected 6-8 days 

after detection of the LH surge. Within these samples, 3% (3/91) were proliferative 

samples, 12% (11/91) had pathologies, and 7% (6/91) had insufficient tissue for accurate 

histology dating.  

 

Examples of applying the molecular prediction model to endometrial samples and 

comparing the molecular PODs with pathology PODs are shown in Figures 4.6 – 4.9. 

Model POD estimates matched pathology POD dates in samples 1 and 2 (Figures 4.6 and 

4.7), but not in samples 3 & 4 (Figures 4.8 and 4.9). Histology evaluation identified 

abnormalities in samples 3 & 4 where molecular POD did not match histology POD. 

Sample 3 had asynchronous development between the endometrial glands and stroma, 

while sample 4 showed defective hypoplastic secretory development.  

 

4.6 DISCUSSION 

This chapter described the development of a molecular ‘day of cycle’ prediction model 

as a more reliable and accurate tool to date endometrial biopsies. A total of 25,971 

genes mapped by the 47,230 probes have been included in the model. The model was 

also developed based on precise histology dating of endometrial samples. We believe 

this model is more accurate and powerful than the currently available commercial tests.  
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The same histology slides for the endometrial samples were evaluated by 3 independent 

pathologists experienced in gynecological pathology. Inter-observer variation was 

examined by calculating the absolute difference between each pathology PODs for all 

the endometrial samples. Only secretory samples that had PODs assigned by all 3 

pathologies and did not show evidence of any pathology were included. The average 

inter-observer variation was 1.42 (0.33-3.67) days, with 81% of samples having average 

inter-observer difference of less than 2 days. These results are similar to others that 

have been reported in the literature (60, 61).  

 

Appendix II shows the plots of molecular prediction model POD versus histology POD for 

all the endometrial samples (Appendix II). These plots have been categorized into ‘A’, 

‘B’, or ‘C’ quality histology, proliferative samples, samples with pathologies and samples 

with insufficient tissue. 85% of the secretory samples without pathology had histology 

that agreed with molecular POD to within 2 days. Figure 4.10 shows the correlation 

between molecular and histology PODs (Figure 4.10). Not surprisingly, molecular POD 

had poor correlation with LH surge POD (Figure 4.11). Subsequent principal component 

analysis demonstrated that gene expression data of endometrial samples with similar 

molecular model POD clustered nicely together, especially those in mid to late secretory 

phase, confirming the accuracy of the molecular model (Figure 4.12). Gene expression 

data of samples with similar histology POD also related to each other, although not as 

well as with molecular POD (figure 4.13). On the other hand, no obvious clustering was 

observed between gene expression data of samples with similar LH surge (Figure 4.14).  
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Unfortunately, the molecular model was not able to provide useful information for 

proliferative samples as the model was built based on secretory samples. However, the 

molecular model could predict the cycle stage for samples with pathologies and samples 

with insufficient tissues for histology dating. These samples were deemed 

difficult/impossible to be dated by the pathologists. The molecular model is also not 

subject to inter- and intra-observer variation; therefore, it can be a reliable method to 

predict endometrial development. This model will need to be validated with further 

studies.  

 

Recently, Saare et al. (266) also proposed a molecular tool for dating endometrial 

biopsies through transcriptome profiling of 57 endometrial receptivity genes using a 

Targeted Allele Counting by sequencing (TAC-seq) methodology. This signature of 57 

genes was previously proposed as putative receptivity biomarkers, and shared 47 genes 

in common with the commercial test – ERA (267). This study has demonstrated that 

molecular profiling can help to assign the endometrial biopsies from adjacent phases 

correctly and reliably. Significantly more endometrial genes are incorporated in our 

model than in previously published models, resulting in a more powerful tool for 

predicting cycle stage.  

 

The main limitation of this molecular model is the endometrial samples that have been 

used to build the model are mostly from the mid-secretory phase. This molecular 
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prediction model can only classify samples into days between 1.5 and 10 POD and 

cannot accurately classify samples from the proliferative phase. Further study with 

inclusion of endometrial samples from all cycle stages will be required to improve the 

power of the model. As previously mentioned in Chapter 3 (Subject recruitment), the 

endometrial samples were mostly collected through Pipelle biopsy. Only a portion (10%) 

of the samples were kept in formalin for paraffin embedding and subsequent histology 

assessment. As a result of this, the volume of endometrial tissue available for histology 

assessment was limited. The other limitation of this model is it has been built based on 

microarray gene expression data. RNA-sequencing is emerging as a more powerful tool 

than microarray. With RNA-sequencing technology, all RNAs are sequenced and most 

genes being expressed can be revealed. A model built based on RNA-sequencing data of 

endometrium will likely improve the accuracy of the molecular ‘day of cycle’ model.  

 

Identification of ovulation is an important step in many fertility and ART treatments, 

such as natural cycle FET, intrauterine insemination and ovulation induction. It has been 

suggested that one of the most reliable methods to detect ovulation is by assessing the 

disappearance of a dominant follicle by ultrasound (268). Shoupe et al. demonstrated 

that correlation between histology dating and chronological dating was as high as 96.7% 

when ovulation was determined by daily ultrasound (269). However, daily ultrasound is 

not a convenient and practical method. Hence, many IVF clinics rely on LH surge, both 

serum and urinary to detect ovulation. A previous study has shown that the serum LH 

surge accurately predicted the histologic day of the endometrial biopsy specimen, 

within 2 days, in only 84.6% of patients (269). While home urinary LH surge kit is 
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convenient and does not require attendance at medical centres, it only accurately 

detects LH surge when compared to serum LH in 81% of cases (260). Some of the 

endometrial samples (n= 14) in this thesis (for women who had inaccurate urinary LH 

recording in the past) were dated chronologically through ultrasound detection of the 

dominant follicle (at least 15mm) and subsequent serum LH detection of surge 

(>20IU/L). A better correlation was seen between LH surge POD and molecular POD for 

these samples, with 71% correlated to the molecular predict POD to within 1.5 days 

(Figure 4.15). Both serum and urinary LH are far less precise than desired for monitoring 

of endometrial development. Recognizing the variation and limitations of timing by the 

LH surge, some IVF clinics now rely upon detection of serum progesterone rise after the 

LH surge to better predict ovulation.  

 

In summary, the molecular ‘day of cycle’ prediction model provides a useful tool for 

determining ‘biological’ day of cycle for endometrium, as well as normalization of every 

sample for cycle stage which allows head to head comparisons between samples from 

different stages of the menstrual cycle. We use the molecular model for normalization 

of data in subsequent gene expression studies in this thesis (Chapter 5 and 7). With 

further research and validation, the molecular model also has the potential to be 

developed into a clinical test for endometrial receptivity and detection of endometrial 

pathology 
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Figure 4.1 Histology POD versus LH surge POD 

 

 

Poor correlation seen between LH surge POD and histology POD. 
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Figure 4.2 Principle component analysis of endometrial samples with histology 

dating data 

 

 

Principle component analysis of gene expression data demonstrates that samples with 

similar POD tends to cluster together. 
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Figure 4.3 Histology changes of the endometrium during late proliferative and 
secretory phases through a 28-day menstrual cycle (63).  

 

 

Day 12 –Endometrial glands become bend. 

Day 14 (ovulation) – Mitotic figures are seen for the first time. 

Day 15 – Subnuclear vacuoles can be seen but involving less than 50% of the glands, 

mitotic figures become more numerous.  

Day 16 – More than 50% of glands have subnuclear vacuoles, with numerous mitotic 

figures.  

Day 17 – The subnuclear vacuoles align evenly.  
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Day 18 – The secretory vacuoles move to luminal position, with disappearance of the 

mitotic figures.  

Day 23-24 – Spiral arterioles start to become obvious.  

Day 25 – Even amount of oedematous and decidualized stroma surrounds the spiral 

arterioles. 

Day 26 – Majority of the stroma is decidualized, with only a few areas of oedema 

remaining. 

Day 27 – The stroma is completely decidualized.  

Day 28 – The stroma has broken down, with areas of haemorrhage. (63) 
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Figure 4.4 An example curve for probe ILMN_1699852 

 

 

A curve was fitted (using spline df=3) for each probe using expression values for each 

POD in the secretory phase. This is an example curve for probe ILMN_1699852. 
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Figure 4.5 Model estimate day versus average pathology day (n=54) 

 

 

This figure shows the correlation between average histology day of cycle (POD) and the 

molecular model day for the 54 samples that have been used to build the model.  
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Figure 4.6 Molecular dating versus histology dating (sample 1) 

 

 

This is an example where the molecular POD (black dashed line) agreed with histology 

POD (red lines). 
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Figure 4.7 Molecular dating versus histology dating (sample 2) 

 

 

This is an example where the molecular POD (black dashed line) agreed with histology 

POD (red lines) 
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Figure 4.8 Molecular dating versus histology dating (sample 3) 

 

 

This is an example where molecular POD (black dashed line) disagreed with histology 

POD (red line). Histology evaluation identified asynchronous development between the 

endometrial glands and stroma in this endometrial sample.  
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Figure 4.9 Molecular dating versus histology dating (sample 4) 

 

 

This is an example where molecular POD (black dashed line) disagreed with histology 

POD (red line). Histology evaluation showed defective hypoplastic secretory 

development in this endometrial sample. 
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Figure 4.10 Average histology POD versus molecular POD 

 

 

This figure demonstrates the correlation between histology POD and molecular POD of 

all samples used in this thesis. Average histology POD of 85% of the secretory samples 

without pathology agreed with molecular POD to within 2 days. 
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Figure 4.11 LH surge POD versus molecular POD 

 

 

This figure demonstrates the poor correlation between LH surge POD and molecular 

POD of all endometrial samples used in this thesis. 
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Figure 4.12 PCA plot of gene expression data against molecular model POD 

 

 

Principal component analysis demonstrated that gene expression data of endometrial 

samples correlated well with molecular model POD.  
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Figure 4.13 PCA plot of gene expression data against histology POD 

 

 

Principal component analysis showed that gene expression data of endometrial samples 

with similar histology POD have the tendency to cluster together. 
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Figure 4.14 PCA plot of gene expression data against LH surge  

 

 

Principle component analysis reviewed poor correlation between gene expression data 

and LH surge. 
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Figure 4.15 Serum LH surge versus molecular model POD 

 

 

Better correlation with molecular POD was seen when samples was dated through 

follicle scan and serum LH. 
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CHAPTER 5  

IDENTIFICATION OF TRANSCRIPTOMIC 

AND GENOMIC DETERMINANTS OF 

UTERINE RECEPTIVITY 

 

5.1 INTRODUCTION 

The common use of IVF as a clinical treatment for infertility provides an important 

avenue for focusing basic and clinical research on the human reproductive processes 

from gametogenesis through to fertilization and implantation.  The contribution that 

reduced uterine receptivity makes to human infertility remains unclear. There has been 

considerable speculation that implantation failure due to reduced endometrial 

receptivity is one of the major remaining impediments to higher IVF pregnancy rates. 

Fundamental research is necessary to identify potential markers for uterine receptivity, 

elucidate the mechanisms of implantation failure and establish effective treatments. 

 

5.2 CURRENT UNDERSTANDING OF UTERINE RECEPTIVITY 

Uterine endometrium develops a receptive state for embryo implantation after 

sequential exposure to the sex steroids – estrogen and progesterone. Successful 

implantation will occur when the development of endometrium is in synchrony with the 

growing embryos (270). Both asynchronous and pathological endometrium can lead to 
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reduced receptivity and implantation failure (52). A major goal for current research in 

uterine receptivity is to accurately identify the receptive phase while also being able to 

recognize the presence of pathologies that reduce implantation success rates. 

 

Significant effort has been invested by various research groups in the search for markers 

for uterine receptivity. Approaches to this problem that have been proposed include 

endometrial histology, ultrasonography, endometrial gene expression analysis, 

endometrial fluid analysis, and various biomarkers. Please refer to Chapter 2 for a 

detailed literature review on uterine receptivity. 

 

5.3  RECURRENT IMPLANTATION FAILURE 

The three pre-requisite factors for successful implantation are an embryo with 

implantation competency, an endometrium in receptive state and synchronized 

development between the embryo and the endometrium (270). Failure to conceive after 

repeated attempts at IVF treatment is often referred to as ‘recurrent implantation 

failure’ (RIF). Implantation failure has been defined as a negative pregnancy test 14 days 

after embryo transfer (155) or absence of a gestational sac on ultrasound at more than 

5 weeks post embryo transfer (271). 

 

There is a lack of standardized definitions in the literature for recurrent implantation 

failure. The European Society of Human Reproduction and Embryology (ESHRE) defined 

recurrent implantation failure as >3 embryo transfers with high quality embryos or the 

transfer of ≥10 embryos in multiple transfers (271). This definition was published in the 

era when transfer of cleavage stage embryos was the standard of care. With the shift to 
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blastocyst transfer, the definition of RIF can be updated to ‘>3 embryo transfers with 

high quality embryos or the transfer of ≥10 cleavage stage embryos/≥5 blastocysts in 

multiple transfers’. In 2007, Rinehart (272) defined RIF as the transfer of 8 or more, 8-

cell stage embryos or 5 or more blastocyst embryos. 

  

More recently, Simon and Laufer (273) recommended defining RIF as failure of 

implantation in at least three consecutive IVF attempts, in which one or two embryos of 

high-grade quality are transferred each cycle. While Polanski et al. (274) recommended 

that RIF should be defined as the absence of implantation after two consecutive cycles 

of IVF, ICSI or FET cycles where the cumulative number of transferred embryos was no 

less than four for cleavage-stage embryos and no less than two for blastocysts, with all 

embryos being of good quality and appropriate developmental stage. On the other 

hand, Coughlan et al. included the age of women into the definition of RIF, by defining 

RIF as failure to achieve a clinical pregnancy after transfer of at least four good-quality 

embryos in a minimum of three fresh or frozen cycles in a woman under the age of 40 

years. (275)  

 

The most common factors included in the definition of RIF are the number of embryo 

transfers (usually with a minimum of 3 cycles) and total number of embryos transferred 

(more than 8-10 cleavage stage embryos or 5 blastocysts in multiple cycles).  

 

5.4 TRANSCRIPTOMICS OF HUMAN ENDOMETRIUM 

Microarray based gene expression profiling of endometrium allows simultaneous 

measurement of the expression of thousands of genes to create a global picture of 
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endometrial cellular function. Gene expression studies of endometrium have been 

undertaken to investigate its physiology and pathophysiology (141, 152, 153, 155, 276, 

277). While any given study yields numerous candidate genes to explore, the number of 

common genes identified between all these studies as reliable biomarkers of 

endometrial function, has remained small (278).  

 

Wang and Yu (279) reviewed seven transcriptomic studies of secretory phase human 

endometrium and found very few common genes between these studies. Only two 

genes were common to six of the seven studies, and three genes were common to five 

studies. Despite differences among these transcriptomic studies, they all agreed on the 

existence of a specific transcriptomic profile of receptive endometrium.   

 

Altmäe et al. (267) performed a systemic review and meta-analysis approach with 

experimental validation to identify potential biomarkers from previously published 

expression profiling studies. Differentially expressed genes from nine published studies 

involving a total of 164 endometrial biopsy samples from healthy women were analysed. 

A meta-signature of receptive endometrium with 57 genes as putative receptivity 

biomarkers was established. The meta-signature shared 47 genes in common with the 

commercial ERA test. Validation of the meta-signature using RNA-sequencing confirmed 

39 meta-signature genes.  

 

SPP1 (Secreted phosphoprotein 1) is the most common gene detected in transcriptomic 

studies (267, 279). SPP1 (previously known as osteopontin) is a glycoprotein involved in 

cellular adhesion and migration. It is generally believed that SPP1 interacts with integrins 



123 
 

on the luminal endometrial epithelium and embryo trophectoderm during implantation 

(280). It has been shown that SPP1 is up-regulated only in the epithelial cells and not in 

the stromal cells in the receptive endometrium (267). It has also been reported to be an 

essential mediator of implantation and receptivity in human (281). While SPP1 is a 

common occurrence in earlier transcriptomic studies of endometrium, it is not amongst 

the recent endometrial gene expression signature for RIF reported by Koot et al (155).  

 

5.5 GENOMICS OF HUMAN ENDOMETRIUM 

Development of genome-wide association studies (GWAS) improves understanding of 

the role of genetics in various diseases. GWAS identifies gene variants (single nucleotide 

polymorphisms, SNPs) associated with a trait or disease. Expression quantitative trait 

loci (eQTLs) are genomic loci that regulate expression levels of mRNAs or proteins. By 

assaying gene expression and genetic variation (SNPs) simultaneously on a genome-

wide basis in a large number of individuals, statistical methods can be used to map the 

genetic factors that underpin individual differences in quantitative levels of expression 

of many thousands of transcripts. eQTL studies have shown that SNPs can be 

reproducibly associated with complex disorders (282-284).  

 

The goal of eQTL studies in humans is to identify the DNA variants (SNP’s) that influence 

the expression levels of genes. The significance of such findings is at least threefold. First, 

the studies connect variation at the DNA sequence level to that at the RNA level. There 

are over 10 million SNP’s in the human genome. Although most of these variants are 

presumably neutral, many are functional. However, identifying the functional variants 

has been challenging. eQTL studies narrow the field by pointing to regions and ultimately 
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SNP’s that regulate gene expression. A rapidly increasing number of regulatory SNP’s 

have already been shown to be susceptibility alleles for human diseases.  Second, in 

identifying SNP’s that influence gene expression, eQTL studies scan the genome for 

regulators without the need for prior knowledge of the regulatory mechanisms. This 

‘agnostic interrogation’ allows eQTL studies to identify unknown regulators of gene 

expression.  Third, eQTL studies allow simultaneous investigation of many gene 

expression phenotypes in parallel. The resulting regulator–target gene relationships 

facilitate the characterization of the gene expression regulatory landscape in human 

tissues. This is a major advance from earlier gene expression profiling studies, which at 

best identified gene correlations from which it was possible to imply co-regulation or a 

regulatory relationship. When a gene expression phenotype maps to a particular DNA 

region in an eQTL analysis, the phenotype must be the target and the specified DNA 

region must contain the regulator.  

 

Genomic analyses in human endometrium are still limited. Most of the endometrial 

eQTL studies are in endometriosis (264, 284, 285). Burrows et al. (286) published the 

only eQTL study of human endometrium regarding fecundability-associated genes. This 

eQTL study of mid-secretory endometrium from 53 women with recurrent pregnancy 

loss identified 423 significant cis-eQTLs for 132 genes (FDR = 0.01). Prospective 

association studies identified two significant novel SNPs that are independently 

associated with fecundability in fertile women – one SNP was with an eQTL for TAP2 

(Transporter 2, ATP Binding Cassette Subfamily B Member) and one for HLA-F (Major 

Histocompatibility Complex, Class I, F) (FDR = 0.05).  
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5.6  AIMS OF STUDY 

The aim of this study was to undertake transcriptomic and genomic (eQTL) investigation 

of human endometrium to identify potential markers for uterine receptivity and to 

improve current understanding of uterine receptivity and implantation failure. Our 

strategy was based on the concept that implantation failure in the human has embryonic 

and endometrial contributing factors and that identifying a cohort of women who fail to 

conceive following the transfer of chromosomally normal embryos will select for 

abnormal endometrial implantation-related gene pathways. We hypothesized that an 

eQTL approach to identify DNA variants (SNPs) which influence the expression level of 

genes in the peri-implantation human endometrium would have significantly more 

power to identify genes and gene pathways that influence uterine receptivity than 

simple endometrial gene (or protein) expression profiling experiments that have been 

undertaken previously (141, 153, 155, 276, 287). Due to the nature of the statistical 

methods used, eQTL analysis requires large number of samples. Endometrial samples 

collected for this thesis alone were insufficient for meaningful eQTL analysis. Hence, 

they were incorporated in a larger cohort of endometrial samples for a global 

endometrial eQTL study (284). 

 

5.7 METHODS 

5.7.1 SUBJECT RECRUITMENT AND SAMPLE COLLECTION 

Please refer to Chapter 3 for details regarding recruitment process, endometrial sample 

collection and preparation.  
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5.7.2 GENE EXPRESSION ARRAY 

Please refer to Chapter 4.4.3 regarding RNA extraction and gene expression array. 

Normalization of the gene expression data was carried out by pre-processing using 

Illumina GenomeStudio software (Illumina Inc., San Diego) (264). Any probe with a 

detection p-value provided by GenomeStudio greater than 0.05 was considered as not 

expressed for that given sample. To achieve a stabilized distribution across average 

expression levels, pre-processed transcript levels were transformed using a quantile 

adjustment across individuals, followed by scaling to log2. Further normalisation was 

performed to allow expression levels to be compared across chips and genes. Finally, 

the gene expression data was also normalized for cycle stage using the molecular ‘day 

of cycle’ prediction model as described in Chapter 4. 

 

5.7.3 DIFFERENTIAL GENE EXPRESSION ANALYSIS 

Proliferative endometrial samples were excluded from the analysis as they could not be 

normalized by the current molecular ‘day of cycle’ model. For a probe to be included in 

the analysis, it must be good or perfect, with detection p-value <0.05 in at least 90% of 

samples. Differential expression analysis was performed between the groups. The 

resulting p-values were corrected for multiple testing to control the false discovery rate 

(FDR) using the Benjamini-Hochberg method. Differential expression was defined as a 

fold change >1.5 with FDR <0.05. 

 

5.7.4 GENOTYPING AND eQTL ANALYSIS 

GWAS and eQTL analysis was performed by The Institute for Molecular Bioscience at the 

University of Queensland. DNA isolated from blood samples was analysed on 
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HumanCoreExome chips and Infinium PsychArray (Illumina Inc, San Diego) by 

genotyping SNPs with optimized tag SNP content from all three HapMap phases 

strategically selected to capture the greatest amount of common SNP variation and 

lowest price. Quality control of genotypes was performed using the program PLINK 

(288). 

 

eQTL analysis is restricted to probes expressed in 90% of samples. In order to have 

sufficient power (~80%) to detect eQTLs at an FDR<0.05 in SNPs with low minor allele 

frequency, a sample size of at least 200 is necessary. As a result, the samples collected 

from this study were combined with a larger cohort for endometrial eQTL analysis (284). 

Cis-eQTLs are defined as eQTLs in which the associated SNP was located +/- 250kb from 

the probe starting position. Trans-eQTLs were defined as when the associated SNP was 

more than 250kb away from the probe or on a different chromosome. The relationship 

between SNP genotypes and normalized expression levels was tested using a linear 

model with the assumption of an additive allele effect.  

 

5.8 RESULTS 

A total of 100 women participated in this study, with 100 endometrial biopsies and blood 

samples collected. Principal component analysis (PCA) of gene expression showed 

samples cluster together within the same stage of the menstrual cycle (Figure 5.1). After 

exclusion of samples with incomplete/inconclusive clinical information (n=13), samples 

with no gene array data (n=8) and proliferative samples (n=7), gene expression of 

endometrial samples from 72 women were included in the final analysis. Figure 5.2 

shows PCA of gene expression for the 72 samples included in the final analysis. Samples 
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from control and RIF groups cluster together with no significant differences in the overall 

expression levels of genes. 

 

In the final analysis, the average age of the women was 36.7 years. Their average cycle 

length was 28.8 days. 30% of women participating in the study had a history of 

endometriosis, 14% had PCOS, 14% had uterine fibroids, 3% had congenital uterine 

anomalies, and 11% had history of autoimmune diseases. The two women with 

congenital uterine anomalies both had a uterine septum, which had been treated with 

hysteroscopic resection. The autoimmune diseases suffered by participants of this study 

were thyroid disease, sclerotic arthritis, ulcerative colitis and coeliac disease.  

 

There were 31 participants in the control group, and 41 participants in the RIF group. 

Women who had been pregnant within the last 2 years at recruitment or conceived with 

subsequent IVF treatment after participation in the study were assigned as controls. Out 

of the 31 pregnancies, twenty-nine were from IVF treatment (7 of these had PGS), one 

from ovulation induction, and one was a natural conception.  We adopted the ESHRE 

definition of RIF with slight modification by including the stage of embryos transferred, 

which is the absence of implantation after three or more transfers of high quality 

embryos or after placement of ≥10 cleavage stage embryos / ≥5 blastocysts in multiple 

transfers (271). For the RIF group, the average number of embryo transfer cycles was 

7.24, and the average number of embryos transferred was 8.74. Recruitment for this 

study happened between 2013 and 2016. During that period, the recruitment centres 

changed their practice of embryo transfer and cryopreservation, from cleavage stage 

embryos to blastocysts. Hence, some participants had transfer of cleavage stage 
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embryos only, some had used blastocysts only, and some had both. Table 5.1 shows the 

baseline characteristics and relevant medical history for the two groups. Women in RIF 

group had shorter average menstrual cycle length by 1.91 days (27.92 versus 29.83, 

p=0.04). No other statistical differences were noted between the groups.  

 

A total of 13,246 probes, mapping to 10,037 unique genes were included in the 

differential gene expression (DGE) analysis. Some genes showed significant differences 

in expression between the control and RIF groups after correction for cycle stage. Table 

5.2 shows the top 10 differentially expressed genes, ranked by their p-values. However, 

after correcting for multiple testing, there were no genes with significantly different 

gene expression between RIF group and controls (FDR = 0.9999). Figure 5.3 shows box 

plots of top 5 probes with the most significant p-value. The top 100 differentially 

expressed genes, ranked by their p-values have been included in Appendix III. 

 

5.8.1 SUB-ANALYSIS OF WOMEN WITH REDUCED UTERINE RECEPTIVITY 

Pre-implantation genetic screening (PGS) is commonly offered to women with RIF. It is 

believed that PGS can increase the pregnancy rate in women with history of RIF by 

selection of euploid embryos for transfer. A subgroup of women who had had 

unsuccessful implantation after transfer of PGS-embryos in at least 2 cycles have been 

selected for this sub-analysis. While this criterion does not unambiguously establish 

reduced uterine receptivity, it is likely that women with reduced uterine receptivity are 

over-represented in this grouping. A total of 12 women fulfilled the criteria of this 

reduced uterine receptivity (RR) group. Women in the RR group had an average of 8.2 

unsuccessful embryo transfer cycles, 8.8 embryos transferred, 4.3 PGS-embryos 
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transferred. None of these women had successfully conceived by the completion of this 

study. Table 5.3 shows the baseline characteristics and relevant medical history for the 

two groups. No statistical differences were noted between the groups.  

 

Table 5.4 lists the top 10 differentially expressed gene between the 2 groups, ranked by 

their p-values. Box plots of the top 5 probes are shown in Figure 5.4. The differences 

were not statistically significant after correcting for multiple testing, with FDR of 0.9987. 

The top 100 differentially expressed genes have been included in Appendix IV. 

 

5.8.2 CROSS COMPARISON WITH PUBLISHED GENE EXPRESSION SIGNATURE OF RIF 

The top 100 differentially expressed genes from the RIF group were compared with the 

gene expression signature (303 genes) that was published by Koot et al (155). Only two 

common genes were identified. These two genes were SMAD9 (Mothers Against 

Decapentaplegic Homolog 9) and NR5A2 (Nuclear Receptor Subfamily 5 Group A 

Member 2). Both SMAD9 and NR5A2 are protein coding genes. The SMAD9 gene 

encodes a downstream modulator of the bone morphogenetic protein signalling 

pathway, which is part of the TGF-beta superfamily that regulates growth, 

differentiation, apoptosis, and development. Diseases associated with SMAD9 include 

Primary Pulmonary Hypertension and Heritable Pulmonary Arterial Hypertension. The 

protein encoded by NR5A2 is a DNA-binding zinc finger transcription factor and is a 

member of the fushi tarazu factor-1 subfamily of orphan nuclear receptors. The encoded 

protein is involved in the expression of genes for hepatitis B virus and cholesterol 

biosynthesis. Although expressed by the endometrium, but there are no known 

pathways associated with endometrial receptivity for either gene. Naïve calculation 
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showed that 1.96 genes are expected to be shared between the two gene datasets by 

chance. Hence the findings of these two common genes were likely not significant, and 

due solely to chance.  

 

Finally, the top 100 differentially expressed genes by RR group were also compared to 

the previously published gene signature for RIF (155). No common genes ware 

identified. 

 

5.8.3 eQTL ANALYSIS 

A total of 64 endometrial samples recruited from this study were incorporated in a larger 

cohort of endometrial samples for endometrial eQTL analysis (284). Previous studies 

have demonstrated that substantial differences exist amongst individuals from different 

ancestries (289). This eQTL analysis was limited to individuals with European ancestry 

and included a total of 229 women.  

 

A total of 15,262 probes mapping to 12,321 unique genes and expressed in 90% of 

samples were included in the analysis. The eQTL analysis identified a total of 45,923 cis-

eQTLs for 417 unique genes and 2,968 trans-eQTLs affecting 82 unique genes (Figure 

5.5). Approximately 68% of endometrial cis-eQTLs overlap with those identified in blood. 

eQTLs with the largest effect size in endometrium were shown to have the same 

directional effect in blood.  

 

In this eQTL analysis, we detected eQTLs for 68 of the 132 genes identified by Burrows 

et al (286). eQTLs for the two genes associated with fecundability, TAPs and HLA-F, were 
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not replicated in our analysis. However, SNP rs2523393 previously associated with HLA-

F expression and fecundability was associated with HLA-H expression in our analysis 

supporting a potential role of HLA-H in female fertility. We have also compared our 

results with a recent meta-analysis of transcriptomic biomarkers of endometrial 

receptivity. We identified eQTLs in 7 of the 57 meta-signature genes – SPP1 (Secreted 

Phosphoprotein 1), PAEP (Progestagen Associated Endometrial Protein), IL15 

(Interleukin 15), TSPAN8 (Tetraspanin 8), OLFM1 (Olfactomedin 1), MMP7 (Matrix 

Metallopeptidase 7) and CXXC1 (CXXC Finger Protein 1). The direction of effect was 

consistent with that reported by Altmäe et al (267). Cross comparison was also make 

with the proposed RIF gene expression signature by Koot et al (155). eQTLs were 

identified for 7 of the 303 genes - AMFR (Autocrine Motility Factor Receptor), HLA-C 

(Major Histocompatibility Complex, Class I, C), UBA52 (Ubiquitin A-52 Residue 

Ribosomal Protein Fusion Product 1), WDYHV1 (WDYHV Motif Containing 1), NANOS1 

(Nanos C2HC-Type Zinc Finger 1), TES (Testin LIM Domain Protein ) and PDSS2 

(Decaprenyl Diphosphate Synthase Subunit 2).  

 

5.9  DISCUSSION 

This prospective differential gene expression (DGE) study of secretory endometrium did 

not identify any significant transcriptomic markers for uterine receptivity. Stringent 

normalization processes were included in the analyses to correct for cycle stage and 

false positive discovery. DGE analyses did not identify any statistically significant 

endometrial gene expression differences between RIF/RR and control groups, despite 

having larger sample size than previous similar DGE studies reporting differentially 

expressed genes (152, 153). 
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At least three published studies have reported differential gene expression of 

endometrium associated with implantation failure. Small sample size and inadequate 

normalization for cycle stage and false positive discovery explain the findings in two of 

the studies. Koler et al. (153) performed gene-array analyses of day 21 endometrial 

samples from 12 fertile controls and 20 RIF patients. They reported 313 genes with 

modified expression levels in RIF patients. This study applied the definition from ESHRE 

for RIF. Genes with a 2-fold expression difference and cut off p-value <0.05 were defined 

as significant. Unfortunately, gene expression data in this study was not corrected for 

cycle stage or multiple testing. Altmäe et al. (152) identified 259 significantly 

dysregulated genes in 4 mid-secretory phase endometrial samples from patients with 

unexplained infertility, when compared to 5 fertile controls. Endometrial samples were 

collected 7 days after detection of urinary LH surge. Authors reported histology 

evaluation to show normal maturation in relation to the cycle day. Significant 

differences were defined as an absolute fold change of >3.0 and a proportion of false 

positives <0.05. The main weakness of this study was its small sample size, and subject 

selection.  

 

Koot et al. (155) proposed a gene expression signature containing 303 genes to predict 

RIF. Endometrial gene expression profiles from 81 women (31 women with RIF and 50 

controls) were analysed. The ESHRE definition for RIF was also applied in this study. The 

signature discovery involved 100 rounds of randomly selecting a training subset (4/5 of 

all samples), which was subsequently used to rank genes based on their potential to 

differentiate RIF patients from controls. These genes were employed to build a support 
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vector machine classifier which then attempted to predict the class of the samples in 

the test set. After 100 rounds, 100 separate 100-gene lists were obtained. These genes 

were ranked based on the number of times they appeared in the lists, and all genes that 

appeared 5 times or more were selected into the final gene signature. Using a separate 

validating sample set (n=34), positive predictive value of 100% and sensitivity of 58% 

were reported for RIF. The methods used by this study to define the gene expression 

signature were very different to more conventional methods. Although not stated by 

the authors, it may be assumed that conventional differential gene expression analyses 

of the study cohort did not yield any significant findings, hence the above methods were 

adopted. Cross comparison analyses between our gene expression data and the gene 

expression signature from this study only found two common genes, a number close to 

that expected by random chance. These findings highlight the challenges faced by 

endometrial researchers in identifying true markers of reduced endometrial receptivity. 

Based on the above discussion, we have reservations about the reliability of current 

published gene expression signatures for RIF.  

 

Almost two decades has passed since Ponnampalam et al. first demonstrated the 

changes of endometrial gene expression with cycle stage (141). Subsequent studies have 

confirmed that variation in gene expression in human endometrium is strongly 

influenced by stage of the menstrual cycle (142, 143, 161). Clinical tests have also been 

introduced based on endometrial gene expression to identify the window of receptivity 

(145). A recent publication by our group and collaborators (284) has demonstrated 

dynamic changes in expression of individual genes across menstrual cycle include 

alterations in both mean expression and transcriptional silencing. Significant variation in 
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mean levels of expression for 32% genes across the menstrual cycle has been reported. 

These findings highlight the importance of correcting for cycle stage while searching for 

differential gene expression between endometrial samples. Many earlier published 

studies have not adequately normalized their endometrial gene expression data for 

cycle stage. 

 

Transcriptomic studies of human endometrium have traditionally been done on whole-

tissue samples. Endometrium is composed of two dominant cell types, epithelial and 

stromal cells. While each cell type has its unique gene expression profile, the 

proportions of epithelial and stromal cells also vary in endometrial tissue during the 

menstrual cycle. Suhorutshenko et al. (290) showed that the proportions of endometrial 

epithelial and stromal cells change in endometrial tissues during the transition from the 

pre-receptive to receptive state. This study also demonstrated how these changes 

affected the gene expression profile of biopsied tissues. Only 26% of the transcripts 

identified by meta-analysis without prior adjustment for cellular heterogeneity 

remained significant after deconvolution analysis was applied. This highlights the other 

limitation of current transcriptomic profiling studies of endometrium, including our 

study. 

 

When incorporated into a larger cohort of endometrial samples to increase the power 

for detection of eQTLs, the eQTL analysis identified 45,923 cis-eQTLs for 417 unique 

genes and 2,968 trans-eQTLs for 82 unique genes. When compared with a recent meta-

analysis of transcriptomic markers for endometrial receptivity, we identified eQTLs in 7 

of the 57 meta-signature genes – SPP1, PAEP, IL15, TSPAN8, OLFM1, MMP7 and CXXC1. 
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SPP1 is the most common gene detected in endometrial receptivity transcriptomic 

studies and is believed to play a role during embryo implantation as discussed previously 

in this chapter (267, 279, 280) . PAEP is important in regulating the endometrial 

environment for implantation; changes in expression of this gene have been associated 

with implantation failure, and it has a suggested role in the anti-inflammatory response 

during the endometrial receptive phase (291, 292). IL15 is a cytokine expressed in both 

human endometrial stromal and epithelial cells. It is involved in immune regulation 

through the stimulation and regulation of natural killer cell proliferation and has a role 

in decidualization (293). These are the first endometrial genes linked to uterine 

receptivity that have a genetic component regulating gene expression. These findings 

open the way for study investigating how genetic differences between women may 

influence uterine receptivity.  

 

Cross comparison analysis with the proposed gene expression signature for RIF by Koot 

et al. identified eQTLs for 7 of the 303 genes – AMFR, HLA-C, UBA52, WDYHV1, NANOS1, 

TES and PDSS2 (155). HLA-C Is the only gene that is previously known to be associated 

with human reproduction. It was reported that HLA-C interacts with killer 

immunoglobulin receptors expressed on NK cells and regulate trophoblast invasion 

necessary for placentation (294). These findings suggest genetic regulation of 

endometrial function. However, no reliable genes for RIF have been identified with 

current evidence. Hence, any true genetic component for RIF will require further 

clarification.  
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One of the limitations of this study is it has been performed based on microarray 

analyses. RNA sequencing (RNA-seq) is a more powerful gene expression technique that 

quantitates individual RNA transcripts with a broader dynamic range than microarray 

technology, which captures only 30% of the data available in RNA-seq (295, 296). Some 

of the endometrial samples recruited for this PhD (n=22) have subsequently been 

incorporated with another cohort of endometrial tissue (n=184) for endometrial RNA-

seq analyses (297). This RNA-seq analyses study identified 327 novel genetic effects on 

transcription in endometrium, and 68 endometrial cis-eQTLs which are tissue specific.  

 

Increasing evidence has suggested that there is an alteration of endometrial receptivity 

in women with unexplained RIF. Both asynchronous endometrial development and 

pathological endometrium can lead to reduced receptivity and RIF. At present all 

‘receptivity’ genes are based on stage of cycle and/or known functions in animal models. 

ERA suggests cycle stage receptivity profiles are clinically useful. Our results 

demonstrate in conjunction with the published literature that no reproducibly 

consistent genes linked to RIF due to pathological endometrium have yet been 

identified. The identification of true genetic association requires a large sample size and 

replication in different populations. RIF due to reduced uterine receptivity is not a 

common occurrence, hence recruitment of subjects with true endometrial implantation 

failure is challenging. Collaboration amongst researchers around the world with a 

common interest should be encouraged and will likely improve the power of any future 

genomic studies to investigate uterine receptivity. 
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Table 5.1 Patient characteristics at the time of biopsy (control vs. RIF) 

 

  Controls RIF p-value 

Numbers 31 41   

Age (years) 36.10 37.17 0.29 

Average cycle length (days) 29.83 27.92 0.04 

        

Previous unsuccessful embryo transfers (average) 4.87 7.24 0.00 

Total number of embryos transferred (average)  5.19 8.74 0.00 

Endometriosis (%) 25.81 21.95 0.79 

Polycystic ovarian syndrome (%) 16.13 9.76 0.24 

Pelvic inflammatory disease (%) 0 0 - 

Hydrosalpinx (%) 0 0 - 

Fibroids (%) 9.68 9.76 0.63 

Congenital uterine anomalies (%) 3.23 2.44 0.84 

Intrauterine adhesion (%) 0 0 - 

Autoimmune disease (%) 6.45 12.20 0.27 

 

 

This table shows the baseline characteristics and past relevant medical histories of 

controls vs. RIF participants at the time of endometrial biopsy. Continuous variables 

were examined in relation to relevant outcomes using the student t-test, while binary 

variables were examined using the chi-square test. Participants in the RIF group had 

significantly shorter average menstrual cycle length (p=0.04), more previous 

unsuccessful embryo transfers (p=0.01) and total number of embryos transferred 

(p=0.01) when compared to controls. No other significant differences were noted 

between controls and the RIF group. 
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Table 5.2 Differential gene expression between control and RIF groups. Genes 
ranked by p-values.  

 

Genes logFC AveExpr t P.Value FDR FC 

Direction 

(in RIF) 

BCAS4  -0.2581 6.1021 -3.6216 0.0005 0.9999 1.20 Down  

KIAA092 -0.1844 6.0634 -3.3573 0.0012 0.9999 1.14 Down  

PPM1H  0.3578 10.6618 3.3444 0.0013 0.9999 1.28 Up 

PPP1R14A  -0.2409 9.4589 -3.2924 0.0015 0.9999 1.18 Down 

RABL2B  -0.1525 8.2763 -3.1881 0.0021 0.9999 1.11 Down 

KIAA1324L  0.3655 6.0972 3.1186 0.0026 0.9999 1.29 Up 

IL20RA  0.2705 9.1740 3.1074 0.0027 0.9999 1.21 Up 

MASP1  -0.1893 5.4741 -3.0758 0.0029 0.9999 1.14 Down 

ZNF200  -0.1448 5.6185 -3.0434 0.0032 0.9999 1.11 Down 

FGFRL1  -0.1869 5.7245 -3.0243 0.0034 0.9999 1.14 Down 

 

BCAS4 (Breast Carcinoma Amplified Sequence 4); KIAA092/TMEM131L 

(Transmembrane 131 Like); PPM1H (Protein Phosphatase, Mg2+/Mn2+ Dependent 1H); 

PPP1R14A (Protein Phosphatase 1 Regulatory Inhibitor Subunit 14A); RABL2B (RAB, 

Member Of RAS Oncogene Family Like 2B); KIAA1324L (KIAA1324 Like); IL20RA 

(Interleukin 20 Receptor Subunit Alpha); MASP1 (Mannan Binding Lectin Serine 

Peptidase 1); ZNF200 (Zinc Finger Protein 200); FGFRL1 (Fibroblast Growth Factor 

Receptor Like 1) 

This table shows the top 10 differentially expressed genes between controls and the RIF 

group, ranked by their p-values. After correcting for multiple testing, there were no 

genes with significantly different expression (adjusted p-value 0.9999). 
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Table 5.3 Patient characteristics at the time of biopsy (control vs. RR) 

 

  Controls RR p-value 

Numbers 31 12   

Age (years) 36.10 35.92 0.89 

Average cycle length (days) 29.83 26.82 0.07 

        

Previous unsuccessful embryo transfers (average) 4.87 8.17 0.01 

Total number of embryos transferred (average)  5.19 8.79 0.01 

Polycystic ovarian syndrome (%) 25.81 25 0.81 

Pelvic inflammatory disease (%) 16.13 8.33 0.64 

Hydrosalpinx (%) 0 0 - 

Hydrosalphix (%) 0 0 - 

Fibroids (%) 9.68 8.33 0.73 

Congenital uterine anomalies (%) 3.23 8.33 0.71 

Intrauterine adhesion (%) 0 0 - 

Autoimmune disease (%) 6.45 16.67 0.58 

 

This table shows the baseline characteristics and past relevant medical histories of 

controls vs. RR participants at the time of endometrial biopsy. Continuous variables 

were examined in relation to relevant outcomes using the student t-test, while binary 

variables were examined using the chi-square test. Participants in the RR group had 

significantly more previous unsuccessful embryo transfers (p=0.01) and total number of 

embryos transferred (p=0.01) when compared to controls. No other significant 

differences were noted between controls and the RR group. 
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Table 5.4 Differential gene expression between control and RR groups. Genes 
ranked by p-values. 

 

Genes logFC AveExpr t P.Value FDR FC 

Direction  

(in RR) 

KLRD1 -0.5556 6.0804 -4.0151 0.0002 0.9987 1.47 Down 

PALB2 0.2482 5.9549 3.9766 0.0002 0.9987 1.19 Up 

BCAS4 -0.3584 6.1491 -3.7312 0.0005 0.9987 1.28 Down 

ERP27 -0.6044 7.4933 -3.6368 0.0007 0.9987 1.52 Down 

ATXN10 -0.2397 6.5628 -3.4934 0.0011 0.9987 1.18 Down 

ZMYM3 0.3003 6.8371 3.4053 0.0014 0.9987 1.23 Up 

ICA1 0.2811 5.6295 3.3817 0.0015 0.9987 1.22 Up 

OTULINL -0.2538 6.7268 -3.3421 0.0017 0.9987 1.19 Down 

BRF1 0.2837 6.0565 3.3400 0.0017 0.9987 1.22 Up 

TBCD 0.3003 8.3108 3.2755 0.0020 0.9987 1.23 Up 

 

KLRD1 (Killer Cell Lectin Like Receptor D1); PALB2 (Partner And Localizer Of BRCA2); 

BCAS4 (Breast Carcinoma Amplified Sequence 4); ERP27 (Endoplasmic Reticulum Protein 

27); ATXN10 (Ataxin 10); ZMYM3 (Zinc Finger MYM-Type Containing 3); ICA1 (Islet Cell 

Autoantigen 1); OTULINL (OTU Deubiquitinase With Linear Linkage Specificity Like); 

BRF1 (BRF1 RNA Polymerase III Transcription Initiation Factor Subunit); TBCD (Tubulin 

Folding Cofactor D) 

This table shows the top 10 differentially expressed genes between controls and the RR 

group, ranked by their p-values. After correcting for multiple testing, there were no 

genes with significantly different expression (adjusted p-value 0.9987). 
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Figure 5.1 Principal component analysis (including proliferative samples) 

 

Principal component analysis of general gene expression of all endometrial samples with 

array data available demonstrated that samples from the same menstrual cycle phase 

clustered together.  
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Figure 5.2 Principal component analysis  

 

 

Principal component analysis of gene expression after cycle stage normalization for the 

72 samples included in the final analysis. Controls are shown in red, while RIF samples 

are shown in blue. Samples from both groups cluster together with no apparent 

differences in the overall expression levels of genes. 
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Figure 5.3 Top 5 differentially expressed probes between controls and RIF group, 

ranked by p-values. 

 

This figure shows the top 5 most significant probes between controls and the RIF group. 

After correcting for multiple testing, the differences were not significant (FDR = 0.9999). 

Please also refer to Table 5.2. 
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Figure 5.4 Top 5 differentially expressed probes between controls and RR group, 

ranked by p-values.  

 

This figure shows the top 5 most significant probes between controls and the RR group. 

After correcting for multiple testing, the differences were not significant (FDR = 0.9987). 

Please also refer to Table 5.4. 
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Figure 5.5 Manhattan plots of endometrial cis-eQTL (a) and trans-eQTL (b) (284). 

 

 
Each point represents an eSNP, chromosomes are defined by alterating purple and 

orange colours and the red line indicates a Bonferroni threshold of p<3.3x10-9 for cis-

eQTLs and p<5.5x10-13 for trans-eQTLs. 

 

 

 



147 
 

CHAPTER 6 

REDUCED LIVE BIRTH RATES IN FROZEN 

VERSUS FRESH SINGLE CLEAVAGE 

STAGE EMBRYO TRANSFER CYCLES. A 

CROSS SECTIONAL STUDY 

 

6.1 INTRODUCTION 

Prerequisites for successful implantation are an embryo with implantation competency, 

a receptive endometrium, and synchronous development between the embryo and the 

endometrium (33, 36, 37, 270). The relative contributions of reduced embryo viability, 

a non-receptive endometrium, or embryo-endometrial asynchronous to implantation 

failure following IVF are unknown. There have been statistical analyses that suggest both 

embryo viability and uterine receptivity play significant roles (298, 299). Another 

approach to investigating these issues is to compare pregnancy outcomes following 

fresh versus frozen embryo transfers. 

 

It is widely believed that COH used in IVF cycles has detrimental effects on the 

endometrium, as well as potentially disrupting normal synchronous development 
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between the endometrium and the embryo (38, 40, 43, 203-207, 209, 210, 254). It has 

been shown that pregnancy is more likely when there are fewer endometrial histological 

alterations after COH (208). No pregnancy was reported if development of the 

endometrium was greater than 3 days more advanced than the embryos (38-40).  

 

Evidence that synchronous development between the embryo and the endometrium is 

important for successful implantation comes from work comparing normal growing and 

slow growing embryos on implantation rates and CPR between fresh autologous and 

frozen embryo transfer cycles. As expected, the clinical PR was higher for normal 

growing than slow growing embryos in fresh cycles (51% versus 33.3%). However, if the 

slower blastocyst growth rates are compensated for by transferring on developmental 

age (day 5) rather than chronological age (day 6), then there was no significant 

difference in pregnancy rate between normal and slow growing cryopreserved 

blastocysts following FET cycles (63.6% versus 58.9%). Slow embryos were also 

associated with a significantly greater PR in FET cycles than in fresh autologous cycles 

(58.9% versus 33.3%) (42). This study supports the hypothesis that embryo-endometrial 

developmental asynchrony caused by slow growing embryos can be corrected by 

freezing the embryo and transferring it back a day earlier in a subsequent cycle.  

 

Further support for FET giving improved results to fresh transfers comes from a recent 

randomized multicentre trial involving women with polycystic ovarian syndrome (PCOS) 

(300). This study demonstrated a higher live birth rate (49.3% vs. 42.0%) with FET than 

fresh embryo transfer cycles. 
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The primary aim of this retrospective study of 10,744 single embryo transfers from the 

Melbourne IVF database was to compare pregnancy outcomes between fresh versus 

frozen autologous transfer cycles. We hypothesized that live birth and clinical pregnancy 

rates would be higher in FET compared with fresh embryo transfers due to a 

combination of improved endometrial receptivity and improved embryo-endometrial 

synchrony in the FET cycles. Given that this is the largest such dataset ever published, 

we also hypothesized that the analysis would also provide important insights into factors 

that influence implantation rates in IVF and FET cycles.  

 

6.2 METHODS 

We performed a cross sectional analysis using data from July 2009 to April 2015 

obtained from the Melbourne IVF (MIVF) patient database. Transfer of cleavage stage 

embryos (day 2 embryos) was standard practice at MIVF at the time of the data 

collection. We, and most IVF centres, now transfer and freeze blastocysts, however 

given the unique size of the dataset we anticipated that we would gain new insights into 

factors influencing embryo implantation.  

 

According to MIVF laboratory protocol, each embryo was evaluated twice before 

transfer. The first evaluation was performed 23-24 hours post-insemination/ICSI; 

referred to henceforth as the syngamy check. During this evaluation, embryos were 

assessed for presence and number of cells (early cleavage (EC), nuclear envelope 
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breakdown (NEBD), or 2 pro-nuclei (2PN)). The second evaluation was done on the 

morning of fresh embryo transfer (or before cryopreservation) on day 2 post-

insemination/ICSI. Number of cells, degree of fragmentation and multinucleation were 

assessed at the day 2 check. All embryos were cryopreserved using the slow freeze 

method (routine practice at the time of study) (301). MIVF freeze-thaw protocols use 

post-thaw embryo culture to confirm resumed embryo development. Embryos for 

transfer in FET cycles are thawed the afternoon before the day of embryo transfer. These 

embryos are again evaluated twice; immediately after thawing for the number of 

surviving cells and a second time just prior to transfer in order to assess the resumption 

of mitosis and the total number of cells. Embryos are deemed suitable for transfer only 

if they survive the freeze-thaw process, defined as survival of ≥50% of the cells.  

 

Information about embryo transfer cycles using cleavage stage embryos was retrieved 

from the MIVF database. Given the large size of the database, we were able to enforce 

strict inclusion and exclusion criteria but still retain a large data set to analyse. A 

maximum of 2 stimulated cycles (cycle involving egg collection, embryo transfer of the 

best embryo and freezing of remaining embryos for future use during thaw embryo 

cycles) were included in the analysis for each patient.  Loss of a blastomere that is 

evident immediately post thaw is known to be associated with reduced embryo 

implantation potential (302). Therefore, we excluded those cycles using embryos where 

cell loss occurred during post-thaw embryo culture and evaluation. We also excluded 

cycles involving transfer of more than one embryo, use of donor gametes, or embryos 
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with pre-implantation genetic testing. Women who had been pregnant from a previous 

IVF treatment were also excluded from the analysis. 

 

We compared clinical outcomes between fresh embryo transfer and FET cycles. The 

main outcome was LBR. A live birth is defined by the World Health Organization to be 

the complete expulsion or extraction from its mother of a baby, irrespective of the 

duration of the pregnancy, which, after such separation, breathes or shows any other 

evidence of life. The secondary outcome of this study was CPR. Clinical pregnancy was 

defined as presence of fetal heartbeat at first viability ultrasound (typically performed 

at gestational week 6 to 7 according to MIVF protocol).  

 

Stratification of cycles into fast and slow growing embryos was also performed. Slow 

cleavage stage embryos were defined as those embryos that had 2 pronuclei during the 

syngamy check and were still at the 2-cell stage at the day 2 check. For FET cycles, all 

embryos were at the 2-cells stage when frozen, and both cells survived the thawing 

process. Due to the post-thaw embryo culture protocol at MIVF for FET cycles, extra 

time allowed for development of frozen embryos, these embryos were half a day more 

advanced chronologically than their counterparts in fresh cycles. With the assumption 

that endometrial development is slightly advanced by COH, transferring frozen-thawed 

embryos that are half a day more advanced chronologically should improve embryo-

endometrial developmental synchrony, leading to better CPR and LBR outcomes. Multi-

variate analysis was performed to compare LBR and CPR between fresh embryo transfer 

and FET cycles using slow embryos. 
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6.3 ETHICAL CONSIDERATION 

This study was approved by RWH Research Committee and RWH Human Research Ethics 

Committee (Project AQA19/15) 

 

6.4 STATISTICAL ANALYSIS 

We use statistical and data analysis program STATA 9.2 (StataCorp, Texas, USA) for all 

data analyses. Continuous variables were examined in relation to relevant outcomes 

using the students t-test, while binary variables were initially examined using the chi-

square test. Multivariate analysis was undertaken using logistic regression. For the 

purpose of model building, variables that reached p-value of <0.1 were included in the 

final model. A P-value of <0.05 was considered to be statistically significant in the output 

of the logistic regression analysis. Potential confounding factors including maternal age 

at egg collection, body mass index (BMI), cumulative embryo transfer cycle number 

(previous embryo transfer cycles included in the analysis), and embryo quality (embryo 

quality at the syngamy check, cell number and embryo grade at day 2) were also 

examined. 

 

6.5 RESULTS 

A total 10,744 cycles involving transfer of a single cleavage stage embryo were identified 

between July 2009 and April 2015, comprising 7,014 fresh cycles and 3,730 FET cycles. 

Table 1 shows the main outcomes and potential confounders in the two groups. 
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Surprisingly, both LBR and CPR were higher in fresh cycle group compared to FET group 

(LBR 19.13% vs. 14.13%, p<0.0001; CPR 22.48% vs. 16.25%, p<0.0001). Multiple 

pregnancy rates were low as only single embryo transfers were included in the study, 

and there was no statistical difference between the two groups. Compared to women 

in the fresh cycle group, women in the thaw cycle group were slightly younger (35.14 vs. 

35.51 years, p<0.0001), and more likely to have had an embryo transfer previously (2.68 

vs. 1.30, p<0.0001). There was no statistical difference for BMI (fresh vs. frozen-thaw, 

25.10 vs. 24.98 kg/m2, p=0.1737) and fertilization methods (IVF 30.33 vs. 31.05, ICSI 

69.67 vs. 68.95, p<0.44) between the two groups. Embryo quality was better in the fresh 

cycle group, with more embryos being at the EC stage at the syngamy check (31.11 vs 

19.65%, p<0.0001), higher cell number on day 2 (mean cell number 3.84 vs. 3.63, 

p<0.0001), and better grade embryos (mean grade of embryos 1.87 vs. 2.00, p<0.0001). 

This reflects the practice of transferring the best embryo and freezing the remaining 

cohort of embryos during a stimulated cycle. (Table 6.1) 

 

Multivariate analysis shows that women receiving a frozen-thawed embryo had a 

significantly lower LBR rate compared to those receiving a fresh embryo (OR 0.76, 95%CI 

0.68–0.86, p<0.0001), after correcting for potential confounding factors – age, embryo 

quality (syngamy, cell number, embryo grade), fertilization method, cumulative ET and 

BMI  (table 2). As expected, a higher pregnancy rate was observed in younger women 

(OR 0.91, 95%CI 0.90-0.93, p<0.0001) and those who had a better-quality embryo 

transferred (syngamy: OR 0.77, 95%CI 0.71-0.82, p<0.0001; cell number on day 2: OR 

1.17, 95%CI 1.08-1.25, p<0.0001; embryo grade on day 2: OR 0.77, 95%CI 0.72-0.84, 
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p<0.0001). Those who had embryo fertilized through ICSI had lower LBR compared to 

IVF (OR 0.89, 95%CI 0.80-1.0, p=0.042). Previous cumulative embryo transfer number 

(OR 0.94, 95%CI 0.89-1.0, p=0.06) and BMI of the women (OR 0.99, 95%CI 0.98-1.1, 

p=0.2) did not have a statistically significant effect on LBR. (Table 6.2) 

 

6.5.1 SUB-ANALYSIS USING SLOW GROWING EMBRYOS 

A total of 1,154 cycles involving transfer of a slow growing cleavage stage embryo were 

identified, of which 497 were fresh transfer cycles and 584 were FET cycles. Women in 

the fresh cycle group were on average 10 months older than those in the FET cycle group 

(37.29 vs. 36.41 years, p<0.0016), and had had less embryo transfer cycles (1.39 vs. 2.97 

cycles, p<0.0001). There was no statistically significant difference in BMI, embryo 

fertilization method or embryo grading between the two groups. Most importantly, 

there was no statistical difference between the fresh ET and the FET cycle groups in 

either LBR (6.40% vs. 6.26%, p=0.921) or CPR (8.10% vs. 7.22%, p=0.577) between the 

groups. (Table 6.3) 

 

6.6 DISCUSSION 

This retrospective analysis of outcomes from fresh versus frozen embryo transfers is the 

first that only includes single embryo transfer cycles, and with 7,014 fresh cycles and 

3,730 FET cycles is also the largest study of this type to be published. The primary finding 

from our analysis was a significantly lower LBR and CPR in FET cycles compared to fresh 

cycles, using single autologous cleavage stage embryos. Multivariate analysis identified 

6 variables that impacted significantly on LBR (Table 6.2). Controlling for these 
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confounding factors confirmed the finding of lower LBR rate in FET cycles. These results 

do not support our hypothesis that live birth and clinical pregnancy rates would be 

higher in FET compared with fresh embryo transfers due to a combination of improved 

endometrial receptivity and improved embryo-endometrial synchrony in the FET cycles. 

Rather, they suggest that any potential gains in LBR due to improved endometrial 

receptivity and improved embryo-endometrial synchrony are lost with FET, presumably 

due to embryo damage caused during the freeze-thaw process. 

 

A secondary finding from this study was a sub-analysis of cycles with slow growing 

embryos. We hypothesized embryo-endometrial developmental synchrony would be 

improved in FET compared to fresh cycles using slow embryos due to the post-thaw 

embryo culture protocol. In our analysis of 1,154 cycles using slow embryos, there was 

no statistical difference in LBR or CPR between the two groups. We interpret this result 

as showing that the reduction in LBR due to freeze-thawing damage to the embryo seen 

in fast growing embryos is fully compensated for by the improved synchrony in the slow 

growing embryos. Slower growing embryos typically result in lower pregnancy rates in 

fresh cycles, potentially due to reduced embryo viability and increased embryo-

endometrial asynchrony. Taken together, the results from this study confirm the 

positive influence of younger maternal age, better embryo quality, faster embryo 

development and improved embryo-endometrial developmental synchrony on LBR, 

while also demonstrating that embryo freezing has a negative impact on LBR. 
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There have been a limited number of published studies involving smaller sample sizes 

comparing clinical outcomes between fresh and FET cycles. While each of these provides 

some insight into the relative contributions of embryo viability, uterine receptivity and 

embryo-endometrial synchrony to LBR, the individual studies are not all directly 

comparable and their findings not in complete agreement.  

 

The study published by Shapiro and colleagues mentioned earlier in this paper, found 

increased CPR in the FET cycle cohorts. It is important to note that the best blastocysts 

of the cohort were transferred in fresh cycles, while only good quality embryos 

(expanded supernumerary blastocysts) were selected for cryopreservation and 

subsequent use in FET cycles. Embryo selection was a potential confounder in this study, 

which was acknowledged by the authors in their paper (42). Two subsequent 

prospective randomized studies by the same group comparing fresh blastocyst transfer 

and oocyte cryopreservation (with subsequent blastocyst transfer grown from the 

frozen-thawed oocytes) has shown a significantly greater CPR in the oocyte 

cryopreservation group in normal responders, but no statistical difference in high 

responders (303, 304). Overall these studies support the hypothesis that FET improves 

CPR, presumably through improving uterine receptivity and/or embryo-endometrial 

synchrony. There is no evidence from these studies for a negative effect from freeze-

thawing on embryo viability, possibly due to factors such as reduced blastomere size in 

the blastocyst compared to a cleavage stage embryo. An alternative explanation is that 

by selecting embryos that have reached the expanded blastocyst stage, it is possible to 

eliminate all the non-viable embryos that appeared ‘normal’ at the cleavage stage. 
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Four other randomized controlled trials using cleavage stage embryos have found no 

difference in LBR between fresh and FET cycles (305-308). The first trial involved 2157 

young (20-35 year old) women undergoing IVF/ICSI treatment due to tubal and/or male 

factors infertility (305). In the second trial, 782 infertile women were randomly assigned 

to fresh transfer or frozen embryos on day 3.  In the FET group, only good quality 

embryos (grade 1 or 2) were used (306). The last two study involved women at risk of 

OHSS (307, 308). All three studies involved the transfer of multiple embryos (305-307). 

Differences between the above studies and our study include patient population, 

number of embryos transferred, and embryo freezing method. Any or all of these factors 

could have contributed to the different clinical outcomes between these studies (no 

difference in LBR between fresh and FET cycles) and ours (higher LBR in fresh cycles). 

 

While studies involving blastocyst transfer have suggested a better LBR with FET cycles 

(42, 303), our results and other studies using cleavage stage embryos have not found 

the same (305-308). A major difference between protocols is that cleavage stage 

embryos are cryopreserved according to their chronological age (day 2), while 

blastocysts are only cryopreserved if they reached the desired developmental stage of 

expanded blastocyst.  The developmental stage of embryos is an important factor when 

considering embryo-endometrial synchrony. The cleavage stage embryo freezing 

protocol has not been designed to correct for any potential asynchrony between 

developmental stage for the embryo and endometrium.  There may be clinical benefit 
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in the future to considering developmental stage rather than chronological age when 

thawing cleavage stage embryos for transfer.  

 

In conclusion, in this retrospective study of 10,744 IVF cycles, we were not able to 

support our hypothesis that LBR and CPR would be higher in FET compared with fresh 

embryo transfers. Multivariate analysis with correction for 5 significant variables 

showed a significantly higher LBR rate in cycles using fresh embryos compared to frozen-

thawed embryos. In our sub-analysis of cycles involving slow growing embryos we 

interpreted the fact that there was no statistical difference in LBR between the fresh 

and FET groups as evidence for improved embryo-endometrial synchrony in the FET 

cycles. The large size of our data set coupled with the strict inclusion and exclusion 

criteria have allowed us to identify six variables that impact significantly on LBR, in 

addition to the results from our sub analysis on slow growing embryos which provides 

data to support the view that embryo-endometrial developmental synchrony is 

important. While most IVF units have moved to blastocysts transfer and freezing, the 

findings from this study on 2-day old embryos remain highly relevant for understanding 

and optimizing LBR in today’s IVF clinic. 
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Table 6.1 Outcomes and comparison of potential confounders in the fresh ET 

and FET group. 

 

Fresh cycles 
(n=7014) 

Frozen-thaw 
cycles (n=3730) p-value 

Age (years) 35.51 35.14 <0.0001 

Body mass index (kg/m2) 25.10 24.98 0.3474 

Cumulative ET (n=mean) 1.30 2.68 <0.0001 

    
Fertilization methods (%) 

   
   IVF 30.33 31.05 0.44 

   ICSI 69.67 68.95 0.44 

 

Syngamy check (%) 
   

   EC 31.11 19.65 <0.0001 

   NEBD 39.67 33.46 <0.0001 

   2PN 29.22 46.89 <0.0001 

 

Day 2 assessment: 

Number of cell on day 2 (mean) 3.84 3.63 <0.0001 

Grade of embryos (mean) 1.87 2.00 <0.0001 

Grade of embryos (%) 
   

   Grade 1 35.56 27.35 <0.0001 

   Grade 2 42.81 46.04 <0.0001 

   Grade 3 20.37 26.11 <0.0001 

   Grade 4 1.26 0.51 <0.0001 

  
   

Live birth (%) 19.13 14.13 <0.0001 

Clinical pregnancy (%) 22.48 16.25 <0.0001 

Multiple pregnancy (%) 1.12 2.09 0.107 

 



160 
 

Continuous variables were examined in relation to relevant outcomes using the students 

t-test, while binary variables were initially examined using the chi-square test. 

Cumulative ET (embryo transfer) refers to previous embryo transfer cycles included in 

the analysis. Syngamy check is the first evaluation performed 23-24 hours after 

insemination/ICSI when the embryos are assessed for presence and number of cells (EC 

= early cleavage, NEBD = nuclear envelope breakdown, or 2PN = 2 pro-nuclei). Embryos 

are evaluated again on day 2 post insemination/ICSI. Number of cells, degree of 

fragmentation and multinucleation (grading of embryos) are assessed at the day 2 

check.  
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Table 6.2 Multivariate analysis showing the effect on LBR of fresh versus frozen 

cycle, age, embryo quality, fertilization method, cumulative ET and 

BMI. 

 

  

Odds 

Ratio 

Standard 

Error z P>|z| [95% Conf. Interval] 

Cycle type (fresh ET vs. FET) 0.7625669 0.0447572 -4.62 0.000 0.6797021 0.8555341 

Age 0.9144266 0.0054659 -14.97 0.000 0.9037761 0.9252027 

Syngamy (EC, NEBD or 2PN) 0.7656162 0.0281109 -7.27 0.000 0.7124557 0.8227434 

Cell number on day 2 1.1618480 0.0441235 3.95 0.000 1.0785080 1.2516290 

Embryo grade on day 2 0.7765594 0.0283183 -6.93 0.000 0.7229937 0.8340938 

Fertilization method (IVF vs. ICSI) 0.8910954 0.0505859 -2.03 0.042 0.7972655 0.9959681 

Cumulative ET 0.9443254 0.0288636 -1.87 0.061 0.8894150 1.0026260 

BMI 0.9926360 0.0057259 -1.28 0.200 0.9814767 1.0039220 

 

Multivariate analysis was undertaken using logistic regression. Syngamy check is the first 

evaluation performed 23-24 hours after insemination/ICSI when the embryos are 

assessed for presence and number of cells (EC = early cleavage, NEBD = nuclear envelope 

breakdown, or 2PN = 2 pro-nuclei). Embryos are evaluated again on day 2 post 

insemination/ICSI. Number of cells, degree of fragmentation and multinucleation 

(grading of embryos) are assessed at the day 2 check. Cumulative ET (embryo transfer) 

refers to previous embryo transfer cycles included in the analysis.  
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Table 6.3 Comparison of fresh ET and FET cycles using slow growing embryos. 

 

Characteristic Fresh cycles (n=531) Thaw cycles (n=623) P-value 

Maternal age (years) 37.29 36.41 0.0016 

Body Mass Index (kg/m2) 25.32 25.11 0.5264 

ICSI (%) 70.62 67.42 0.241 

Grade of embryo (mean) 1.89 1.89 0.984 

Grade of embryo  
   

     grade 1 (%) 34.65 33.87 0.968 

     grade 2 (%) 42.75 44.14 0.968 

     grade 3 and above (%) 22.03 21.51 0.968 

Cumulative ET 1.39 2.97 <0.0001 

Clinical pregnancy (%)  8.10 7.22 0.577 

Live birth (%) 6.40 6.26 0.921 

 

Slow cleavage stage embryos were defined as those embryos that had 2 pronuclei during 

the syngamy check at 23-24 hours and were still at the 2-cell stage at the day 2 check. 

For FET cycles, all embryos were at the 2-cell stage when frozen, and both cells survived 

the thawing process. Cumulative ET (embryo transfer) refers to previous embryo 

transfer cycles included in the analysis. Grade of embryos is assessed on day 2 post 

insemination/ICSI for degree of fragmentation and multinucleation. Continuous 

variables were examined in relation to relevant outcomes using the students t-test, 

while binary variables were initially examined using the chi-square test. 

 

 



163 
 

CHAPTER 7  

A GENE EXPRESSION STUDY OF 

HUMAN ENDOMETRIUM FOLLOWING 

ENDOMETRIAL SCRATCH 

 

7.1 INTRODUCTION 

Unexplained implantation failure is a significant problem for infertile patients and their 

treating clinicians. Successful implantation occurs when a viable embryo attaches and 

invades into a receptive endometrium. In women with implantation failure, pregnancy 

does not occur despite transfer of good-quality embryos. Suboptimal endometrial 

receptivity is believed to be a key factor in unexplained implantation failure. (63, 309) 

 

7.1.1 ENDOMETRIAL ‘SCRATCH’ 

Endometrial scratch, also known as endometrial injury or biopsy is a procedure 

undertaken to induce mechanical injury to the endometrium using Pipelle endometrial 

biopsy (Figure 3.5) or hysteroscopy and curette. It has been proposed as a procedure to 

improve endometrial receptivity and implantation rates in women undergoing IVF 

treatment (235, 236). This procedure is offered by many fertility clinics to infertile 

women, most commonly those suffering from unexplained implantation failure (237).  
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Earlier studies and meta-analyses have suggested improved clinical outcomes in women 

undergoing fertility treatment after endometrial scratch (234, 235, 238-242, 310). A 

meta-analysis (238) with more than two thousand participants from seven controlled 

studies showed that women undergoing IVF treatment who had local endometrial injury 

induced in the cycle preceding ovarian stimulation were 70% more likely to have a 

clinical pregnancy compared with those having no intervention. The CPR was 36.8% in 

the endometrial injury group, compared to 23.1% in the non-intervention group (RR 

1.71, 95% CI 1.44-2.02). Sub-analysis of three studies reporting LBR, with 254 

participants in the intervention group and 405 participants in the control group, also 

showed a favourable outcome in the endometrial injury group (RR 2.46, 95% CI 1.23-

2.64). Similar results were reported in another meta-analysis and Cochrane review (239, 

310). 

 

However, more recent studies have shown negative results (243-247). In early 2019, 

Lensen and colleagues  (243) published the largest randomised controlled trial (RCT) 

involving 1364 women from 13 fertility clinics in 5 countries in the New England Journal 

of Medicine. This RCT demonstrated that endometrial scratch did not result in a higher 

rate of live birth than no intervention among women undergoing IVF. The frequency of 

live birth was 26.1% in the endometrial scratch group and 26.1% in the control group 

(adjusted odds ratio, 1.00; 95% confidence interval, 0.78 to 1.27). This result has been 

confirmed by a recent meta-analysis by Vitagliano et al. (248) who concluded that 

current evidence does not support performing endometrial scratch with the purpose of 

improving the success of a first ET attempt.  
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A similar meta-analysis (240) by the same authors examining the effect of endometrial 

scratch in women with previous implantation failure, involving ten studies and 1,467 

women, demonstrated a benefit of the intervention. The intervention group showed 

higher LBR (RR 1.38, 95% CI 1.05-1.80) and CPR (RR1.34, 95% CI 1.07-1.67) in comparison 

to controls. Interestingly, subgroup analysis showed that a double luteal endometrial 

scratch using the Novak curette was associated with the maximum benefit. The 

endometrial scratch was beneficial only for women with two or more previous 

implantation failures, but not for women with a single previous failure. In addition, 

endometrial scratch improved IVF success only in women undergoing fresh ET cycles, 

without any effect on women undergoing FET cycles. Due to heterogeneity of the studies 

included, the overall quality of evidence was rated as low. Lensen et al. (243) also did a 

subgroup analysis of women with at least two previous implantation failures (337 

women) in the large RCT that found no benefit of endometrial scratch in general IVF 

population. Interestingly, LBR was lower among women who were in the endometrial 

scratch group (adjusted OR 0.68, 95% CI 0.39-1.17). Recently, Olesen et al. (249) 

published another RCT involving 304 women with one or more previous implantation 

failures. The study showed that endometrial scratch before ovarian hyperstimulation 

significantly enhances the CPR in women with three or more previous implantation 

failures (31.1% vs. 53.6%, RR 1.72, 95% CI 1.05-2.83). There were no significant 

differences in prenatal data and birth data between the groups.   

  

It is clearly demonstrated by the recent RCTs that endometrial scratch provides no 

benefit in general IVF population, where the majority of women are not suffering from 
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reduced uterine receptivity (243, 249). However, evidence about the benefit of 

endometrial scratch in women suffering from RIF, especially those due to uterine 

receptivity issues, remains unclear.  

 

7.1.2 ENDOMETRIAL RESPONSE TO LOCAL INJURY 

Endometrium undergoes a series of characteristic cellular changes as it moves towards 

receptive status; these include stromal oedema, decidualization and appearance of 

luminal epithelial pinopodes. At the same time, major changes occur in the expression 

of multiple genes, including chemokines and cytokines (270). 

 

In addition to the conflicting studies on whether endometrial scratch increases 

implantation rates or not, there is a lack of consensus on what the possible 

mechanism(s) of action might be. This is a particularly relevant question given that any 

effects from scratching the endometrium would need to survive shedding at 

menstruation and be present in the regrown functionalis of subsequent cycles. It has 

been suggested that local mechanical injury to endometrium modulates the expression 

of genes that may influence uterine receptivity. Differences in endometrial gene 

expression were demonstrated in a gene expression study between women who had 

previous endometrial injury (n=4) and those who did not (n=4) (311). It has also been 

suggested that mechanical injury enhances uterine receptivity by provoking the immune 

system to generate a tumour necrosis factor alpha (TNFα)-mediated inflammatory 

reaction. This theory suggests that pro-inflammatory TNFα enhances the expression of 

other cytokines or chemokines that recruit monocytes (macrophages and dendritic cells) 
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to the site of injury, which may affect uterine natural killer cell (uNKs) differentiation 

and adhesion molecule production. The injury-induced inflammation may also stimulate 

stem cell dependent endometrial regeneration (312, 313). All of these events are 

essential for transition of endometrium from non-receptive to its receptive stage. A 

recent study of endometrial secretions has supported the inflammatory hypothesis and 

implied that the injury-induced inflammatory response from an endometrial scratch 

might favourably affect events in the following IVF cycle (314).  

 

7.1.3 ENDOMETRIAL GENE PROFILING 

Previous microarray studies of human endometrium have shown that gene expression 

changes significantly during different phases of the human menstrual cycle, including 

around the time that the endometrium becomes receptive for embryo implantation 

(270). Large numbers of genes have been found to be differentially expressed in the 

receptive endometrium. These genes are related to biological process (immune system, 

circulation, response to external stimulus, behaviour, cell cycle, cell adhesion, 

anatomical structure development, cell-cell signalling, and the mitotic cell cycle), 

molecular process (oxidoreductase activity, carbohydrate binding, receptor binding), 

and cellular component (spindle and spindle microtubule) of the endometrium (145). An 

analysis of endometrial receptivity - ERA based on the gene expression profile of the 

endometrium is available as a clinical test for identification of uterine receptivity and 

customized timing of embryo transfer (145). 
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7.2 AIM AND HYPOTHESIS OF THE STUDY 

The aim of this study was to investigate whether any genes are differentially expressed 

in endometrium taken at the time of scratching compared to endometrium taken in the 

subsequent cycle. We hypothesised that if endometrial scratch is an effective treatment 

for improving endometrial receptivity, we would detect differences in endometrial gene 

expression in the cycle following scratch treatment. 

 

7.3 MATERIALS AND METHODS 

Please refer to Chapter 3 Subject recruitment regarding details of recruitment process, 

sample collection and preparation. The study protocol was approved by RWH Human 

Research and Ethics Committee (project 13/38). Written informed consent was obtained 

from all women prior to participation in the study. Participants underwent endometrial 

Pipelle biopsies (Pipelle de Cornier, Laboratoire, France) during the mid-luteal phase (LH 

plus 7 days) of two consecutive menstrual cycles.  

 

7.3.1 GENE EXPRESSION ARRAY 

Please refer to Chapter 4.4.3 regarding gene expression array. 

 

7.3.2 STATISTICAL ANALYSIS 

Gene expression data for each sample was normalised for cycle stage using the 

molecular ‘day of cycle’ prediction model as described in Chapter 4. Analysis of 13,463 

probes was performed using the R statistical software package, Limma (265). For probes 
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to be included in the analysis, probe quality was required to be listed as ‘Good’ or 

‘Perfect’ and we required the probe to have a detection p-value < 0.05 in at least 90% 

of samples. Probe expression was fitted to a linear mixed-effects model with the patient 

modelled as a random effect and the before/after biopsy status effect as a fixed effect. 

Empirical Bayes moderated t-statistics were used to assess if probes were significantly 

differentially expressed. The resulting p-values were corrected for multiple hypothesis 

testing using the Benjamini-Hochberg method to control the false discovery rate (FDR).  

 

A principal component analysis was performed on the normalised expression data and 

cycle-corrected expression data to determine whether samples that originated from the 

same patient clustered together. Similarly, distance matrices were generated using 

Euclidean distance, and hierarchical clustering was performed to visualise which 

samples were most similar to each other. 

 

7.4 RESULTS 

A total of 23 women participated in the study, with 46 endometrial biopsies collected 

between 2014 and 2017. Initial study proposal had planned to recruit on 20 participants. 

During the study, 3 participants were excluded (2 participants had incomplete data 

collection, 1 participant withdrew before the second biopsy), and a further 3 women 

were recruited. Unfortunately, due to the problem with arrays being withdrawn by its 

manufacture, only 10 endometrial samples (from 5 participants) had gene expression 

analyses and were included in the final study. 
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In the final analysis, the average age of the women was 35.2 years. Their average cycle 

length was 27.8 days, average body mass index was 24.33 kg/m2, and average 

endometrial thickness before embryo transfer was 9.32mm. All women had had at least 

3 (3 -10) unsuccessful embryo transfer cycles prior to participation in the study. Two 

women had a past history of endometriosis, one of these two women also had uterine 

fibroids. One woman had a bicornuate uterus. All women had a minimal endometrial 

thickness of at least 8mm before embryo transfers. All women had endometrial biopsies 

7 days after detection of the LH surge. One woman (woman F) conceived and had a live 

birth in her subsequent IVF cycle following participation in the study. (Table 7.1) 

 

Our analysis shows there was no evidence for differential gene expression (DGE) 

between endometrial samples collected in consecutive cycles from the same woman 

before and after endometrial injury (adjusted p-value = 0.97). Histogram of p-values 

shows a uniform distribution, suggestive of null hypothesis (Figure 7.1). The top 10 

differentially expressed genes with the lowest p-value have been listed in Table 7.2. The 

top two genes are MIEN1 (Migration And Invasion Enhancer 1) and NEDD9 (Neural 

Precursor Cell Expressed, Developmentally Down-Regulated 9), both play a role in cell 

migration and apoptosis.  Example plot of the probe with the lowest p-value shows no 

significant different between endometrial samples collected before and after 

endometrial scratch (Figure 7.2). 
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Principal component analysis showed that each pair of the samples from the same 

women cluster closer, with the exception of patient F. The post-biopsy sample from 

patient F (F1) was the most different to all the other samples, including her own pre-

biopsy sample. Interestingly, she conceived with her subsequent IVF cycle following the 

endometrial biopsy. (Figures 7.1 and 7.2)  

 

7.5 DISCUSSION 

This prospective study of secretory phase human endometrium has failed to detect any 

significant changes in endometrial gene expression after local mechanical injury. After 

our stringent normalization pipeline including correction of gene expression data by 

cycle stage, there was no statistical difference in endometrial gene expression between 

the samples collected before and after endometrial injury.  

 

Kalma and colleagues revealed a 2- to 10-fold increase in the expression of 183 genes in 

the endometrial samples of 4 patients who conceived after endometrial injury, when 

compared to 4 control-patients who failed to conceive (311). The analysis was 

performed retrospectively after knowledge of clinical outcomes for each patient, 

selecting only those who conceived after endometrial injury and comparing them to 

those who did not have endometrial injury and did not conceived. This approach raises 

concerns about selection bias in the study. Their data analysis was also inadequately 

normalised for day of cycle. To counter these criticisms, the approach we took was to 

examine if endometrial injury influences gene expression prospectively by comparing 

expression data from the same patients, before and after the scratch procedure.  
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Gnainsky and colleagues suggested that endometrial injury triggered an inflammatory 

response in the endometrium by demonstration of increased macrophages/dendritic 

cells, and proinflammatory cytokines in endometrial samples of women (n=42) who had 

endometrial injury earlier (mid- and late-proliferative) in the same cycle when compared 

to controls (n=22). They also reported a positive correlation between the levels of 

inflammatory markers from endometrial samples and pregnancy outcomes (312). 

Another recent study by Liang and colleagues comparing endometrial secretions of 

women with unexplained infertility who had endometrial injury (n=38) in a preceding 

cycle and controls (n=28) has suggested that endometrial injury might induce a local 

inflammatory response by stimulating the expression of inflammatory cytokines, 

chemokines, and growth factors (314). The major limitation of this study was its non-

randomised nature, raising the possibility of bias. Clinically, endometrial injury is not 

performed in the same menstrual cycle as embryo transfer, but one or more cycles 

before the embryo transfer takes place. Therefore, one would expect endometrial injury 

to cause an immediate inflammatory response in endometrium, but not in the 

subsequent cycle after menstrual loss of the majority of the endometrium. 

 

Interestingly, woman F in our study who conceived in her subsequent IVF cycle following 

endometrial injury had the most divergent gene expression changes after endometrial 

biopsy (Figures 7.2 and 7.3). Gene expression of her endometrium post endometrial 

injury (sample F2) was most different compared to all the other samples as 

demonstrated by principal component analysis. Histological examination of sample F2 
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identified presence of inflammatory cells, with the diagnosis of chronic endometritis 

(CE) given by two independent pathologists.  

 

The diagnosis of CE is made histologically and is characterized by existence of plasma 

cells in the stromal area of the endometrium. In addition to plasma cells, higher stromal 

cell proliferation, dissociated maturation between the epithelium and stroma, and a 

pronounced pre-decidual reaction may be present. Current evidence suggests a role for 

microorganisms inside the uterine cavity in the occurrence of CE (315). Proinflammatory 

cytokine levels are increased in menstrual effluents of women with CE (316). B 

lymphocytes which are normally seen in the basal layer of endometrium, are found 

infiltrating both the endometrial functional and basal layers in women with CE (317, 

318). The secretory phase endometrium with CE was also reported to contain abnormal 

patterns of lymphocyte subpopulations - decreased CD56+CD16- and 

CD56(bright)CD16- NK cells, with increased CD3+ cells (319). Recent evidence has 

suggested that chronic endometritis adversely affects fertility and oral antibiotic 

treatment improves pregnancy outcomes in infertile women with CE (320-322). The 

diagnosis of CE in woman F was identified after she has conceived, as histology 

assessment of the study samples were not performed until completion of the 

recruitment process. This suggests that endometrial injury could have resulted in 

significant inflammatory changes in the endometrium for this individual, and that these 

changes did not exclude successful implantation and pregnancy in this case. 
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Another significant finding from our study is that endometrial gene expression profiles 

before and after endometrial injury were very similar in most of our women (5 out of 6), 

and it was possible to show consistent similarities between individual women from cycle 

to cycle. This demonstrates that endometrial gene expression remains consistent from 

cycle to cycle, as suggested by at least one previous study (156). Diaz-Gimeno et al. (156) 

examined the reproducibility of the ERA test by repeating the test in seven women on 

the same day of their menstrual cycle 29-40 months after the initial test. The ERA is a 

molecular diagnostic tool based on the specific transcriptomic signature that identifies 

the receptive endometrium at LH+7 in a natural cycle or at day 5 of progesterone after 

oestrogen priming in a hormonal replacement therapy cycle (145). Authors reported a 

total consistency of the test results between the first and second samples (156). In the 

other words, the receptive/nonreceptive endometrium remained 

receptive/nonreceptive on the same day across menstrual cycles. Endometrial samples 

included in the present study were also collected on the same day (LH+7) across two 

consecutive menstrual cycles from each woman. After normalization for cycle stage 

using the molecular prediction model (Chapter 4), gene expression data of samples from 

the same woman are the most similar to each other, suggesting that transcriptomic 

signature of endometrium remains consistent between cycles. 

 

The endometrium is divided morphologically into an upper two-thirds functionalis layer 

and a lower one-third basalis layer. Given that most of the functionalis is lost during 

menstruation, any injury-induced inflammatory response would need to be long-lived 

and/or affect the basalis to have an ongoing impact on endometrial receptivity in 



175 
 

subsequent cycles. Like most studies on human endometrium, endometrial samples in 

our study were collected through Pipelle biopsy from the functionalis. Sampling of the 

basalis may be able to provide more information with regards to the impact of 

endometrial injury on the endometrium. We highlight this as one of the limitations of 

our study. 

 

The main limitation of our study is its small sample size. However, our results do agree 

with the large RCT by Lensen et al. (243). This large, multicentre, randomized trial has 

shown that endometrial scratch did not result in a higher LBR than no endometrial 

scratching for women undergoing IVF treatment. One of the main differences between 

our study and this RCT is that all women in this study suffered from at least 3 previous 

unsuccessful embryo transfer cycles. Histopathology evidence for an inflammatory 

response post-endometrial injury in the only woman (F) who conceived in our study 

raises the possibility that endometrial injury that produces an inflammatory response 

may still have a role in a selected subgroup of women with multiple implantation 

failures. What is clear from the large RCT is that endometrial scratch is of no benefit if 

performed on the whole IVF population. However, based on our current results we can’t 

exclude scratch as a potential method to improve uterine receptivity in a selected 

subgroup of women with potential endometrial causes of implantation failure, as 

suggested by the other smaller RCT in women with previous implantation failure (249).  

 

In summary, our study of endometrium in women with previous multiple implantation 

failure did not show any statistical significantly gene expression differences before and 
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after endometrial injury. Our results do not support the use of endometrial scratching 

as a general approach for all IVF patients, and as such agree with the most recently 

published and largest clinical trial to date on this issue (243). 
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Table 7.1 Subject baseline characteristics 

 

 Age 
(yrs) 

Average 
cycle 

length 
(days) 

Previous 
embryo 
transfer 
cycles 

Previous 
pregnancy 

Known relevant 
medical 

conditions  

Average 
endometrial 

thickness 
pre-embryo 

transfer 
(mm) 

BMI Pregnant 
after study 

A 39 29 3 No - 9.67 33 No 
B 38 27 4 Yes Endometriosis 8.00 22 No 
C 36 28 6 Yes Bicornuate 

uterus 
9.17 25 No 

D 30 26 10 No - 9.86 21 No 
E 42 27 4 No Endometriosis, 

fibroids 
7.50 26 No 

F 26 31 3 No - 11.75 19 Yes 
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Table 7.2 Up-regulated or down-regulated genes in endometrium before (B) and 

after (A) endometrial injury, ranked by p-value. 

 

Genes Log2FC
a 

AveExprc p-value Adj. 
p-valued 

FCa Direction 

MIEN1 (Migration And Invasion Enhancer 1) -0.65 5.74 0.0005 0.97 1.56 Down in A 

NEDD9 (Neural Precursor Cell Expressed, 
Developmentally Down-Regulated 9) 

0.54 8.25 0.0006 0.97 1.45 Up in A 

ZNF827 (Zinc Finger Protein 827) 0.68 6.47 0.0006 0.97 1.60 Up in A 
AFF3 (AF4/FMR2 Family Member 3) 0.65 7.29 0.0007 0.97 1.57 Up in A 
UNC13B (Unc-13 Homolog B) -0.49 6.37 0.0010 0.97 1.40 Down in A 
STXBP6 (Syntaxin Binding Protein 6) 0.86 7.11 0.0011 0.97 1.82 Up in A 
CBLC (Cbl Proto-Oncogene C) -0.49 5.78 0.0011 0.97 1.41 Down in A 
TCTN3 (Tectonic Family Member 3) -0.40 7.54 0.0011 0.97 1.32 Down in A 
STMN3 (Stathmin 3) 0.44 10.41 0.0013 0.97 1.36 Up in A 
LIFR (LIF Receptor Subunit Alpha) 0.47 6.75 0.0013 0.97 1.39 Up in A 

 

alog2FC = log-fold change; bFC = fold change; cAveExpr = average log2-expression level; 

dadj. p-value = adjusted p-value 

This table shows the top 10 differentially expressed genes, ranked by their p-value. After 

multiple correction, there was no evidence for differential gene expression between 

endometrial samples collected in consecutive cycles from the same woman before and 

after endometrial injury (adjusted p-value = 0.97). 
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Figure 7.1 P-value histogram 

 

 

Histogram of p-values shows a uniform distribution, suggestive of null hypothesis. 
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Figure 7.2 Probe with the lowest p-value 

 

 

Example plot of the probe with the lowest p-value shows no significant different 

between endometrial samples collected before and after endometrial injury (adjusted 

p-value 0.97). 
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Figure 7.3 Principal components analysis plot 

 

 

Each woman is represented by a letter (A to F). Endometrial samples collected before 

endometrial injury is represented by number 1, while samples collected after 

endometrial injury is represented by number 2. Samples from the same woman 

generally cluster closer to each other, with the exception of samples F. Sample F2 was 

diagnosed with chronic endometritis. 
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Figure 7.4 Cluster Dendrogram 

 

Each woman is represented by a letter (A to F). Endometrial samples collected before 

endometrial injury is represented by number 1, while samples collected after 

endometrial injury is represented by number 2. Samples from the same woman 

generally cluster closer to each other, with the exception of samples F. Sample F2 was 

diagnosed with chronic endometritis. 
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CHAPTER 8 

CONCLUSION 

 

Multiple attempts after an initial unsuccessful IVF cycle are generally encouraged by IVF 

clinicians. This is due to evidence showing that despite a decline in the success rate 

within each cycle as the number of these increases, the cumulative success rate across 

cycles continues to increase with subsequent cycles (323-325). The most recent data 

demonstrated that the cumulative LBR increased up to 84% after three complete IVF 

cycles, compared to 56% in the initial cycle in good prognosis patients (325). The 

relatively high cumulative LBR suggests that persistent uterine defects in uterine 

receptivity are not a common occurrence. Pre-implantation screening (PGS) further 

increases IVF success rates by selecting for euploid embryos. It is likely that women 

suffering from repeated implantation failure after transfers of PGS embryos have an 

increased chance of uterine receptivity-related defects.  

 

This year, Australia’s first IVF baby will celebrate her 40th birthday. Over the past 40 

years, understanding of uterine receptivity in humans has advanced relatively little 

compared to other aspects of IVF. This is despite the fact that from the earliest days of 

IVF there were data suggesting that uterine receptivity had a significant influence on 

treatment outcome (299). This slow progress is in part due to the practical and ethical 

difficulties of directly studying uterine receptivity in humans.  

 



184 
 

Fundamental research into endometrial receptivity requires studying of endometrial 

tissues which can be collected through endometrial biopsy or curette. These procedures 

are invasive and are not recommended during the same menstrual cycle that conception 

is desired. Chapter 3 describes the recruitment process for subjects studied in this thesis. 

A full 3 years was required to identify, recruit and follow up women with RIF from one 

of the largest IVF centres (MIVF) in the southern hemisphere. Various approaches were 

utilised for recruitment, including advertisements, direct recruitment, recruitment 

letters and referrals. This component of the project was challenging and time-

consuming but resulted in an accurately phenotyped study group that could be used to 

investigate several important questions around uterine receptivity. 

 

The research presented in this thesis has two main aims. The first aim is to examine the 

dating of human endometrium, and search for determinants of uterine receptivity 

through transcriptomic and genomic studies. This was addressed in Chapter 4 and 5. The 

second aim is to evaluate current practices for improving uterine receptivity. 

Investigation of the freeze-all protocol was discussed in Chapter 6, and endometrial 

scratch in Chapter 7.  

 

8.1 MOLECULAR ASSESSMENT OF ENDOMETRIAL MATURATION 

With the development of microarray technologies, transcriptomic and genomic analyses 

have started to revolutionize our understanding of human endometrial physiology and 

pathophysiology. What is clear from these transcriptomic studies of endometrium is 

that endometrial gene expression changes significantly throughout menstrual cycle. In 

recent years, embryo-endometrial asynchrony due to advanced or delayed endometrial 
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development has been put forward as a cause of implantation failure. Clinical tests 

based on gene profiling have been developed - ERA (Igenomix) and ER Map (iGLS). While 

ERA has been shown to be useful in clinical settings, it is not useful for cycle stage 

normalization in endometrial DGE studies.  

 

In Chapter 4, we described the development of a molecular ‘day of cycle’ model through 

precise histology assessment and gene expression profiling of endometrium (Chapter 4). 

The molecular model can accurately characterize secretory endometrial samples into 

the day of cycle. This is the first ever reported molecular tool for cycle stage 

normalization in endometrial research, allowing head-to-head comparison between 

endometrial samples while looking for differentially expressed genes. Normalization for 

cycle stage is a crucial step in endometrial DGE analysis in order to avoid false positive 

findings and should be part of routine analysis methodology in all transcriptomic studies 

of human endometrium. This model serves as a useful tool for this purpose.  

 

The current molecular model is assay specific as it was built based on microarray probes. 

That means it is useful only for data generated by the same gene expression assay, which 

is Illumina whole-genome gene expression assay (Illumina,Inc., SanDiego, CA, USA) in 

this case. However, it has the potential to be developed into a universal tool across gene 

expression data generated by all types of assays. The methods for building of the model 

can be easily adopted by any research groups to develop their own model based on the 

assays that have been used for their studies. 
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This molecular model also has the potential to be developed into a clinical test for 

precise and objective endometrial dating or identification of endometrial receptivity. It 

takes into consideration all the probes/genes included in the microarray kits (47,231 

probes and 25,971 genes for Illumina HumanHT-12 v4 BeadChip). Previous tests of 

endometrial receptivity have been based on a small number of selected genes (238 

genes for ERA, 184 genes for ER Map). Hence, this molecular model represents a more 

powerful clinical test of endometrial receptivity. Further validation of the model with an 

independent cohort of samples will be required prior to its clinical introduction. The 

power of the molecular model can be further strengthened by including proliferative 

samples and using RNA-sequencing technologies.  

 

8.2 MOLECULAR MARKERS OF REDUCED UTERINE RECEPTIVITY 

The ERA test represents a major advance in our ability to identify uterine receptivity 

through endometrial gene profiling. However, the ERA is based on the sole assumption 

that implantation failure of endometrial origin arises from failure of appropriate 

maturation. Although this may be the case in some women, it is unlikely that a single 

endometrial cause underlies RIF. Reduced uterine receptivity refers to the inability of 

the endometrium to accept embryos for implantation due to defects of its functionality. 

This is different to synchrony issues, where the endometrium will eventually gain its 

receptive status for implantation. Histopathology assessments have identified several 

potential causes of reduced uterine receptivity, including growth disorders of 

endometrium, inflammation lesions, autoimmune conditions, and retained products of 

conception (63). However, histopathology alone is not sufficient to assess the functional 

state of the endometrium.  
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In our DGE studies, stringent normalization processes were included to correct for cycle 

stage and false positive discovery. Despite a much larger sample size than many previous 

studies (152, 153), our analyses did not identify any significant endometrial gene 

expression differences between RIF/RR and control groups. Although all the samples 

were collected between 2013 and 2016, we continued to follow their clinical outcomes 

up until 2019. Some women who initially fitted the criteria for RIF/RR, but subsequent 

had a successful pregnancy were re-categorized into the control group. Therefore, we 

believe the phenotype classification was accurate. The negative findings from this DGE 

analysis are not a surprise to us, having known that there were few commonly identified 

genes from previous gene expression studies of endometrium. An integrated approach 

is also required to investigate uterine receptivity due to its complex phenotypic 

character. 

 

The emergence of eQTLs has transformed the field of human genetics by providing a 

comprehensive, easily accessible and interpretable molecular link between genetic 

variation and phenotypes. eQTL studies allow identification of genetic regulators of gene 

expression without the need for prior knowledge of the regulatory mechanisms. Major 

international projects such as The Genotype-Tissue Expression project (326) and the 

Epigenetic RoadMap (327) are designed to identify eQTLs across multiple tissues and 

cell types. Endometrial tissue is one of the least studied tissues of human body and is 

not included in the international projects. 
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From the early stage of this research, we realised that the endometrial samples recruited 

for this PhD were not sufficient for a meaningful eQTL study. Hence, they have been 

incorporated into a larger cohort of endometrial samples for eQTL analyses. We 

identified cis-eQTLs for 417 genes and trans-eQTLs for 82 genes in endometrium (284). 

These findings have contributed to the current understanding of genetic regulation in 

endometrium, although not specifically to an improved understanding of uterine 

receptivity.  

 

The eQTL analyses have also identified some eQTLs for genes that were previously 

associated with endometrial receptivity (267). These findings open a new avenue for 

future research to investigate potential differences in endometrial receptivity in women 

who have different combinations of major and minor alleles for these eQTLs.  

 

8.3 EVALUATION OF PROPOSED METHODS TO IMPROVE UTERINE RECEPTIVITY 

A few years ago, routine freeze-all protocols became a new trend amongst IVF clinics. It 

was purported to improve embryo-endometrial synchrony and uterine receptivity, as 

well as to improve birth outcomes from IVF treatment. In Chapter 6, we demonstrated 

that any potential gain in LBR due to better synchrony and uterine receptivity following 

FET were lost, presumably due to embryo damage from the freeze-thaw process of 

cleavage stage embryos using slow freeze methods. These results are consistent with 

some of the latest published studies (257, 305, 306). Subsequent research has also 

identified potential adverse birth outcomes with FET (257, 258). In addition to the 

proven absence of clinical benefits, routine freeze-all protocol would also increase 

unnecessary financial expenses for patients and health care systems. 
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Over the last decade, endometrial scratch has also become popular amongst IVF clinics 

up until recent major findings. This was initially proposed as a procedure to improve 

endometrial receptivity in women with RIF (234-236). It was then adapted by IVF clinics 

before clear evidence was available and was offered to general IVF population (237). 

This common practice has been halted when the largest RCT published by NEJM in 2019 

showed absence of its benefit in the general IVF population (243). Chapter 7 described 

the absence of gene expression changes after endometrial scratch, and is consistent 

with the findings of the RCT.  

 

Unfortunately, introduction of new clinical treatments in the area of uterine receptivity 

before proper research and good evidence are available is a common practice by many 

IVF clinics. This is partly due to the slow progress and practical challenges with 

endometrial research. Well designed and conducted research providing quality evidence 

is crucial in these scenarios.  

 

8.4 FUTURE RESEARCH DIRECTIONS 

Traditionally, the scientific world favours and rewards positive findings. Endometrial 

researchers once recommended that the future of endometrial gene expression 

research lies in well designed, sufficiently powered studies together with the application 

of new-generation technologies, complex data analyses and integrated system biology 

approaches (278). Our reasonably well powered, technically sound DGE study with the 

latest available technology and adequate data normalization resulted in important 

negative findings. We provide an explanation as to why very few results in common have 
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been identified amongst previous transcriptomic studies of endometrium. These 

transcriptomic studies of pathological endometrium have not been replicated and their 

practical value is limited.  

 

The negative findings of the DGE studies have also implied that there may be significant 

heterogenicity in women presenting with RIF. This potentially includes a variety of 

uterine pathologies, such as endometriosis, adenomyosis, fibroids, endometritis and 

others. By excluding women with known uterine pathologies in future research, it may 

be that the molecular factors underpinning reduced uterine receptivity will be 

discovered. Future research may also want to consider investigating the molecular 

mechanisms of how a specific uterine pathology influences uterine receptivity.  

 

eQTL analyses have identified a number of SNPs for genes that have previously been 

proposed to be associated with endometrial receptivity and RIF. Although it is unlikely 

that a single biomarker will underpin reduced uterine receptivity. Future association 

studies of these SNPs with the phenotypes are warranted, as it may help to uncover 

underlying genetic regulation of endometrial biology and function. 

 

8.5  RESEARCH TO MEET CLINICAL NEEDS 

Unexplained recurrent implantation failure is a frustrating condition for both patients 

and treating clinicians. As a clinician, it is important to determine the aetiologies of RIF 

in order to provide beneficial solutions for these patients. Embryonic factors can be 

addressed by pre-implantation genetic testing or gamete donation. At present, there is 

still a lack of reliable tests to assess the function of the endometrium. Diagnostic tools 
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designed to identify specific abnormalities of endometrial function have been essentially 

limited to ultrasound, hysteroscopy and histologic examination. Pelvic pathologies 

diagnosed by ultrasound that may be related to reduced uterine receptivity include 

uterine fibroids, endometriosis, adenomyosis, hydrosalpinx, congenital uterine 

abnormalities, endometrial polyps and other less common endometrial conditions. 

Hysteroscopy and histologic examination can also be used to investigate abnormal 

endometrial development, endometritis and intrauterine adhesions. Some autoimmune 

conditions associated with reduced uterine receptivity can be investigated through 

blood tests.  Most of these conditions can be treated or improved. When any of the 

above pathologies are identified, treatment can be tailored to hopefully improve uterine 

receptivity. After excluding the above potential causes of implantation failure, the 

management of the remaining unexplained cases of RIF are a challenge for IVF clinicians. 

The lack of useful diagnostic tools and evidence based therapeutic solutions means that 

clinicians often feel obliged to offer treatments that are largely empirical, based on a 

degree of plausible biologic rationale but with little clinical evidence base to support 

their use. A good example of this is endometrial scratch. 

 

The use of transcriptomic technology (ERA test) to identify the receptive phase of 

endometrium is a major advance in clinical IVF. However, the ERA test is only an 

assessment of endometrial development and is dependent upon a normally functioning 

tissue. A test for endometrial function in addition to identification of the receptive phase 

is required. The ability to identify dysfunctional endometrium, ideally with pathways 

underpinning its dysfunction, will help clinicians direct treatment protocols towards 

either treating the abnormal endometrium or recommend surrogacy. An ideal test of 
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endometrium should include an assessment of receptive phase and function, and the 

results should give actionable insights into treatment protocols. Such a test is yet to be 

developed. 

 

8.6 CONCLUSION 

The work undertaken in this thesis has yielded a number of important findings – both 

positive and negative, in relation to the understanding of uterine receptivity. Negative 

findings from our well powered and designed DGE study of RIF suggest the complexity 

and heterogenicity of the condition. Our identification of novel eQTLs in endometrium 

provides new avenues for future research. It is my hope that the work from this thesis 

will form a stepping-stone, leading to development of new approaches for the diagnoses 

and treatment of recurrent implantation failure.  
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APPENDIX I PLOTS OF EXAMPLE PROBES BEFORE 

AND AFTER NORMALIZATION WITH MOLECULAR 

MODEL 
 

Probes Genes Gene full names 
ILMN_1674698 AARS2 alanyl-tRNA synthetase 2, mitochondria 
ILMN_1699852 CES4A carboxylesterase 4A 
ILMN_1701603 ALPL alkaline phosphatase, biomineralization associated 
ILMN_1726986 AADAT aminoadipate aminotransferase 
ILMN_1736007 A1BG alpha-1-B glycoprotein 
ILMN_1760414 AADAC arylacetamide deacetylase 
ILMN_1762337 MACC1 MET transcriptional regulator MACC1 
ILMN_1784176 ABCA5 ATP binding cassette subfamily A member 5 
ILMN_1794782 ABCG1 ATP binding cassette subfamily G member 1 
ILMN_1805543 ADAMTS9 ADAM metallopeptidase with thrombospondin type 1 

motif 9 
ILMN_2136495 A2ML1 alpha-2-macroglobulin like 1 
ILMN_2343047 ABCB9 ATP binding cassette subfamily B member 9 
ILMN_2343048 ABCB9 ATP binding cassette subfamily B member 9 
ILMN_2359168 RBFOX1 RNA binding fox-1 homolog 1 
ILMN_2361400 ABCA12 ATP binding cassette subfamily A member 12 
ILMN_3243831 CAPN6 calpain 6 

 

Demonstrated in this appendix are the plots of randomly selected probes. These graphs 

demonstrate the changes of corresponding genes’ expression in the endometrium 

across secretory phase. Also shown in this appendix are the ‘corrected graphs’ of the 

example probes after normalized for cycle day with the molecular prediction model. 

These graphs provide a baseline that can be used to check cycle stage and normalcy of 

any future endometrial specimen. 
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APPENDIX II  ENDOMETRIAL SAMPLES 

NORMALIZED WITH MOLECULAR ‘DAY OF CYCLE’ 

PREDICTION MODEL.  
 

These are plots of molecular prediction model POD versus histology POD for all the 

endometrial samples. These plots have been categorized into ‘A’, ‘B’, or ‘C’ quality 

histology, proliferative samples, samples with pathologies and samples with insufficient 

tissue. Each plot demonstrates pathology PODs (red lines), average pathology PODs 

(blue dotted lines) and molecular model PODs (black dashed lines) of an individual 

endometrial sample. 
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‘A’ QUALITY HISTOLOGY  

(when all 4 histology PODs agreed to within 2 days) 
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‘B’ QUALITY HISTOLOGY  

(when 3 out of 4 histology POD agreed to within 2 days) 
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‘C’ QUALITY HISTOLOGY 

(when 2 out of 4 histology POD by different pathologists agreed to within 2 days) 
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PROLIFERATIVE SAMPLES 
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SAMPLES WITH PATHOLOGIES 
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SAMPLES WITH INSUFFICIENT TISSUE FOR ACCURATE HISTOLOGIC DATING 
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APPENDIX III  TOP 100 DIFFERENTIAL 

EXPRESSED GENES (CONTROLS VERSUS RIF), 

RANKED BY P-VALUES. 
 

IlluminaID logFC AveExpr t P.Value adj.P.Val Symbol 
Reannotated 

Entrez 
Reannotated 

ILMN_1808059 -0.2581 6.1021 -3.6216 0.0005 0.9999 BCAS4 55653 

ILMN_1668469 -0.1844 6.0634 -3.3573 0.0012 0.9999 KIAA0922 23240 

ILMN_1713846 0.3578 10.6618 3.3444 0.0013 0.9999 PPM1H 57460 

ILMN_1761968 -0.2409 9.4589 -3.2924 0.0015 0.9999 PPP1R14A 94274 

ILMN_2385688 -0.1525 8.2763 -3.1881 0.0021 0.9999 RABL2B 11158 

ILMN_1652371 0.3655 6.0972 3.1186 0.0026 0.9999 KIAA1324L 222223 

ILMN_1695107 0.2705 9.1740 3.1074 0.0027 0.9999 IL20RA 53832 

ILMN_1801996 -0.1893 5.4741 -3.0758 0.0029 0.9999 MASP1 5648 

ILMN_2376833 -0.1448 5.6185 -3.0434 0.0032 0.9999 ZNF200 7752 

ILMN_2348367 -0.1869 5.7245 -3.0243 0.0034 0.9999 FGFRL1 53834 

ILMN_1799134 -0.3152 6.2982 -2.9989 0.0037 0.9999 KLRD1 3824 

ILMN_1739001 0.4319 10.3068 2.9525 0.0042 0.9999 TACSTD2 4070 

ILMN_1654065 0.4515 7.2964 2.9416 0.0043 0.9999 ATOH8 84913 

ILMN_1681367 -0.1552 5.1342 -2.9278 0.0045 0.9999 ZNF642 339559 

ILMN_2326675 -0.1612 6.9784 -2.9195 0.0046 0.9999 NR2C1 7181 

ILMN_1759991 -0.1586 8.6813 -2.9118 0.0047 0.9999 NOL12 79159 

ILMN_1880885 0.2479 6.0957 2.9118 0.0047 0.9999 AL042883 NA 

ILMN_2233099 -0.1673 6.9747 -2.8935 0.0050 0.9999 SSRP1 6749 

ILMN_1673305 -0.1200 10.5571 -2.8452 0.0057 0.9999 RHOC 389 

ILMN_1729767 -0.1472 6.5793 -2.8329 0.0059 0.9999 TARBP2 6895 

ILMN_1795166 -0.1792 8.7510 -2.8101 0.0063 0.9999 PTH1R 5745 

ILMN_1668605 0.2557 7.5580 2.7818 0.0068 0.9999 NAAA 27163 

ILMN_1716733 -0.3071 5.8929 -2.7759 0.0070 0.9999 MYOM2 9172 

ILMN_1865056 -0.1969 5.7318 -2.7616 0.0072 0.9999 BC038245 NA 

ILMN_3256478 0.1846 8.1413 2.7467 0.0075 0.9999 LOC100129034 100129034 

ILMN_2379788 0.1666 9.6474 2.7386 0.0077 0.9999 HIF1A 3091 

ILMN_1700685 -0.1642 5.7130 -2.7057 0.0084 0.9999 S100PBP 64766 

ILMN_1664698 -0.1576 6.9104 -2.7046 0.0085 0.9999 UNC119 9094 

ILMN_1798270 -0.2366 7.4553 -2.6960 0.0087 0.9999 C11orf75 56935 

ILMN_1782273 -0.2331 6.3067 -2.6829 0.0090 0.9999 N4BP2 55728 

ILMN_1755120 0.1284 7.1670 2.6806 0.0090 0.9999 MAN1A2 10905 

ILMN_1653856 -0.1925 6.9602 -2.6690 0.0093 0.9999 UBASH3B 84959 

ILMN_1791366 -0.3561 6.2518 -2.6664 0.0094 0.9999 RCOR2 283248 

ILMN_2285568 0.2859 6.3826 2.6642 0.0094 0.9999 NAAA 27163 

ILMN_1671005 0.1613 6.5749 2.6629 0.0095 0.9999 IRF2BP2 359948 
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ILMN_3187324 -0.1444 6.3570 -2.6628 0.0095 0.9999 CNRIP1 25927 

ILMN_1778505 0.2254 5.7971 2.6574 0.0096 0.9999 GOLGA2LY1 NA 

ILMN_1776577 0.1743 6.6126 2.6552 0.0097 0.9999 DSCC1 79075 

ILMN_1812445 -0.1112 8.0049 -2.6400 0.0101 0.9999 PRPSAP2 5636 

ILMN_2357781 0.1776 7.5351 2.6275 0.0104 0.9999 ZNF436 80818 

ILMN_1773262 -0.3474 5.9636 -2.6171 0.0107 0.9999 ESM1 11082 

ILMN_2224290 0.2146 6.4932 2.6118 0.0109 0.9999 ZNF322 79692 

ILMN_2075818 -0.1153 8.5474 -2.6075 0.0110 0.9999 ZNF598 90850 

ILMN_1700248 -0.2761 8.3446 -2.5981 0.0113 0.9999 WDR86 349136 

ILMN_1698038 -0.1850 6.3234 -2.5911 0.0115 0.9999 INMT-
FAM188B 84182 

ILMN_1743995 0.1637 5.5053 2.5899 0.0115 0.9999 ALG12 79087 

ILMN_1714952 -0.2043 5.4172 -2.5846 0.0117 0.9999 ZNF703 80139 

ILMN_2096985 0.2328 9.1172 2.5679 0.0122 0.9999 ALDH6A1 4329 

ILMN_1653319 -0.1615 7.2463 -2.5584 0.0125 0.9999 MC1R 4157 

ILMN_1801130 0.1579 6.2680 2.5577 0.0126 0.9999 STOML1 9399 

ILMN_1799579 -0.1769 6.8429 -2.5448 0.0130 0.9999 CCDC51 79714 

ILMN_1673363 -0.2020 9.5460 -2.5244 0.0137 0.9999 CD97 976 

ILMN_1705953 0.1427 7.5434 2.5217 0.0138 0.9999 LONRF1 91694 

ILMN_1697736 -0.1328 6.2707 -2.5194 0.0139 0.9999 EXOSC2 23404 

ILMN_1730391 -0.1577 8.4618 -2.5153 0.0140 0.9999 MRPS18A 55168 

ILMN_1772651 -0.1068 9.0285 -2.5120 0.0142 0.9999 CNOT2 4848 

ILMN_1794598 -0.1838 5.5864 -2.5093 0.0143 0.9999 SCHIP1 29970 

ILMN_2169676 -0.1404 6.5498 -2.5087 0.0143 0.9999 ATXN10 25814 

ILMN_1697409 -0.1197 9.6676 -2.4946 0.0148 0.9999 TNFRSF14 8764 

ILMN_2130525 0.2045 9.4352 2.4942 0.0148 0.9999 TSPAN13 27075 

ILMN_2376403 0.2240 8.7506 2.4883 0.0151 0.9999 TSC22D3 1831 

ILMN_1666924 -0.1448 8.3226 -2.4869 0.0151 0.9999 PINK1 65018 

ILMN_1664931 -0.0744 9.9737 -2.4790 0.0154 0.9999 GTF2E2 2961 

ILMN_1815385 0.3053 6.7344 2.4785 0.0154 0.9999 SMAD9 4093 

ILMN_2173909 -0.0981 6.8271 -2.4760 0.0155 0.9999 ZNF14 7561 

ILMN_1694778 0.2113 11.4980 2.4747 0.0156 0.9999 KRT18 3875 

ILMN_1774949 0.2301 7.5503 2.4503 0.0166 0.9999 PIGP 51227 

ILMN_2410783 0.1931 7.0899 2.4484 0.0167 0.9999 GAA 2548 

ILMN_1728349 0.1851 6.7233 2.4442 0.0169 0.9999 TMEM63B 55362 

ILMN_2041327 -0.1238 10.5395 -2.4421 0.0170 0.9999 MRPL37 51253 

ILMN_1815039 -0.1126 9.1977 -2.4412 0.0170 0.9999 RRP36 88745 

ILMN_1676289 -0.2202 6.0309 -2.4311 0.0174 0.9999 NCAM1 4684 

ILMN_2069128 -0.2117 5.8942 -2.4276 0.0176 0.9999 EPB41L2 2037 

ILMN_1676924 -0.2426 7.9042 -2.4249 0.0177 0.9999 CD247 919 

ILMN_1662316 -0.1299 6.1874 -2.4213 0.0179 0.9999 VPS33A 65082 

ILMN_1693340 0.1730 5.9050 2.4134 0.0183 0.9999 RAC3 5881 

ILMN_1748124 0.1878 10.2221 2.3970 0.0190 0.9999 TSC22D3 1831 

ILMN_1908488 -0.1990 5.5595 -2.3966 0.0190 0.9999 IAH1 285148 

ILMN_1709067 -0.1976 6.4521 -2.3917 0.0193 0.9999 SAMD11 148398 
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ILMN_1670542 -0.0981 9.9828 -2.3874 0.0195 0.9999 AK2 204 

ILMN_1797988 -0.2632 6.0856 -2.3801 0.0199 0.9999 KLRD1 3824 

ILMN_1675460 -0.1025 12.5337 -2.3796 0.0199 0.9999 RPL29 6159 

ILMN_1812067 0.1220 7.8185 2.3795 0.0199 0.9999 RER1 11079 

ILMN_1780996 0.1418 5.2708 2.3748 0.0201 0.9999 ETAA1 54465 

ILMN_1748546 0.0855 11.7653 2.3746 0.0201 0.9999 Sep-02 4735 

ILMN_2402766 0.1164 8.2243 2.3731 0.0202 0.9999 AFTPH 54812 

ILMN_1712914 -0.1489 5.7035 -2.3724 0.0202 0.9999 SEMA6B 10501 

ILMN_1701195 -0.2369 8.7183 -2.3692 0.0204 0.9999 PLA2G7 7941 

ILMN_1664330 0.1904 5.9336 2.3667 0.0205 0.9999 CEACAM1 634 

ILMN_1861270 -0.2905 5.6615 -2.3603 0.0209 0.9999 KCNQ3 3786 

ILMN_1798256 -0.1706 7.9083 -2.3602 0.0209 0.9999 UPP1 7378 

ILMN_1692168 0.0888 9.1122 2.3534 0.0212 0.9999 UBE2Z 65264 

ILMN_1762606 -0.1357 5.3202 -2.3527 0.0213 0.9999 AQP11 282679 

ILMN_1683950 -0.1021 8.0751 -2.3517 0.0213 0.9999 SNX11 29916 

ILMN_1696546 0.1798 6.0885 2.3486 0.0215 0.9999 FZD1 8321 

ILMN_2255310 -0.1352 10.8989 -2.3360 0.0222 0.9999 RPS15A 6210 

ILMN_1811303 -0.1311 6.1492 -2.3353 0.0222 0.9999 NR5A2 2494 

ILMN_1657317 -0.2139 5.6804 -2.3283 0.0226 0.9999 POLR2J 5439 

ILMN_1712312 0.1207 11.1241 2.3240 0.0228 0.9999 RAB11A 8766 

ILMN_1702899 0.2050 5.8459 2.3179 0.0232 0.9999 PLEKHA7 144100 
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APPENDIX IV  TOP 100 DIFFERENTIAL 

EXPRESSED GENES (CONTROLS VERSUS RR), 

RANKED BY P-VALUES. 

 

IlluminaID logFC AveExpr t P.Value adj.P.Val Symbol 
Reannotated 

Entrez 
Reannotated 

ILMN_1797988 -0.5556 6.0804 -4.0151 0.0002 0.9987 KLRD1 3824 

ILMN_1723793 0.2482 5.9549 3.9766 0.0002 0.9987 PALB2 79728 

ILMN_1808059 -0.3584 6.1491 -3.7312 0.0005 0.9987 BCAS4 55653 

ILMN_1655261 -0.6044 7.4933 -3.6368 0.0007 0.9987 ERP27 121506 

ILMN_1799134 -0.4923 6.3403 -3.6214 0.0007 0.9987 KLRD1 3824 

ILMN_2169676 -0.2397 6.5628 -3.4934 0.0011 0.9987 ATXN10 25814 

ILMN_1656316 0.3003 6.8371 3.4053 0.0014 0.9987 ZMYM3 9203 

ILMN_1812567 0.2811 5.6295 3.3817 0.0015 0.9987 ICA1 3382 

ILMN_1695711 -0.2538 6.7268 -3.3421 0.0017 0.9987 FAM105A 54491 

ILMN_1703686 0.2837 6.0565 3.3400 0.0017 0.9987 BRF1 2972 

ILMN_1795400 0.3003 8.3108 3.2755 0.0020 0.9987 TBCD 6904 

ILMN_2131467 -0.3097 6.5248 -3.2702 0.0021 0.9987 GNAI1 2770 

ILMN_2330787 -0.3534 7.1506 -3.2664 0.0021 0.9987 FRMD6 122786 

ILMN_1676924 -0.4157 7.9263 -3.2153 0.0024 0.9987 CD247 919 

ILMN_2064237 -0.4237 5.5784 -3.2098 0.0024 0.9987 C1orf88 128344 

ILMN_1653319 -0.2813 7.2598 -3.1722 0.0027 0.9987 MC1R 4157 

ILMN_1653514 -0.3155 5.7926 -3.1517 0.0029 0.9987 RBBP4 5928 

ILMN_1772466 0.3433 5.5175 3.1506 0.0029 0.9987 SH2D3A 10045 

ILMN_1814737 -0.2577 5.9222 -3.1479 0.0029 0.9987 LNPEP 4012 

ILMN_3307483 0.3200 5.4448 3.1418 0.0029 0.9987 MCF2L 23263 

ILMN_1771903 -0.1774 8.8934 -3.1214 0.0031 0.9987 NUP37 79023 

ILMN_1659610 0.3438 7.7031 3.1191 0.0031 0.9987 TJP3 27134 

ILMN_1733963 -0.3702 6.0498 -3.1016 0.0033 0.9987 ADRA2C 152 

ILMN_1791106 -0.2224 6.4074 -3.0909 0.0034 0.9987 HEATR6 63897 

ILMN_1652371 0.5322 6.0376 3.0805 0.0035 0.9987 KIAA1324L 222223 

ILMN_2354269 -0.3243 6.0088 -3.0755 0.0035 0.9987 FAM164C 79696 

ILMN_1693836 0.5427 7.6200 3.0602 0.0037 0.9987 LOC388152 727849 

ILMN_2385688 -0.1979 8.3079 -3.0362 0.0040 0.9987 RABL2B 11158 

ILMN_1789839 0.2463 6.9256 3.0080 0.0043 0.9987 GTF3C1 2975 

ILMN_1809040 0.2883 5.4176 2.9843 0.0046 0.9987 LDLRAP1 26119 

ILMN_1718607 -0.3030 9.1476 -2.9796 0.0046 0.9987 TSPAN4 7106 

ILMN_2129572 -0.4298 8.8772 -2.9762 0.0047 0.9987 F3 2152 
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ILMN_3242466 -0.4498 5.8639 -2.9692 0.0047 0.9987 NA NA 

ILMN_1687303 0.2595 6.9509 2.9609 0.0049 0.9987 ACAD10 80724 

ILMN_1664978 0.2079 7.7567 2.9604 0.0049 0.9987 TJP2 9414 

ILMN_2126344 0.2125 9.1437 2.9480 0.0050 0.9987 SEC16A 9919 

ILMN_2335398 0.2779 5.8570 2.9381 0.0052 0.9987 CECR5 27440 

ILMN_1746864 -0.3523 6.1604 -2.9310 0.0053 0.9987 CYTIP 9595 

ILMN_1765001 0.2290 5.7771 2.9236 0.0054 0.9987 HYAL3 8372 

ILMN_1742432 0.1945 8.4436 2.9209 0.0054 0.9987 COBRA1 25920 

ILMN_1805643 -0.1813 9.0733 -2.9205 0.0054 0.9987 RILPL1 353116 

ILMN_2377669 -0.4271 8.0231 -2.9186 0.0054 0.9987 CD247 919 

ILMN_1703926 -0.5129 7.1689 -2.9170 0.0055 0.9987 PTGER2 5732 

ILMN_1661998 -0.2266 5.8121 -2.8957 0.0058 0.9987 METTL6 131965 

ILMN_2410783 0.2982 7.0632 2.8888 0.0059 0.9987 GAA 2548 

ILMN_3275575 0.2952 7.6424 2.8854 0.0060 0.9987 BCR 613 

ILMN_3236358 -0.2891 6.1586 -2.8833 0.0060 0.9987 NOP14 8602 

ILMN_2353161 -0.9723 8.0090 -2.8820 0.0060 0.9987 MSLN 10232 

ILMN_2160005 0.3091 9.2413 2.8790 0.0061 0.9987 NUMA1 4926 

ILMN_1741632 -0.1996 9.4329 -2.8749 0.0061 0.9987 RAB3IL1 5866 

ILMN_1796560 0.2928 5.5797 2.8714 0.0062 0.9987 PFKFB2 5208 

ILMN_1735438 -0.3805 7.4372 -2.8677 0.0062 0.9987 GPM6B 2824 

ILMN_1754988 -0.2364 5.9539 -2.8628 0.0063 0.9987 N6AMT1 29104 

ILMN_1751572 0.2374 10.2603 2.8560 0.0064 0.9987 TLE1 7088 

ILMN_1806946 0.2656 6.2152 2.8443 0.0066 0.9987 UBTF 7343 

ILMN_2279413 0.2796 5.4717 2.8418 0.0067 0.9987 SIAH1 6477 

ILMN_2120273 -0.2218 9.4415 -2.8388 0.0067 0.9987 AP1S2 8905 

ILMN_1670542 -0.1710 9.9910 -2.8370 0.0068 0.9987 AK2 204 

ILMN_1791039 0.2497 5.2340 2.8360 0.0068 0.9987 RTF1 23168 

ILMN_1801130 0.2455 6.2466 2.8257 0.0070 0.9987 STOML1 9399 

ILMN_1696243 -0.4012 6.3017 -2.8232 0.0070 0.9987 FLJ23152 401236 

ILMN_1806122 0.2183 8.5445 2.8194 0.0071 0.9987 CHD8 57680 

ILMN_1692464 0.2519 8.0453 2.8077 0.0073 0.9987 TTC38 55020 

ILMN_1691299 -0.4923 6.0236 -2.8008 0.0075 0.9987 C1orf192 257177 

ILMN_3248975 0.1466 9.7139 2.7980 0.0075 0.9987 PPP4C 5531 

ILMN_1782015 -0.2362 5.5501 -2.7872 0.0077 0.9987 FCRLB 127943 

ILMN_1700733 0.2881 8.2228 2.7804 0.0079 0.9987 KIAA1370 56204 

ILMN_1701402 -0.3013 5.6960 -2.7798 0.0079 0.9987 IKBIP 121457 

ILMN_1742044 -0.2955 6.5324 -2.7783 0.0079 0.9987 GNAI1 2770 

ILMN_1734486 -0.2008 8.4641 -2.7761 0.0080 0.9987 TSEN15 116461 

ILMN_1669484 0.2204 10.1598 2.7752 0.0080 0.9987 WDR6 11180 

ILMN_1758831 0.2375 7.6788 2.7679 0.0081 0.9987 RNF31 55072 

ILMN_1694432 0.2396 10.1817 2.7639 0.0082 0.9987 CRIP2 1397 

ILMN_1660341 -0.2557 9.6052 -2.7577 0.0083 0.9987 LRPAP1 4043 
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ILMN_1807969 -0.2178 9.8625 -2.7406 0.0087 0.9987 SNCAIP 9627 

ILMN_1666553 -0.2428 6.9570 -2.7390 0.0088 0.9987 SLC25A19 60386 

ILMN_1664826 -0.1780 8.8079 -2.7379 0.0088 0.9987 FBXO33 254170 

ILMN_1802649 -0.2262 5.9821 -2.7306 0.0090 0.9987 C11orf58 10944 

ILMN_1797534 -0.1517 7.4480 -2.7177 0.0093 0.9987 RIOK1 83732 

ILMN_1758778 0.3003 5.7121 2.7163 0.0093 0.9987 CEP110 11064 

ILMN_1699226 0.2431 8.4776 2.7076 0.0095 0.9987 UBR4 23352 

ILMN_1664931 -0.1257 9.9810 -2.7060 0.0095 0.9987 GTF2E2 2961 

ILMN_2402806 0.2072 8.3073 2.7042 0.0096 0.9987 TRPC4AP 26133 

ILMN_1676600 0.1701 9.7259 2.6994 0.0097 0.9987 SEC24C 9632 

ILMN_1694268 -0.3353 7.4430 -2.6941 0.0098 0.9987 HES6 55502 

ILMN_3232894 -0.1490 9.4538 -2.6769 0.0103 0.9987 CNRIP1 25927 

ILMN_1791569 0.2095 6.4017 2.6699 0.0105 0.9987 PLXNA1 5361 

ILMN_1741711 0.2712 5.7564 2.6634 0.0107 0.9987 DOPEY2 9980 

ILMN_2391891 0.2977 5.5125 2.6621 0.0107 0.9987 MAP2K5 5607 

ILMN_3236220 0.2540 7.4986 2.6553 0.0109 0.9987 LPAR2 9170 

ILMN_2319000 -0.3890 6.6368 -2.6524 0.0110 0.9987 MATK 4145 

ILMN_1662932 -0.3399 9.9906 -2.6516 0.0110 0.9987 LCP1 3936 

ILMN_1683635 -0.3459 6.9533 -2.6514 0.0110 0.9987 C11orf70 85016 

ILMN_1664006 0.2034 6.8002 2.6503 0.0110 0.9987 AGL 178 

ILMN_3247802 0.1796 7.4605 2.6421 0.0113 0.9987 PRRC2B 84726 

ILMN_1769245 -0.4278 7.6651 -2.6328 0.0115 0.9987 GLIPR1 11010 

ILMN_1753101 -0.7633 7.5256 -2.6323 0.0115 0.9987 VTCN1 79679 

ILMN_1727815 -0.2420 9.9795 -2.6316 0.0116 0.9987 CFI 3426 

ILMN_3245912 -0.3257 5.9071 -2.6274 0.0117 0.9987 TMEM59L 25789 

ILMN_1813955 -0.2724 5.7146 -2.6244 0.0118 0.9987 SERTAD3 29946 
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