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Thesis Summary 

 

In vitro maturation (IVM) is an alternative form of in vitro fertilisation (IVF), whereby 

the patient receives little or no gonadotrophin stimulation and collected oocytes 

complete their final stages of maturation in the laboratory. The aims of this thesis 

were to assess whether IVM is as successful as standard IVF for the treatment of 

patients with polycystic ovary syndrome (PCOS) and whether IVM affects the physical 

characteristics of oocytes and their developmental capacity. Additionally, 

concentrations of cytokines and growth factors found in the homologous maternal 

serum used in IVM culture were investigated to determine their relationship to the 

developmental outcomes of IVM derived oocytes and embryos. 

Scope: This thesis is submitted as a series of manuscripts that include: 

1. A comprehensive literature review of IVM treatment 

2. A retrospective case-control study of IVM treatment compared with standard 

IVF treatment in PCOS patients, including all fresh cycles and subsequent frozen 

embryo transfer (FET) cycles to calculate cumulative outcomes  

3. A review of time-lapse analysis in assisted reproductive technology with a 

particular focus on its use as a research tool to compare outcomes 

4. A prospective case control study to compare embryo morphokinetic outcomes 

in patients, with and without PCOS treated with standard IVF, with PCOS 

patients treated with IVM 

5. A prospective case control study comparing oocyte/zygote size and texture in 

patients with and without PCOS treated with standard IVF and those patients 

with PCOS treated with IVM 

6. A prospective cohort study to assess the association between levels of 

homologous maternal serum cytokines/chemokines and growth factors used in 

in vitro maturation culture on oocyte and embryo development 

Chapters two and four were published in Human Reproduction in 2015. A chapter 

entitled “IVM for clinical use”, was largely composed of edited sections of chapter one 
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and is currently under editorial review for the book “Handbook of in vitro 

Fertilisation”, to be published in 2016. Chapters three and five have been submitted 

for publication and are currently under editorial review. Chapter six is in the final 

stages of revision prior to submission for publication. 

In chapter two, six years’ worth of outcome data from Fertility Specialists of WA 

(FSWA) was retrospectively analysed to compare the outcomes from IVM vs IVF cycles. 

It was found that the success rates of clinical pregnancy and live birth were lower in 

the IVM group for fresh and cumulative outcomes; however, there was no difference 

between IVM and standard IVF for either outcome measure with a FET cycle. This was 

the first study to compare IVM to standard IVF in PCO/PCOS patients using blastocyst 

development and SET. Furthermore, it was the first study to show the results of fresh, 

frozen and cumulative treatment cycle outcomes between the two groups. Maternal 

and neonatal outcomes were positive, and consistent with the limited literature 

available.  

The next part of the project involved the prospective recruitment of patients at FSWA 

and Fertility Specialists South (FSS) into three groups: those diagnosed with PCOS 

undergoing either IVM (PCOS-IVM) or ICSI (PCOS- ICSI) treatment and non-PCOS 

patients (control-ICSI). All patients’ embryos were cultured in a time-lapse incubations 

system. In the first study, comparing the morphokinetic analysis across these groups, it 

was found that embryos generated from IVM have an increased rate of early embryo 

arrest; however, morphokinetic development was not impaired in embryos that 

progress to the useable blastocyst stage. There was an increase in some abnormal 

phenotypic events in PCOS-IVM embryos, as well as an increase in early arrest of PCOS-

IVM and PCOS-ICSI embryos; however, IVM treatment or PCOS status did not alter 

morphokinetic development of embryos suitable for transfer or vitrification.  

In the same cohort of patients, an analysis of oocyte size and cytoplasmic texture was 

performed using images generated from time-lapse incubation and image analysis 

software. The results suggested that oocyte size and cytoplasmic texture are affected 

in the early stages of the first cell cycle; they may be a useful marker of IVM derived 

oocyte competence due to the differences observed in the viability of IVM embryos.  
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Finally, samples of patient serum from the IVM participants were analysed in a study of 

homologous maternal serum cytokine concentrations and their impact in human IVM 

culture media, levels of GM-CSF, G-CSF, EGF, VEGF, IL-1α and TNFα were found to be 

significantly associated with blastocyst development. 

The work presented in this thesis demonstrates that some differences in physical and 

developmental characteristics remain a burden to IVM treatment; however, clinical 

success rates are improving, particularly for the use of IVM in conjunction with 

blastocyst culture and FET cycles. There is still a considerable amount of research 

required in order to improve IVM treatment and maximise its benefits. Nevertheless, it 

has been shown to be a safe, cost-effective, patient friendly treatment option. 
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Chapter 1: General Introduction and In vitro Maturation 

Literature Review  

 

1.1 Introduction  

In vitro maturation (IVM) is an alternative form of in vitro fertilisation (IVF), whereby 

the patient receives little or no gonadotrophin stimulation and collected oocytes 

complete their final stages of maturation in the laboratory. It was first described in an 

animal model (Pincus, et al., 1935) and later replicated in a human model, after 

oocytes collected from unstimulated follicles underwent spontaneous maturation 

(Edwards, 1965). The first live birth was recorded in 1991, after oocyte maturation 

following collection by ovary biopsy (Cha, et al., 1991), and then in 1994 using trans 

vaginal techniques (Trounson, et al., 1994). The primary reason for the adoption of this 

alternative to traditional IVF treatment is the adverse outcomes and additional costs 

associated with the superstimulatory administration of follicle stimulating hormone 

(FSH). However, IVM also has the potential to overcome other causes of infertility and 

in combination with other treatment methods such as gamete donation, FSH 

resistance, to avoid the effects of elevated oestradiol levels, and for fertility 

preservation. It is estimated that more than 3000 children have been born worldwide 

from this method. Although some clinics routinely perform IVM, it is still widely 

considered a research technique by the assisted reproductive technology (ART) 

community. 

1.2 Oogenesis and Folliculogenesis 

The process of oogenesis or oocyte formation begins in the fetal ovaries. Here, 

undifferentiated primordial germ cells known as oogonia divide by mitosis to form six 

to seven million daughter cells at five months gestation. The cells then undergo the 

first steps of meiosis but do not complete it. They become arrested until puberty at the 

diplotene stage of meiosis and are called primary oocytes (Sherwood, 1997). Prior to 

birth, each primary oocyte has a definable nucleus known as the germinal vesicle (GV) 
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and is surrounded by a single layer of flattened granulosa cells (GC) forming the 

primordial follicle (Figure 1.1). At birth, there are approximately one to two million 

primordial follicles (Baker, et al., 1999). Approximately 250,000 to 500,000 will 

eventually give rise to developing follicles destined for either ovulation or atresia 

(Gougeon, 2010). These follicles comprise the remaining oocytes capable of 

fertilisation and embryonic development known as the ovary reserve (Sherwood, 

1997). 

During infancy and early adulthood a large proportion of the follicular pool is lost due 

to atresia (Gougeon, 2010). It is estimated that more than 90% of the ovarian reserve 

is depleted in this way, with the process accelerating after 38 years of age. By the stage 

of menopause there is estimated to be less than 100 resting follicles (Gougeon, 2010). 

Those follicles that do not succumb to atresia will instead enter the growth phase.  

Throughout life, a proportion of primordial follicles containing primary oocytes are 

recruited into the growing follicular pool. It is still unknown exactly why some follicles 

are selected and others remain dormant. Studies involving FSH-receptor knockout 

mice indicate luteinising hormone (LH) and FSH are not involved in the process 

(Dierich, et al., 1998, Kumar, et al., 1997). It has been suggested that the distance 

between follicles and the growth/inhibitory factors they produce may play a key role in 

development (Da Silva-Buttkus, et al., 2009, Gougeon, 2010). 

Secondary follicle formation and follicular growth begin by activation of the primordial 

follicle, directed by the oocyte (Marieb, 2004). In a 25 year old woman, approximately 

37 follicles begin to grow and are recruited into the pool each day (Faddy, et al., 1996). 

The flattened GC surrounding the primary oocyte become cuboidal and a double layer 

of endocrine and connective tissue forms around the follicle, known as the internal 

and external theca (Makabe, et al., 2006). Together, these layers form the thecal 

folliculi (Marieb, 2004) (Figure 1.1). 

As the follicle enters the pre-antral stage, it develops FSH receptors. However, these 

follicles lack a blood supply and are only influenced by paracrine factors at this stage 

(Gougeon, 1996). Here the GC also secretes a glycoprotein rich substance forming a an 

extracellular matrix known as the zona pellucida (ZP) (Figure 1.1). Gap junctions form 
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both between GC and between the oocyte and the GC. The gap junctions are 

imperative for the movement and delivery of metabolites and signalling molecules, 

creating a bidirectional flow of influence on development (Marieb, 2004). The oocyte 

increases in size to between 70 and 100 µm, the GC proliferate to become multi-

layered and the follicle itself is now between 200-500 µm in diameter. A clear fluid fills 

the spaces between the GC forming the beginning of the antrum. 

The antral follicle is formed when the antrum increases in size to between two and five 

mm (Gougeon, 2010), isolating the oocyte with its surrounding granulosa, as seen in 

Figure 1.1. The GC now develop into the multi-layered cumulus oophorus with the 

inner layer forming the corona radiata, a dense complex of coronal cell cytoplasmic 

projections, covering the oocyte (Makabe, et al., 2006). 

From the antral pool of follicles, one will eventually be selected to exert dominance 

and move toward ovulation in the following cycle, whereas the others are destined for 

atresia. As with selection for the follicular pool, it is largely unknown why one follicle 

progresses over the others. It has been suggested that the dominant follicle exhibits an 

increased FSH receptor expression and therefore an increased sensitivity to FSH and a 

lower FSH threshold (McNatty, et al., 1983). An increase in circulating LH acts on the 

thecal cells to produce androgens and increase production of cyclic adenosine 

monophosphate (cAMP). The combination of cAMP and FSH then stimulate the GC to 

metabolize the androgens and convert them to oestrogen.  

With the increase in oestrogen production by the follicle, circulating levels of FSH 

decrease in response and GC become able to bind to LH (Gougeon, 2010). The follicle 

dramatically increases in size and can grow up to 20 mm in diameter (Gougeon, 2010) 

and the theca are now highly vascularised and therefore, more sensitive to impending 

changes in endocrine activity. The follicle is now in the pre-ovulatory stage (Figure 1.1) 

with the events that follow playing vital roles in the processes of oocyte nuclear and 

cytoplasmic maturation. 
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Figure 1.1 Representation of the stages of folliculogenesis.  

As the follicle grows in size, the granulosa cells differentiate and multiply to into 

cuboidal cells and form the thecal folliculi. The ZP and antrum are formed followed by 

germinal vesicle break down, cumulus cell expansion and polar body extrusion (an 

original diagram, April 2011). 

Oocyte Maturation In Vivo 

Under the influence of increasing levels of oestrogens derived from the maturing 

follicle, the LH surge triggers a number of events that contribute to oocyte maturation. 

Nuclear and cytoplasmic maturation are the two most important processes that are 

essential for oocyte competency and embryonic development post fertilisation. 

Nuclear maturation allows for the development and organisation of the oocytes 

nuclear material and progression to the time of arrest after the second meiotic division 
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(MII). Cytoplasmic maturation involves structural and functional modifications to 

support oocyte activation, fertilisation and embryo development. 

Nuclear Maturation 

During antral follicle formation, fully grown oocytes are surrounded by the cumulus 

complex (Figure 1.1) and are capable of resuming meiosis (Mehlmann, 2005). When 

meiosis resumes, the GV breaks down and the nuclear membrane disappears (Xu, et 

al., 2010). The chromatin condenses, the chromosomes align at the equatorial region 

of the meiotic spindle and spindle migration to the oocyte cortex occurs (Sun, et al., 

2006). The polar body is then extruded following homologous chromosome separation 

and the oocyte arrests in MII (Figure 1.2). The oocyte is able to maintain the arrest 

stage due to high levels of cAMP, which activates protein kinase-A (PKA) to block 

maturation by inhibiting maturation-promoting factor (MPF) and entry into mitosis. 

 

Figure 1.2 Oocytes at varying stages of development: GV, MI and MII 

Cytoplasmic Maturation 

During cytoplasmic maturation the oocyte gains the potential to undergo activation by 

concentrating cortical granules just below the oolemma (Eppig, 1996). These are then 

released in response to microinjection or sperm penetration. This response triggers 

the hardening of the ZP as a functional block to further sperm penetration which could 

potentially result in polyspermy (Ducibella, 1996). Cytoplasmic maturation is a 

prerequisite for successful sperm head decondensation. This is characterised by the 

production of glutathione by the oocyte and contribution by the cumulus cells via gap 

junctions (Yoshida, et al., 1992). Mitochondrial redistribution also occurs during 
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cytoplasmic maturation with the mitochondria relocating to the peri-nuclear region 

(Ferreira, et al., 2009). The ability to develop to the blastocyst stage is a measure of the 

successful completion of cytoplasmic maturation (Eppig, 1996).  In addition, there are 

still many areas of cytoplasmic maturation which have yet to be identified and are not 

clearly defined. 

Oocyte Maturation In vitro 

The efforts of IVM research to date have focused on mimicking in vivo processes of 

oocyte maturation and embryo development. This has primarily been achieved 

through the development of specific culture conditions (Ben-Ami, et al., 2011, 

Benkhalifa, et al., 2009, Mikkelsen, et al., 2000), stimulation protocols (Cha, et al., 

2000, Hreinsson, et al., 2003, Lin, et al., 2003, Liu, et al., 2003, Mikkelsen, et al., 2001), 

methods of patient selection (Child, et al., 2001, Fridén, et al., 2005) and fertilisation 

techniques (Lacham-Kaplan, et al., 2008, Söderström-Anttila, et al., 2005, Walls, et al., 

2012). This chapter will explore the protocols currently used in clinics performing IVM 

around the world, as well as addressing future trends for IVM and areas in need of 

further study. 

1.3 Target Populations 

While IVM has the potential to benefit all categories of patients, it has the greatest 

application for helping women with polycystic ovaries (PCO) to avoid the morbidity 

associated with ovary hyperstimulation syndrome (OHSS). This is a severe medical 

condition where women suffer from morbidities and extreme discomfort due to the 

rapid development of ascites; it is associated with an increased risk of a serious 

thrombotic event. IVM has also been applied to a range of patients with other fertility 

issues including fertility preservation, hormone sensitive cancers, FSH resistance and 

cost conservative patients.  

Polycystic Ovaries (PCO) and Polycystic Ovary Syndrome (PCOS) 

Polycystic ovary syndrome (PCOS) is a common endocrine disorder with significant 

medical implications, estimated to effect up to 12 percent of the general population 

(Costello, et al., 2012, Hart, et al., 2015). It is a condition made up of a collection of 
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features that influence reproduction: irregular or absent ovulation, a systemic excess 

of androgens and a PCO appearance on transvaginal ultrasound examination of greater 

than 10 follicles oriented on the periphery of the ovary (Hart, et al., 2006). The 

condition relates to an altered follicular growth control, whereby the ovary contains 

more developing follicles (at all stages) compared to a normal ovary (Chang, 2002). As 

women with PCOS are typically anovualtory, with no dominant follicle development, 

gonadotrophin stimulation is a common treatment for this type of infertility. Given the 

increased number of developing follicles in patients with PCO, FSH stimulation 

contributes to follicular development, which in turn stimulates oestrogen production 

and the potential for an excessive ovary response occurs frequently.  

For women with PCO/PCOS, OHSS is a significant clinical consequence of 

gonadotrophin stimulation resulting in patient discomfort in mild stages and significant 

morbidity in the major forms of the condition (Saul, et al., 2009). It has been suggested 

that it is not PCOS alone that dictates the use of IVM treatment but rather the antral 

follicle count (Tan, et al., 2002). As patients with PCOS traditionally have a high antral 

follicle count it is assumed that the two go hand in hand, with one study suggesting 

that patients with a previous excessive response to ovary stimulation would also 

benefit from IVM treatment (Son, et al., 2006). Considering that IVM requires only 

minimal (or no) gonadotrophin stimulation, patients with PCOS benefit considerably 

from this treatment option. For this reason, many studies in the literature include only 

patients with PCOS or PCO in their trials (Cha, et al., 2000, Chian, et al., 2000, Lin, et al., 

2003). Not only does this treatment benefit the patients, it appears that the patients 

respond better to the treatment. Women with PCOS typically have more oocytes 

collected from IVM cycles compared to patients without PCOS, leading to a greater 

pregnancy rate (Junk, et al., 2012, Söderström-Anttila, et al., 2005). It is important to 

note, however, that the focus on a selective group of patients influences the success 

rates of IVM and necessitates appropriate caution where comparisons with IVF rates 

are made. 
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Non-PCO/PCOS Patients 

The inclusion of women with regular menstrual cycles without PCO or PCOS in IVM 

treatment protocols is more controversial (Suikkari, 2008). As the antral follicle count 

has become a major determining factor for IVM treatment, patients with fewer than 

five antral follicles have not been considered suitable for this treatment (Mikkelsen, et 

al., 2001). Nevertheless, IVM has proven to be a successful treatment option for non- 

PCOS patients who do have suitable antral follicle counts (Mikkelsen, et al., 1999). The 

literature comparing patient cohorts is limited to those studies assessing stimulation 

protocols (Mikkelsen, et al., 2001) with patient selection criteria emerging as a by-

product for success. Further research to define suitable patient treatment groups is 

warranted.  

Fertility Preservation  

Oncofertility is an emerging area of ART whereby patients need to store their gametes 

and embryos prior to treatment for a range of cancers for which their future fertility is 

at risk (Hart, 2008). Whilst the evidence of clinical pregnancies and live births is sparse 

in oncofertility and patients must be counselled appropriately in regards to this, IVM 

can be a viable oncofertility treatment option for a range of patients including those 

with oestrogen sensitive cancers, or as a methodology for maturing oocytes collected 

ex vivo at the time of oophorectomy or ovary tissue cryopreservation.  

Oestrogen Sensitive Cancer/Avoidance of OHSS 

IVM plays an important role in fertility preservation and for some patients, such as 

those with oestrogen sensitive cancers, it maybe their only option (González, et al., 

2011, Shalom-Paz, et al., 2010). Breast cancer is the most common malignancy in 

women seeking fertility preservation prior to chemo/radiotherapy. In patients where 

the cancer is oestrogen sensitive or where FSH stimulation is contraindicated, IVM 

provides a safer alternative to controlled ovary hyperstimulation as it can be 

performed without using exogenous gonadotrophins and at varying times during the 

cycle (Grynberg, et al., 2016). This methodology has led to successful oocyte and 

embryo storage for fertility preservation (Huang, et al., 2010). Additionally, IVM can be 
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a suitable option for those patients whose malignancy is not oestrogen sensitive, as it 

completely eliminates the risk of OHSS (Lindenberg, 2013) and has the added 

advantage of a short time from decision to oocyte collection, therefore enabling the 

patient to proceed immediately into chemo/radiotherapy without delaying their 

lifesaving cancer treatments. 

At the time of Oophorectomy or Ovary Tissue Cryopreservation 

IVM has been successfully performed at the time of oophorectomy and laparoscopic 

ovary wedge resection for ovary tissue cryopreservation in patients with Hodgkin’s 

lymphoma, breast cancer and rectal cancer (Huang, et al., 2008). In the study by Huang 

et al. (2008), immature oocytes were aspirated from visible follicles in the laboratory 

prior to ovary cortical tissue cryopreservation with all patients achieving successful 

storage of at least one mature oocyte as well as ovary tissue cryopreservation. This 

technique thus provides the patient with two options for future reproductive 

assistance.  

In a recent case report, IVM was successfully performed with oocytes collected ex vivo, 

following laparoscopic oophorectomy (Figure 1.3). There were 22 GV stage oocytes 

collected from both ovaries (Figure 1.4) with 15 mature oocytes vitrified after 24 hours 

and four more vitrified after an additional 24 hours of maturation culture. It is unclear 

whether oocyte survival and subsequent fertilisation and development will be 

successful; however, a large number of cryopreserved oocytes will provide the patient 

with the best chance of future fertility. A live birth after in vitro maturation of oocytes 

collected after oophorectomy has been reported (Prasath, et al., 2014), whereby 

mature oocytes were fertilized and embryos stored using slow freezing techniques. 

While there is little literature available on oocyte survival rates following IVM, a 

systematic review of standard IVF treatments has demonstrated that oocyte 

vitrification significantly improves oocyte survival, fertilisation and embryo quality as 

well as clinical and ongoing pregnancy rates compared with slow freezing techniques 

(Glujovsky, et al., 2014).  

 



 
 

36 
 

 

Figure 1.3 Ovary in the laboratory following laparoscopic oophorectomy and prior to ex 

vivo oocyte aspiration 

 

 Figure 1.4 Immature oocytes following ex vivo follicle aspiration. 

An unsuccessful embryo transfer (ET) following the vitrification/warming and 

fertilisation of oocytes collected by trans vaginal oocyte aspiration (TVOA) and 

matured in vitro prior to chemotherapy has been reported (Fadini, et al., 2012). There 

has only been one other reported case of oocyte vitrification after IVM from a patient 

undergoing oophorectomy (Huang, et al., 2007). In this case, the patient was 43 years 

old and did not receive FSH priming of the ovaries prior to oocyte retrieval. Four 

oocytes were collected, three of which matured and were suitable for vitrification. 

Additionally one case has been reported whereby IVM was performed on two 

immature oocytes collected in combination with ovary tissue cryopreservation 

(González, et al., 2011). In situations where the patient is not currently in a relationship 

and under time limiting circumstances, oocyte cryopreservation, as opposed to 

embryo cryopreservation, is necessary and IVM is often the only treatment capable of 

achieving this outcome. 
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Conversion from IVF 

IVM is also a valuable procedure to employ in a clinical setting where IVF patients 

begin to recruit more than the optimal number of follicles. In such cases, IVM may be 

performed in order to ovoid cycle cancellation or OHSS. This method was shown to be 

successful in patients seeking fertility preservation (Walls, et al., 2014). As these 

patients would otherwise have had their cycles cancelled, or led to a delay in their 

cancer treatment and instead went on to have multiple mature oocytes and embryos 

stored for their future fertility. This protocol can be extended to other patients as a 

method of avoiding OHSS, providing they be appropriately counselled and consent 

given for the conversion of their treatment type.  

Avoidance of OHSS 

In addition to oncofertility related treatments, IVM can be used in cases to avoid OHSS. 

In rare circumstances, such as for patients who live in rural or remote areas, a 

treatment such as IVM enables patients to fly home directly after treatment, without 

increasing the risk of OHSS or a thrombotic event, as flying is not usually 

recommended after standard IVF treatment. IVM could also be useful in cases such as 

for young egg donors with good antral follicle counts, where infertility is not an issue 

and a minimalist approach to stimulation might be preferable to avoid unnecessary 

side effects from ovary stimulation (Holzer, et al., 2007). While there is no documented 

evidence of IVM being employed in these cases, they are available in clinics that 

routinely perform IVM. 

Prothrombotic Risk 

It is well established that a serious cause of morbidity after IVF treatment is a 

thrombotic event. This is due to the effects of elevated serum oestradiol levels 

generated as part of an IVF cycle on activation of the clotting cascade, and potentially 

exacerbating the haemoconcentration associated with OHSS (ASRM, 2008). IVM has 

the potential to reduce the risk of prothrombotic disorders by eliminating the OHSS 

risk. There is yet to be any reported cases of IVM being used where the determining 

factor was a prothrombotic disorder. However, providing the antral follicle count 
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supports the use of IVM as a suitable treatment option; there is no evidence to suggest 

this methodology could not be successful. 

IVM for FSH Resistant Ovaries 

A pregnancy and live birth has been achieved in a patient with FSH resistant ovaries 

following treatment with IVM (Grynberg, et al., 2013). In this case-report, a standard 

IVM protocol was used on a patient who was diagnosed with early onset ovary failure 

and who was originally referred to the clinic to use donor oocytes. A suitable antral 

follicle count meant IVM was a viable option, resulting in maturation, fertilisation and 

embryo development rates comparable to the clinics results in other IVM patients. The 

success of this case highlights the benefit of having IVM as a treatment option in ART 

clinics where the only other viable option is oocyte donation. 

1.4 Clinical Protocols and Results 

Priming Protocols 

In theory, IVM requires no exogenous gonadotrophin administration. However, 

stimulation protocols have been a major focus of most studies to date regarding IVM. 

As with conventional IVF, the in vivo preparation involving the patient is a fundamental 

part of the oocyte’s development prior to any treatments in vitro. The use of hormonal 

priming with exogenous gonadotrophins, as opposed to natural cycle IVM, is still 

widely debated within the field of IVM (Suikkari, 2008). The use of FSH and human 

chorionic gonadotrophin (hCG) to “prime” the follicles prior to oocyte collection is a 

varied and sometimes contradictory practice. 

Gonadotrophin stimulation with either FSH (Da Silva-Buttkus, et al., 2009, Mikkelsen, 

et al., 1999, Suikkari, 2008) or human menopausal gonadotrophin (hMG) (Gougeon, 

2010) have been used to test the outcomes of oocyte maturation rates and embryo 

development. In theory, FSH stimulation at the onset of a patient’s menstrual cycle 

could increase the number of oocytes collected, make the collection process easier 

and enhance maturation (Suikkari, 2008). The results however, are contradictory and 

difficult to evaluate due to differences in priming and culture protocols. Initial 

investigations showed that FSH priming in ovulatory women without PCO did not 
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improve oocyte numbers retrieved, their maturation rate, or the embryo cleavage rate 

or embryo development (Mikkelsen, et al., 1999). However, a more recent study by 

the same individuals showed that FSH priming improved maturation potential and 

implantation rates in women diagnosed with PCOS (Mikkelsen, et al., 2001). In more 

recent years, the use of FSH priming and collection from larger follicles has led to 

increased rates of success (Junk, et al., 2012).  

Follicular priming using human chorionic gonadotrophin (hCG) has also been 

investigated; however, it is considered by many not to be “true” IVM as it disrupts the 

oocyte-cumulus cell interaction, induces initial stages of maturation in vivo, and is not 

necessary for a successful IVM program (Junk, et al., 2012). Additionally, hCG priming 

can make results difficult to interpret and laboratory practises logistically challenging, 

as oocytes are at varying stages of development when they are collected. This in turn 

leads to a range of sperm injection times and embryo culture stages; for a busy ART 

laboratory, this is not an ideal practice. That being said, hCG priming has demonstrated 

effectiveness in advancing oocyte nuclear maturation in women with PCOS (Chian, et 

al., 2000). It has also been found that increasing the timing of the hCG injection from 

36 to 38 hours prior to oocyte retrieval has led to increasing oocyte maturation rates in 

women with PCOS (Son, et al., 2008).  

For women without PCO or PCOS, hCG priming did not have the same beneficial effect 

(Child, et al., 2001, Söderström-Anttila, et al., 2005). When compared with hMG as a 

priming agent, the administration of hCG has also been found to result in faster 

maturation, greater blastocyst development and an increased number of ETs 

performed for patients who have suffered OHSS in a previous IVF cycle (Gougeon, 

2010). It was not mentioned in this study whether these patients were diagnosed with 

PCOS; however, this could account for their ability to hyperstimulate and therefore be 

more inclined to have positive development with hCG administration. Additionally, in 

two studies which included standard IVF controls, the administration of hCG as part of 

IVM treatment was found to significantly lower implantation rates (Child, et al., 2002, 

Gremeau, et al., 2012). A summary of the outcomes of hormonal priming and IVM 

success rates is presented in Table 1. 
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Table 1.1 Summary table reporting clinical outcomes of human in vitro matured (IVM) oocytes according to patient selection and hormonal 
priming 

Authors 
Patient 
Cohort 

Hormonal 
Priming 

Mean # 
Oocytes  

%  
Mature 

% 
Fertilised 

% 
Cleaved 

%  
Useable 
Blast 

Mean # 
ET 

IR 
 

# of 
Live 
births 

(Cha, et al., 
2000) 

PCOS Nil 13.6 62.2 ICSI/68 88 N/A 4.9 27.1 20 

(Cha, et al., 
2005) 

PCO/PCOS Nil 15.5 - - - N/A 5.0 21.9 24 

(Chian, et al., 
2000) 

PCOS 
10000 IU hCG vs  
nil 

7.8 
7.4 

84.3 
69.1 

ICSI/90.7 
ICSI/83.9 

94.9 
95.7 

N/A 
N/A 

2.8 
2.5 

38.5 
27.3 

3 
9 

(Child, et al., 
2001) 

Normal vs. 
PCO vs. 
PCOS 

10000 IU hCG 
5.1 
10 
11.3 

78.4 
76 
77 

ICSI/72.5 
ICSI/76.3 
ICSI/79.3 

93.1 
94.8 
91.3 

N/A 
N/A 
N/A 

2.6 
3.3 
3.2 

4.0 
23.1 
29.9 

2 
9 
10 

(Da Silva-
Buttkus, et al., 
2009) 

PCOS 
10000IU hCG vs 
3d 150IU FSH  

9.0 
8.9 

69.3 
55.1 

67.3 
57.5 

61.2 
51.9 

 
2.3 
1.4 

50 
0 

3 
0 

(Gougeon, 2010) 
Previous 
OHSS  

Nil vs 
2d 150IU hMG vs  
10000IU hCG 

18 
16.6 
17.6 

74.8 
70.7 
73 

ICSI/76 
ICSI/79.7 
ICSI/80.3 

89.2 
85.7 
94.5 

N/A 
N/A 
N/A 

5.1 
4.9 
5.0 

22.2 
25.0 
39.1 

5 
2 
7 

(Gremeau, et al., 
2012) 

PCO/PCOS 
(included IVF 
controls) 

10000IU hCG 15.8 65.01 62.9 N/A N/A 1.9 12.9 16 

(Junk, et al., 
2012) 

PCO vs 
PCOS 

3d 100-150IU 
FSH 

8.8 
14.4 

68.9 
69.9 

73.9 
70.8 

N/A 
N/A 

41.1 
41.8 

1.0 
1.0 

44.4 
47.7 

8  
20 

(Le Du, et al., 
2005) 

PCOS 10000 IU hCG 11.4 63.0 ICSI/70.1 96.3 N/A 2.5 22.5 6 

(Lin, et al., 2003) PCOS only 
10000IU hCG vs 
10000IU hCG + 
6d 75IU FSH  

23.1 
21.9 

71.9 
76.5 

ICSI/69.5 
ICSI/75.8 

88.1 
89.4 

N/A 
N/A 

3.8 
3.8 

36.4 
31.4 

- 
21 

(Mikkelsen, et 
al., 2001) 

PCOS only 
3d 150IU FSH vs  
nil 

6.5 
6.8 

59 
44 

ICSI/70 
ICSI/69 

56 
64 

N/A 
N/A 

1.8 
1.7 

33 
0 

3 
0 

(Mikkelsen, et 
al., 1999) 

Non-PCOS, 
3d 150IU FSH vs 
nil 

4 
3.7 

85 
76 

ICSI/65 
ICSI/62 

62 
54 

N/A 
N/A 

1.9 
1.7 

11.7
6 
18.7
5 

- 
- 

(Söderström-
Anttila, et al., 

PCO vs. 
 

Nil 
 

9.3 
 

54.9 
 

IVF/35 
ICSI/72.4 

85.7 
61.9 

N/A 
N/A 

1.7 
2.0 

22.2 
0 

2 
0 
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PR= Pregnancy Rate, ET = Embryos Transferred, IU =International Units, d=days, IR= Implantation Rate (PR per ET), TVOA=trans-vaginal oocyte 

aspiration

2005) PCOS Nil 14.3 58.2 IVF/43.8 
ICSI/78.4 

82.5 
70.9 

N/A 
N/A 

1.7 
1.8 

52.9 
22.2 

6 
1 

(Son, et al., 
2005) 

Previous 
OHSS risk 

10000IU hCG 5.98 
11.6 (D0) 
52.5 (D1) 
13.6 (D2) 

77.7  
84.4  
81.6  

100  
91.5  
72.2 

58.3 
50.4 
11.3 

 
2.9 

 
26.4 

 
N/A 

(Son, et al., 
2008) 

PCOS 

10000IU hCG 36 
h. before TVOA 
vs. 
10000IU hCG 38 
h. before TVOA 

17.3 
 
19.1 

65.1 
 
72.5 

73.0 
 
73.4 

89.9 
 
92.4 

N/A 
 
N/A 

3.7 
 
3.6 

25.0 
 
40.9 

N/A 
 
N/A 

(Walls, et al., 
2012) 

PCOS 
3-5d 100-150IU 
FSH  

18.75 
IVF/79.2  
ICSI/71.8 

IVF/59.6  
ICSI/67.9 

N/A 
N/A 

41.2 
47.7 

1.0 42.9 6 

(Yoon, et al., 
2001) 

Non-PCOS Nil 9.0 74.3 72.6 89 N/A 3.6 17.6 6 
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1.5 Oocyte Collection Procedure 

Oocyte collection protocols for IVM vary widely between clinics. However, they are 

based around a standard TVOA procedure with modifications to collect oocytes from 

much smaller follicles. The collection procedure for IVM is important in order to 

maximise oocyte yield, whilst maintaining oocyte integrity and minimising 

developmental impacts for maturing oocytes. Figure 1.5 shows a typical IVM TVOA 

oocyte collection set up. Aspiration pressure has been reported to range from 7 kpa 

(52.5 mmHg) (Child, et al., 2001) to 200 mmHg (Yoon, et al., 2001), with some centres 

reporting lower aspiration of up to a third of that used for standard IVF collection 

(Söderström-Anttila, et al., 2005).  

The exact impact and effects of flushing solutions and collection media on oocyte 

maturation and development are unknown. However, under conditions of elevated 

endogenous intracellular cAMP concentrations, heparin supplementation was 

associated with significant decreases in GV breakdown in a mouse model (Zeng, et al., 

2013). While the use of heparin may be necessary for the collection procedure to avoid 

blood clotting in human IVM, it may have a negative effect on subsequent oocyte 

maturation. Additionally, the composition of simple flush medium itself is potentially 

problematic as it may not adequately support metabolic requirements of the oocytes; 

the utilisation of a specially formulated, amino acid enriched flushing media may be a 

better option. 

  

Images courtesy of Andy Tan at Fertility Specialists WA (FSWA) 
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Figure 1.5 Demonstrates the tube set up and flushing procedure during an IVM trans-

vaginal oocyte aspiration procedure, with 174 mmHg pressure and tube warmer at 37 

o
C 

All of these slight modifications to IVM protocols may influence the oocyte’s 

competence, and it is paramount to oocyte integrity that it is supported from the 

moment of removal from the follicle. It has been shown that once an oocyte is 

removed; there is a cascade of events leading to a dramatic decrease in cAMP 

generation within the oocyte. It is important that oocytes be transferred to media as 

quickly as possible to maintain developmental capacity and limit oxidative stress 

through exposure to any contents of collection solutions that do not maximise an 

oocytes potential. Additionally, most centres performing IVM will also use a mesh cell 

strainer (Figure 1.6) to filter follicular aspirates in order to identify the oocytes 

(Hreinsson, et al., 2003, Söderström-Anttila, et al., 2005, Yoon, et al., 2001). In 

contrast, some centres report identifying oocytes by sight (Junk, et al., 2012) and this 

may minimise manipulation and pipetting pressure. However, it may also contribute to 

an increase in time taken to perform the TVOA procedure, as without the expanded 

cumulus mass, oocytes are more difficult to identify (Figure 1.7). 

Images courtesy of Andy Tan at FSWA 

Figure 1.6 Typical IVM set up in theatre during a trans-vaginal oocyte aspiration, 

including a cell strainer used in oocyte collection procedures or glass pipette to identify 

and collect by sight. 
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Images courtesy of Andy Tan at FSWA 

Figure 1.7 Oocyte located in petri dish under stereomicroscope during IVM collection at 

70x and 800x magnification on an SXZ12 stereo microscope (Olympus). 

1.6 Culture Conditions 

The next step in supporting the maturing oocyte once removed from the follicle is the 

transition to maturation culture. After removal of the cumulus-oocyte complex from 

the follicle, there is a significant drop in the amount of gap junction communication 

between the cumulus cells and the oocyte which needs to be managed in order to 

prevent spontaneous maturation and to promote synchrony between nuclear and 

cytoplasmic maturation (Sasseville, et al., 2009). Various culture media have been 

formulated for the use in IVM. The two mostly widely used commercially available IVM 

base media, Sage (Cooper Surgical, USA) and Medicult (Origio, Denmark), were found 

to have equal success rate (Pongsuthirak, et al., 2015). Media specifically formulated 

for blastocyst culture have been used successfully (Junk, et al., 2012) and have been 

shown to be equal in terms of maturation, fertilisation and blastocyst development 

when compared with Sage IVM media (Pongsuthirak, et al., 2015). To date, 

investigations have focused on factors that influence embryo development, including 

the type of exogenous protein source, growth factors, steroids, energy sources, 

hormones, oocyte secreted factors, activators and inhibitors.  

Exogenous Gonadotrophins and cAMP Modulators in the Culture Media 

Currently, hormonal additives are universal components for all culture media in human 

IVM. Following the removal of immature oocytes from follicles there is a significant 

rapid decrease in intracellular cAMP concentrations; this is thought to lead to 
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asynchrony between oocyte nuclear and cytoplasmic maturation. FSH is used to 

promote cumulus oocyte complex (COC) expansion and the subsequent rise in cAMP 

activity leading to increased oocyte maturation (Downs, et al., 1988, Guoliang, et al., 

1994). The concentration of FSH added is relatively consistent across different 

laboratories, with 0.075 IU/mL being the concentration most widely used in clinical 

trials (Mikkelsen, et al., 2000, Mikkelsen, et al., 1999, Söderström-Anttila, et al., 2005). 

Concentrations up to ten times this have also been used (Le Du, et al., 2005), although 

no benefits in terms of maturation rates have been reported.  

In order to replicate the LH surge in vivo, recombinant LH or hCG are often added to 

the culture media. Studies in animal models have shown LH to be necessary in aiding 

embryo development (Brackett, et al., 1989) and maturation, at least in part via 

stimulation of progesterone synthesis (Jamnongjit, et al., 2005). In humans, it has been 

demonstrated that the addition of LH or hCG is not necessary for the maturation of 

oocytes in vitro (Hreinsson, et al., 2003). It was shown that hCG in the culture medium 

does not aid oocyte maturation in patients with PCOS (Ge, et al., 2008). However, 

superior implantation and live birth success rates following IVM have been reported 

from using a combination of FSH and hCG in the culture media (Junk, et al., 2012). 

Recent research has investigated the benefits of replacement of FSH and hCG in IVM 

culture media involving the inclusion of “pre-maturation” protocols. These have been 

reported in the literature as separate and/or complimentary to standard IVM protocols 

and include a recently published protocol including a pre-maturation period of two 

hours in cAMP modulators, known as simulated physiological oocyte maturation 

(SPOM), significantly increased blastocyst development and quality, as well as 

implantation, in mouse and bovine models (Albuz, et al., 2010). Similar effects were 

seen in sheep following the addition of forskolin and IBMX to the culture media as a 

substitute for FSH (Rose, et al., 2013). Similar research utilised the addition of 

epidermal growth factor (EGF)-like growth factors, AREG (amphiregulin) and EREG 

(epiregulin) leading to a significant increase in oocyte maturation and subsequent 

embryo development (Richani, et al., 2014). Initial testing of cAMP modulators (IBMX) 

in human participants demonstrated that it had no effect on the incidence of embryo 
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chromosomal aneuploidy rates (Spits, et al., 2015). Further large-scale trials into its 

effect on human IVM success rates are required. 

Growth Factors in the Culture Medium 

Theca and granulosa cells within the ovary are subject to endocrine and paracrine 

actions of insulin like growth factor (IGF-I). In humans, IGF-I promotes granulosa cell 

division and therefore functions to encourage cumulus cell expansion and facilitates 

nuclear maturation (Gomez, et al., 1993). In the presence of FSH, IFG-I has been found 

to have a positive effect on meiotic maturation and enhances protein, steroid and DNA 

synthesis in the presence of granulosa cells (Pawshe, et al., 1998). The addition of IGF-I 

to the culture media improves cleavage and blastocyst development rates in both the 

absence and presence of gonadotrophins during granulosa co-culture; however, these 

results were not replicable in the absence of co-culture conditions (Pawshe, et al., 

1998). 

Epidermal growth factor (EGF) also plays a significant part in IVM culture. It has been 

shown to aid in improving maturation rates (Gomez, et al., 1993, Goud, et al., 1998) by 

enhancing GV break down and polar body extrusion (Das, et al., 1991). EGF has also 

been shown to play a role in enhancing fertilisation when used as a supplement with 

cumulus intact oocytes (Goud, et al., 1998). Other members of the EGF family 

members, namely recombinant human AREG and EREG, also enhance maturation rates 

of oocytes in vitro (Goud, et al., 1998). 

Growth hormone (GH) in an in vitro setting has been widely studied in animal models, 

but the research is still lacking in a human model. In the rhesus macaque GH an 

increase in cumulus expansion and development of embryos to the nine-16 cell stage 

(Nyholt de, et al., 2010). Similar results were also produced in rats (Apa, et al., 1994).  

Granulocyte colony stimulating factor (G-CSF) and granulocyte macrophage colony 

stimulating factor (GM-CSF) are glycoproteins, which act as cytokines to contribute to 

cell growth and proliferation and the focus on them as potential biomarkers of success 

in ART research has increased in recent years. Both GM-CSF and G-CSF have been 

identified as biomarkers of embryo implantation as they play an important role in 
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endometrial receptivity (Lédée, et al., 2008, Robertson, 2007). These factors have now 

also caught the attention of IVM researchers with the supplementation of human 

recombinant G-CSF to IVM media in a porcine model demonstrating reduced 

intracellular reactive oxygen species (ROS) levels, contributing to improved 

cytoplasmic maturation and subsequent improved embryo development (Cai, et al., 

2015). In a dose-response experiment to determine the effects of GM-CSF 

supplementation in a bovine IVM model, it was found that GM-CSF increased cumulus 

cell proliferation; however, it was not found to improve rates of maturation or embryo 

development (Peralta, et al., 2013). The limited literature available on GM-CSF and G-

CSF as well as other growth factors, highlights that further research is necessary into 

their supplementation in IVM media before they can be implemented into routine IVM 

culture. 

Oocyte Secreted Factors (OSFs)  

Research into the oocyte secreted factors growth-differentiation factor nine (GDF9) 

and bone morphogenic protein fifteen (BMP15), that form part of the transforming 

growth factor β (TGFβ) superfamily, have shown they are imperative for functional 

fertility (Dong, et al., 1996, Galloway, et al., 2000). These factors produced by the 

oocyte, act through paracrine signalling as regulators of granulosa/cumulus cell 

expansion and differentiation (Gilchrist, et al., 2008, Otsuka, et al., 2011). In turn, the 

cumulus cells aid in oocyte maturation. Figure 1.8 demonstrates the coronal cells 

before and after maturation culture. The addition of commercially available 

recombinant GDF9 and BMP-15 to IVM media has had no effect on maturation or 

development; however, this is because it contains only the mature region dimers of 

these growth factors, which are not bioactive and only effect cumulus proliferation 

and not cell function. By contrast, a new complex of a pro-mature BMP-15 added to 

the culture media significantly increased blastocyst development and quality in a 

bovine IVM model through their positive effects on cumulus cell functionality 

(Sudiman, et al., 2014). Further research into GDF9 and BMP-15, as well as other yet to 

be identified factors, will be a welcome development. 
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Figure 1.8 Compact coronal cells surrounding GV stage oocyte at collection and 

expanded coronal cells following 24 hours in maturation culture. 

Meiosis Activating Sterols 

Whereas increasing intracellular concentrations of cAMP inhibits the oocyte from 

resuming meiosis, naturally occurring ‘meiosis activating sterols’ (MAS) in the follicular 

fluid (FF-MAS) have been found to help the oocyte recommence meiosis in mouse 

oocytes (Grøndahl, et al., 1998), and also in human oocytes (Grøndahl, et al., 2000). 

There is some evidence to show that the addition of FF-MAS to the culture medium 

may also aid in the developmental quality of embryos. Furthermore, addition of FF-

MAS has been demonstrated to have no effect on the chromosomal integrity of 

cultured embryos (Smitz, et al., 2007).  

Activin and Inhibins 

Inhibins are secreted by the granulosa to inhibit endocrine FSH secretion and are 

present in high concentrations in FF. Activins have the opposite function. A stimulating 

effect of activin on oocyte maturation has been found in a human model (Alak, et al., 

1998), although activin has been shown to have no effect on maturation in IVM of 

bovine oocytes (Izadyar, et al., 1996).  

Glutathione and Cysteamine 

Glutathione is a compound commonly found in all mammalian cells. The reduced form 

of glutathione (GSH) protects cells against damage from oxidative stress. It has, 

therefore, been shown to aid in oocyte and embryo development, particularly in 



 
 

49 
 

relation to cytoplasmic maturation (Eppig, 1996). Additionally, GSH is a necessary 

component for successful fertilisation. GSH has been shown to participate in sperm 

chromatin decondensation while aiding oocyte activation in porcine oocytes (Yoshida, 

et al., 1992). GSH levels are modulated by the relative abundance of thiol compounds, 

such as cysteamine. The addition of cysteamine during in vitro culture of bovine 

oocytes has been shown to elevate levels of GSH as its reduction to cysteine allows for 

one of the three building blocks required for GSH synthesis.. This in turn significantly 

improve rates of maturation and blastulation (de Matos, et al., 1995).  

Protein Source 

A source of additional protein is essential in the IVM culture media. In humans, a 

protein source may be derived from one of three main sources, HFF, inactivated 

autologous patient serum (human serum) or FBS. FBS and other animal sourced serum 

is not advised due to the risk of prion transmission and other contaminants during 

culture. HFF supplementation has been used in concentrations ranging from 30% (Son, 

et al., 2005) up to 70% (Yoon, et al., 2001). Patient serum is supplemented at either 

10% (Mikkelsen, et al., 1999, Söderström-Anttila, et al., 2005) or 20% (Child, et al., 

2001, Lin, et al., 2003). Heat-inactivated FBS has also been used at either 10% (Suikkari, 

et al., 2000) or 20% (Cha, et al., 2000, Chian, et al., 2000).  

The use of human serum in culture media provides a number of nutrients and factors 

that are involved in the maturation process. Some of these are responsive to hCG 

stimulation. There are, however, a number of negative aspects associated with using 

serum for the developing embryos. It contributes to ammonia formation, which can be 

damaging to embryo development through mitochondrial disruption as demonstrated 

in a mouse model (Gardner, et al., 1993). Serum also interrupts the aromatisation 

process involved in the conversion of androgens to oestrogens in granulosa cells 

(Salha, et al., 1998). Concentrations of amino acids, lipids, hormones, antibodies and 

other immunological mediators vary between women according to diet, genetics and 

infection status, such that serum can be highly variable in its potency and toxicity. 

Additionally, there is the risk of contributing unknown contaminants (microbial and 

otherwise) to the cultured embryos when using serum or HFF preparations. However, 
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it is not clear whether the negative effects of serum relevant to embryo culture also 

relate to in oocyte maturation culture. In most circumstances, oocytes are only 

exposed to homologous maternal serum for the first 24-48 hours of in vitro culture, 

depending on the protocol employed, and are then moved into commercial embryo 

culture media prior to insemination.  

Another advantage of protein additives in culture includes the suppression of ZP 

hardening which can occur after extended periods of maturation in culture (De Vos, et 

al., 2008, Junk, 1997). Therefore, the total time oocytes are cultured in maturation 

media is an important variable of IVM protocols. It has been reported that extended 

time in culture can significantly reduce embryo cleavage rates and blastocyst 

development rates (Son, et al., 2005).  

Zona Pellucida Hardening 

The need for ICSI in cases of IVM is, in part, attributed to the hardening of the ZP 

caused by the release of cortical granules by the oocyte (Ducibella, 1996). This 

hardening presents a barrier to sperm penetration, leading to a decrease in 

fertilisation capacity. Originally, microinjection was thought to be necessary to 

overcome this hardening. However, IVF can be used successfully to fertilise IVM 

oocytes (Söderström-Anttila, et al., 2005, Walls, et al., 2012). The hardening 

phenomenon is attributed to extended periods of culture (De Vos, et al., 2008, Junk, 

1997). With improvements in culture conditions and a decrease in the average culture 

time from 36-48 hours to 24-30 hours, the time in which the ZP hardening can 

progress is reduced. ZP hardening can be further overcome by the addition of serum or 

HFF to the culture media (Downs, et al., 1986). The addition of FBS is a common 

component used in animal IVM systems. However, to overcome the ethical issues and 

the potential transmission of infectious disease associated with its use with human 

oocytes, the patient’s own serum is often used. 

Oxygen Tension in Culture 

In conventional IVF, steps are now taken to mimic the environment in vivo by utilising 

low oxygen tension, similar to that experience by the embryo in vivo (Johnson, et al., 
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1994). While many laboratories around the world continue to use atmospheric levels 

of oxygen (approximately 20%), there is a general consensus in the ART field that low 

oxygen tension significantly improves clinical pregnancy and live birth rates (Bontekoe, 

et al., 2012). Consequently, most centres also use low oxygen tension in their IVM 

culture; however, a number of studies have tested the effects of varying oxygen 

tension in animal models on oocytes matured in vitro, with varying results. This may be 

explained by differing culture media and additives, as the oocytes metabolic 

requirements change according to changes in oxygen concentration. In a bovine 

model, maturation rates were shown to be significantly improved at 20% O2 compared 

to 5% or 10% (Pinyopummintr, et al., 1995). Similar results were found by Hashimoto 

et al. (2000), with higher rates of GV breakdown and MII formation observed in 

atmospheric oxygen concentrations. However, low oxygen concentration resulted in 

better embryo development (Hashimoto, et al., 2000). There appears to be a 

significant relationship between glucose concentration of media and oxygen tension 

during the period of in vitro maturation. This was demonstrated in a bovine model that 

showed high glucose concentrations are optimal for maturation in low oxygen tension 

(Oyamada, et al., 2004). 

There is the need to consider the two cell types involved in IVM culture, each with 

differing metabolic requirements. Cumulus cells require high glucose levels and exhibit 

limited oxidative metabolism, whilst the oocyte itself has a poor capacity to metabolise 

glucose; instead, it relies on oxidative metabolism using substrates supplied by 

cumulus cells. Due to this difference in oxidative needs, it may be optimal that IVM 

culture is performed at a higher O2 concentration than for embryo culture. This would 

enable a focus on supporting the environment of the cumulus cells, which in turn 

supports the oocyte. However, the optimum oxygen concentration to use during IVM 

of human oocytes has yet to be determined.  
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1.7 Fertilisation 

Fertilisation in Conventional Treatments 

ICSI is the preferred fertilisation technique of matured oocytes following IVM 

treatment. It was originally thought that the effects of ZP hardening and incomplete 

cytoplasmic and nuclear maturation would require ICSI for fertilisation to be achieved 

in IVM (Barnes, 1995). ICSI is an invasive fertilisation technique compared with IVF as 

direct sperm injection disrupts the ooplasm and carries a higher risk of oocyte 

degeneration (Davis, et al., 2003). In the normal process of treatment for a woman 

with unexplained infertility, tubal factor infertility, or mild male factor infertility, IVF is 

preferable as it enables the normal process of sperm selection for fertilisation to occur 

rather than by the artificial process of ICSI (Bhattacharya, 2001). Furthermore, ICSI is 

more expensive for the patients. The procedure involves complex and expensive 

equipment as well as a significant amount of staff time which needs to be considered 

when evaluating the cost of treatment that is generally passed on to the patient. 

Studies have shown that at two years of age there is no significant difference in 

developmental outcomes or birth defects of children born after ICSI when compared 

with those born after IVF (Bonduelle, 2003, Lie, et al., 2005). However, others have 

indicated a decrease in embryonic developmental capacity up to the blastocyst stage 

(Griffiths, et al., 2000). This reduction in developmental capacity appears to be 

associated with the volume of cytoplasm aspirated during the ICSI procedure. An 

increase in volume aspirated is negatively associated with blastocyst development 

though it is not associated with chromosomal abnormalities (Dumoulin, et al., 2001). 

Fertilisation in IVM  

Due to extended maturation culture timing, it was originally assumed that oocytes 

obtained following IVM culture would require ICSI due to hardening of the ZP. The first 

study to compare insemination techniques following IVM treatment reported that 

although fertilisation rates were significantly lower in the IVF inseminated group 

compared with the ICSI inseminated group, the embryo cleavage rates were higher in 

both the PCO-ovary group (85.7% vs. 61.9%) and PCOS group (82.5% vs. 70.9%) and 
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implantation rates were also higher (24.2% vs. 14.8%) (Söderström-Anttila, et al., 

2005). In a mouse model, similar fertilisation rates for ICSI and IVF were achievable in 

IVM oocytes (Lacham-Kaplan, et al., 2008). Results indicated lower fertilisation results 

for IVF (82%) compared with ICSI (98%) for those surviving the injection process, as the 

degeneration rate for the ICSI oocytes was relatively high (53%) which is often seen in 

mouse oocytes using standard ICSI techniques.  

IVF inseminated embryos also demonstrated higher developmental capacity with a 

higher percentage of embryos from the IVF group making it to the two, four, eight cell 

and blastocyst stages. The study did not test for implantation or on-going pregnancy 

rates. More recently, a sibling oocyte study comparing fertilisation techniques in IVM 

oocytes found no significant difference in fertilisation (59.6% vs. 67.9%), useable 

blastocyst development (41.2% vs. 47.4%), total blastocyst development (61.8% vs. 

55.3%) or implantation rates (42.9% vs 42.9%) between the two insemination 

techniques (Walls, et al., 2012) (Appendix 1). It is important to remember that 

although using sibling oocytes to compare techniques minimises confounding factors, 

there is a potential conflict in the timing at which maturation/fertilisation check is 

performed between ICSI and IVF. IVF oocytes are allowed an additional 24 hours prior 

to denudation and, therefore, additional time to undergo spontaneous maturation and 

potential for fertilisation.  

1.8 IVM Embryo Culture and Transfer Preparations 

Until recently, the most common culture period for human clinical IVM embryos was 

two to three days post insemination (Cha, et al., 2000, Child, et al., 2001, Söderström-

Anttila, et al., 2005). As with standard IVF treatment, blastocyst culture in IVM has 

become more prevalent in recent years. Successful blastocyst culture was first 

reported in two IVM case reports (Barnes, et al., 1995, Son, et al., 2002). It was then 

shown that blastocyst development rates decreased with time to maturation of IVM 

oocytes following hCG priming (Son, et al., 2005). Blastocyst culture is becoming more 

prevalent in IVM (Junk, et al., 2012, Pongsuthirak, et al., 2015). However, the number 

of days used for embryo culture of IVM oocytes prior to transfer or cryopreservation 
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generally reflects the standard culture practises used in the clinics performing the 

technique.  

Endometrial priming is required if IVM derived embryos are intended to be transferred 

in the same cycle as oocytes were collected. Priming of the endometrial lining of the 

uterus is achieved using oestrogen and progesterone supplementation and has been 

shown to be beneficial when administration begins at the mid-follicular timing of the 

cycle (Russell, et al., 1997). Other protocols for IVM endometrial priming have included 

1000IU of hCG at the time of oocyte collection and 300mg/day progesterone pessaries, 

after 48 h (Barnes, 1995) and 6 mg of oestrogen starting on the day of TVOA with 

400mg of progesterone twice a day for 16 days starting on the day of ICSI (Chian, et al., 

1999). Recently, increased rates of implantation and live birth were achieved using a 

protocol of oestrogen supplementation two days prior and progesterone 

supplementation commencing on the day of oocyte collection (Junk, et al., 2012).  

1.9 Birth and Long Term Outcomes of Children Following IVM treatment. 

Children born from IVF have a greater risk of congenital abnormalities (Davies, et al., 

2012), imprinting disorders and longer term health risks (Hart, et al., 2013, Hart, et al., 

2013). Furthermore, women with PCOS are more likely to need fertility assistance and 

have significant health concerns (Hart, et al., 2015) and their children are at a greater 

risk of medical complications in early life and childhood (Doherty, et al., 2015). Data 

available on the incidence of congenital birth defects following IVM treatment is 

limited. Incidence rates of 0% (Junk, et al., 2012, Söderström-Anttila, et al., 2006) 2.2% 

(Mikkelsen, 2005) and 7.9% (Cha, et al., 2005) have been reported but are based on a 

limited number of births. Additionally, one publication has now demonstrated no 

difference in congenital birth defects when compared to conventional IVF treatments, 

although sample sizes were again small (Fadini, et al., 2012). Finally, a recent 

publication provided an overview of all the available data on children born following 

IVM and concluded that “IVM does not appear to pose any significantly increased risk 

of poor obstetric outcomes or congenital abnormalities over those already accepted 

with IVF or other ARTs” (Chian, et al., 2014) 
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Table 1.2 demonstrates neonatal outcomes of IVM children reported in the literature. 

Other measurements of neonatal health including Apgar scores have been reported in 

multiple studies and are within normal ranges (Söderström-Anttila, et al., 2006) or 

show no significant difference to controls for singleton live births (Fadini, et al., 2012, 

Foix-L'Helias, et al., 2014, Shu-Chi, et al., 2006). The incidence of adverse outcomes is 

often confounded by multiple births as many IVF centres worldwide still routinely 

transfer multiple embryos, though evidence suggests this is not best practice (Pandian, 

et al., 2013). Regardless of multiple birth outcomes, the incidence of congenital birth 

defects, pre-term birth and low birth weight, which are often associated with ART 

treatments (especially in PCOS patients) are low following IVM treatment.  

There are currently no long-term data on children born from IVM. However, the 

limited literature available on the follow-up to children born from this technique does 

not demonstrate any adverse outcomes. The first study published on the development 

of children following IVM reported their findings after follow-up at 6, 12 and 24 

months. They found normal rates of physical growth at all stages as well as normal 

neurological and neuropsychological outcomes (Söderström-Anttila, et al., 2006). They 

found 8/43 children displayed minor developmental delay at 12 months (19%) but this 

had decreased to 3% at 24 months and was within the normal ranges displayed by the 

general population. However, there were no standard IVF controls included in the 

analysis.  

There are currently two publications comparing development profiles from IVM 

children vs. standard IVF controls (Foix-L'Helias, et al., 2014, Shu-Chi, et al., 2006). In a 

cohort of French children born following IVM or standard ICSI treatment, female 

infants born following IVM displayed increased mean weight, height, head 

circumference and body mass index (BMI) at birth compared to their controls. At two 

years of age, mean weight and BMI remained significantly higher than controls, 

although the authors conceded that these findings may be related to underlying 

infertility and PCOS rather than the IVM procedure (Foix-L'Helias, et al., 2014). Prior to 

this, a study had found no difference in height or weight between IVM conceived and 

control infants at 6 and 24 months of age. Furthermore, there was no difference in 

mental developmental index and psychomotor scores between the two groups 
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according to the Bayley scale of infant development (Shu-Chi, et al., 2006). Whilst the 

growth and development of children conceived through IVM technology appears to fall 

within normal limits, there is a clear need for future research into developmental 

outcomes beyond 24 months of age into adolescence and early adulthood. 

The Risks of Aneuploidy and Epigenetic Variation 

There is very little evidence of the effects of IVM on the risk of embryo chromosomal 

aneuploidy. Two case control studies utilising fluorescence in-situ hybridisation (FISH) 

to compare chromosomes 13, 15, 16, 18, 21, 22, X and Y reported no difference in the 

incidence of chromosomal abnormality between IVF and IVM derived embryos 

(Requena, et al., 2009, Zhang, et al., 2010). However, it was found that increasing 

concentrations of recombinant FSH in IVM culture led to increased rates of aneuploidy 

detected by FISH techniques (Xu, et al., 2011). Only one study has reported on the use 

of array comparative genomic hybridisation (aCGH) with IVM derived embryos. CGH is 

considered a more comprehensive and reliable platform which assesses the entire 

chromosomal complement (Spits, et al., 2015). This study involved the addition of the 

phosphodiesterase inhibitor IBMX into the culture media and rates of aneuploidy were 

found to be similar to the researchers previously published data from standard IVF 

treatments (Mertzanidou, et al., 2013). The limited data available in regards to 

aneuploidy and IVM highlights the need for more research in this area in both human 

and animal models.  

Similar to the risks of aneuploidy, concerns have been raised about the possible 

interference of IVM with epigenetic mechanisms, and in particular with genomic 

imprinting. A systemic review of the risks of imprinting defects following oocyte 

culture in animal studies, show reassuring evidence of correct imprinted DNA 

methylation while highlighting the need for further research (Anckaert, et al., 2013). 

Additionally, research into the impacts of IVM on epigenetic variation in human 

oocytes is limited, and there is currently no information available on a genome wide 

scale. Instead, researchers have focused on the analysis of selected imprinting genes 

and their error rates following IVM treatment. In one study of IVM it was found that 

for the selected genes LIT1, SNRPN, PEG3 and GTL2, there were no significant 
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increases in imprinting mutations (Kuhtz, et al., 2014). In a more recent study, 

researchers compared six imprinting, five tumor-supressor, two pluripotency and two 

metabolic genes from cord-blood and chorionic villus samples. Two repetitive 

elements were included to detect genome-wide DNA methylation changes in both, to 

detect allele methylation errors and found no difference in epigenetic changes 

between samples from 11 IVM and 19 IVF control neonates (Pliushch, et al., 2015). 

Therefore, while there is a clear need for further research, the limited data available so 

far is reassuring with respect to the continued use of IVM as a treatment for infertility. 
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SD represents standard deviation  

Table 1.2 Reported neonatal outcomes following IVM treatment 

Publication 
Twin 
Live 
births 

Singleton 
Live 
births 

Congenital 
birth defects 
(%) 

Mean Birthweight 
grams ± SD 
(twins) 

Pre-Term 
Birth <37 
weeks 
(twins) 

Other comments 

(Cha, et al., 2005) 4 24 2 (8.3) 
3252 ± 516 
(2361 ± 304) 

1 
2 (one set) 

Additional case reported of omphalocele and 
death in utero following a twin pregnancy. 
Remaining infant resulted in a healthy live birth. 

(Mikkelsen, 2005) 2 
46 
 

1 (2.2) 3720 
1 
2 (one set) 

One stillbirth 

(Söderström-Anttila, 
et al., 2006) 

6 40 0 (0) 
3550 ± 441 
(2622 ± 194) 

2 
(4) 

Reported minor developmental delay over 
expression at 12 months with normal 
development at 2 year follow-up 

(Fadini, et al., 2012) 43 153 
10, 2 from 
twin births 
(6.5) 

3269 ± 616 
(2311 ± 577) 

26 
(15) 

IVF controls included, singleton IVM live births 
showed significantly higher birthweights and 
IVM twin live births reported significantly lower 
gestational age at birth. 

(Foix-L'Helias, et al., 
2014) 

4 34 Not reported 3119.5 ± 871 Not reported 
Also reported on growth and development at 
birth, 12 and 24 months 
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1.10 Conclusions 

The processes of folliculogenesis and oogenesis are highly complicated processes 

coordinated over an extended period. The follicular pool in the female begins during 

fetal life, with the number of potential oocytes declining rapidly during a female’s 

lifetime. Generally only a single oocyte will develop to the point of ovulation for each 

37 follicles recruited into the growth phase (Faddy, et al., 1996). The use of 

gonadotrophin stimulation to encourage the growth and development of more follicles 

has enabled the continuing success of traditional IVF treatments to date. However, 

there are a number of patients for whom exogenous gonadotrophin stimulation can 

cause adverse outcomes or for whom the use of stimulatory medications is 

unnecessary. 

The ultimate goal for any ART treatment is a healthy singleton live birth and clinics 

throughout the world aim to maximise the chance of achieving this outcome. OHSS 

remains a significant adverse outcome of FSH stimulation that has both physical and 

financial consequences. In recent years there has been a focus on research to minimise 

rates of OHSS, including the use of metformin (Costello, et al., 2006), antagonist 

protocols (Youssef, et al., 2014), dopamine agonists (Cabergoline) (Tang, et al., 2012) 

and freezing all embryos to avoid increasing the risk of late onset OHSS when 

implanting an embryo in a fresh cycle. These methods have had a significant impact on 

the reduction of OHSS, especially for PCOS patients; however, IVM remains the only 

treatment option available that appears to eliminate this risk. Additionally, in 

circumstances such as FSH resistant ovaries, without IVM, the only other option 

available to the patient is oocyte donation. IVM availability in the clinic also maximises 

treatment options for both the patients and clinicians to avoid cycle cancellation in 

those situations where standard IVF treatments are not suitable, such as when treating 

oestrogen sensitive cancers or at the time of oophorectomy.  

With the success rates of IVM improving in some clinics and research showing no 

negative outcomes in children conceived following this treatment, the increased 

adoption of IVM in clinical practise is likely. Indeed, the development of commercial 

culture media to potentially improve success rates, together with standardising and 
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simplifying protocols will aid in the adoption of IVM into standard clinical and 

laboratory practice. There remains however, a clear need for more robust research 

into various aspects of IVM treatment. Large scale, multicentre, randomised control 

trials are desirable in relation to IVM research, but are unlikely in the near future. 

However, these are also difficult to achieve, as IVM treatment is still used sparsely 

around the world and protocols differ considerably between clinics. Instead, 

retrospective, multicycle data comparing the outcomes IVM with IVF in both fresh and 

FET cycles will help add to the information currently available in the literature.  

Recent advances in technology for embryo culture systems have also led to the 

inclusion of time-lapse incubation systems in the ART laboratory. The primary focus of 

this technology has been focusing on developing models for embryo selection and de-

selection. However, these incubation systems also provide the unique ability to 

monitor embryo development continuously, allowing for more in depth analysis into 

embryo kinetics. Therefore, this technology can and should be utilised as an accurate 

way to measure differences between patient groups, treatment types and culture 

conditions and the effects these have on developing embryos. This is a logical 

progressive step for IVM research.  

IVM treatment meets the objectives of many areas of science research by adopting a 

more sustainable, minimally invasive approach to fertility treatment. IVM has the 

potential to be a more patient friendly, cost effective treatment option whilst yielding 

rates of success similar to those expected following standard IVF treatment. 
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Chapter 2: In vitro Maturation as an Alternative to 

Standard In vitro Fertilisation for Patients Diagnosed 

Polycystic Ovaries: A Comparative Analysis of Fresh, 

Frozen and Cumulative Cycle Outcomes. 

 

2.1 Abstract 

Study question: Is in vitro maturation (IVM) as successful as standard in vitro 

fertilisation (IVF) for the treatment of patients with polycystic ovaries in terms of fresh, 

frozen and cumulative pregnancy outcomes? 

Summary answer: Whilst there was no difference in the chance of a live birth or a 

clinical pregnancy with a frozen embryo transfer (FET) cycle between IVM and 

standard IVF treatments, the success rates of clinical pregnancy and live birth were 

lower in the IVM group for fresh and cumulative outcomes. 

What is known already: IVM is well recognized as the only treatment option to 

eliminate the incidence of ovary hyperstimulation syndrome. However, historically 

IVM has been less successful than standard IVF in terms of clinical pregnancy, 

implantation and live birth rates. 

Study design, size, and duration: This paper represents a retrospective case-control 

study. The study involved 121 participants who underwent 178 treatment cycles. 

Cycles were completed between March 2007 and December 2012. All fresh cycles and 

subsequent FET cycles were included in the analysis to calculate cumulative outcomes. 

Participants/materials, setting, and methods: All participants were prospectively 

diagnosed with PCO or PCOS and underwent either IVM or standard IVF treatment. 

Their treatment outcomes were analysed with regard to embryological data, and the 

rate of biochemical pregnancy, clinical pregnancy, and live birth, in addition maternal 

and neonatal outcomes were assessed. Fifty-six patients underwent 80 cycles of IVM 

treatment and 65 patients underwent 98 cycles of standard IVF treatment.  
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Main results and the role of chance: For Fresh cycles, the difference was not 

statistically significant for the biochemical pregnancy, clinical pregnancy or miscarriage 

rates between the two treatment groups. The IVM group showed significantly lower 

live birth rates in fresh cycles in comparison to standard IVF treatment (18.8% versus 

31.0% p=0.021). For FET cycles the difference was not statistically significant for 

biochemical pregnancy, clinical pregnancy, live birth or miscarriage rates between the 

two treatments groups. The cumulative biochemical pregnancy (67.5% versus 83.7%, 

[p=0.018]), clinical pregnancy (51.3% versus 65.3%, [p=0.021]) and live birth rates 

(41.3% versus 55.1%, [p=0.005]) were significantly lower in the IVM group in 

comparison to the standard IVF treatment group. There was no overall difference in 

the cumulative miscarriage rates between the two treatment groups. There was no 

difference between treatment methods with regard to the neonatal outcomes, and 

the IVM group had a significantly lower rate of OHSS (0% versus 7.1%, [p<0.001]). 

Limitations, reasons for caution: This was an observational study and further 

randomized clinical trials are required to clarify the difference in outcomes between 

standard IVF and IVM for patients with PCO/PCOS. 

Wider implications of the findings: This is the first study to compare IVM to standard 

IVF in PCO/PCOS patients using blastocyst development and single embryo transfer 

(SET). Furthermore, it is the first study to show the results of fresh, frozen and 

cumulative treatment cycle outcomes between the two groups. Our results show 

similar success rates to those reported from other groups, particularly in relation to 

the incidence of miscarriage in fresh IVM cycles and improved success from FET cycles. 

Maternal and neonatal outcomes are consistent with the limited literature available.  

2.2 Introduction 

IVM as a clinical treatment option has delivered success in terms of reducing the risks 

and side effects involved with gonadotrophin stimulation for women embarking on 

standard IVF treatment, while offering an acceptable chance of conception 

(Lindenberg, 2013). IVM treatment has repeatedly shown to eliminate the risk of OHSS 

(Fadini, et al., 2009, Gremeau, et al., 2012, Junk, et al., 2012). Patients with PCO or 
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PCOS are at a much higher risk of developing OHSS than those without the conditions 

(MacDougall, et al., 1993). These are patients who respond well to IVM treatment due 

to their increased antral follicle count (Child, et al., 2001). 

Due to the lack or minimal use of stimulation, IVM may also significantly reduce the 

costs associated with fertility treatment (Hovatta, et al., 2006). These reduced costs 

and side effects usually come at the expense of clinical pregnancy success rates when 

compared to standard IVF techniques. To date, there have only been two studies 

which directly compared the outcomes of standard IVF with IVM treatment in 

PCO/PCOS patients, both of which reported significantly lower clinical implantation in 

the IVM group (Child, et al., 2002, Gremeau, et al., 2012). Neither of these papers 

reported on blastocyst development comparisons between the two treatment groups. 

Furthermore, the studies did not separately assess fresh and FET cycles or use a SET 

strategy to reduce the risks associated with multiple pregnancies. 

A modified IVM protocol recently demonstrated clinical pregnancy success rates as 

high as 44.7% for patients with PCOS (Junk, et al., 2012). Similar success rates were 

achieved when using this protocol to compare IVF and ICSI fertilisation techniques in 

IVM (Walls, et al., 2012) (Appendix 1). This paper reports on the use of this modified 

protocol for patients undergoing IVM treatment in comparison to standard IVF 

treatment. In order to compare the embryological characteristics, pregnancy and live 

birth rates, as well as the incidence of OHSS, in women with PCO/PCOS, we analysed 

the results of six years of fertility treatment data from a single clinic from women with 

prospectively recorded PCO ovaries or with PCOS who underwent either IVM or 

standard IVF treatment. 

2.3 Materials and Methods 

Patient Cohort and Data Collection 

All patients underwent either standard IVF or IVM treatment in the years 2007-2012 at 

FSWA. Subfertile patients were eligible for inclusion in the study if they were 

prospectively diagnosed with either PCO or PCOS, under 37 years of age, with a BMI 

under 35. The Rotterdam criteria were used to define PCOS and PCO morphology 
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(Rotterdam, 2004) with the diagnosis being confirmed by examination of the patient’s 

clinical record. Eighteen patients received both treatment methods over this time and 

were therefore excluded from the analysis to ensure independent treatment groups 

were analysed. 

IVM Treatment Regime 

Hormonal Priming 

All IVM patients had a blood test on day two of their cycle for circulating hormone 

levels and were considered ready to commence treatment once the following were 

achieved; oestrogen (≤ 250 pmol/L), progesterone (≤ 3.5 nmol/L), FSH ( ≤ 10 IU/L), LH ( 

≤ 10 IU/L), and prolactin (≤ 500 µU/L). A transvaginal ultrasound scan was performed 

to determine the number of antral follicles on each ovary. Gonadotrophins were 

administered for three to six days, subcutaneously (FSH priming). The normal dosage 

being 100-150 IU of recombinant FSH using either Gonal-F (Merck-Serono, Frenchs 

Forest, NSW, Australia) or Puregon (Merck Sharp and Dohme, South Granville, NSW, 

Australia). The patient underwent an additional transvaginal ultrasound scan on day six 

of their cycle, all follicles greater than four mm were recorded. Once a follicle 

approximately 10 mm in diameter was observed, the patient was considered ready for 

oocyte collection within the following 72 hours. 

Oocyte Collection 

All patients were administered a general anaesthesia. A 16 gauge double lumen needle 

(Cook Medical, Brisbane, Queensland, Australia) was then inserted through the vaginal 

wall into the ovary using trans-vaginal ultrasound guidance. A Cook vacuum pump 

(Cook Medical) was used with pressure maintained at 175 mmHg. Each immature 

follicle was drained and flushed up to three times using compound sodium lactate 

(Hartmann’s) solution (Baxter Healthcare, Toongabbie, NSW, Australia) supplemented 

with heparin (Pfizer, West Ryde, NSW, Australia). The COCs were identified by sight, 

removed from the collection fluid using a sterile glass pipette and washed in G-2Plus 

media (Vitrolife, Sweden) supplemented with 10% heat inactivated (HI) homologous 
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maternal serum, in a small petri dish. The COCs were then transferred to the 

laboratory. 

Oocyte Maturation Culture and Preparation for Insemination 

Once in the laboratory, the oocytes were individually distributed for maturation 

culture into 20 µL droplets of G-2Plus culture medium, supplemented with 10% v/v 

homologous maternal serum, 0.1 IU/mL recombinant FSH (Puregon, Merck Sharp and 

Dohme, South Granville, NSW, Australia) and 0.5 IU/mL hCG (Pregnyl, Merck Sharp and 

Dohme) under sterile mineral oil. The immature oocytes were cultured for 24 hours at 

37 oC in an atmosphere of 6% CO2, 5% O2 and 89% N2. After this time, the oocytes were 

denuded to assess maturation status if undergoing ICSI insemination, and were 

deemed mature by the presence of the first polar body. If the oocytes were to be 

inseminated by IVF, they were transferred with cumulus cells intact, to a new dish 

containing G-IVF (Vitrolife, Sweden) and covered in sterile mineral oil. 

Endometrial Preparation 

Hormone replacement therapy (HRT) was initiated two days prior to egg collection, 

whereby patients were administered three mg of oestradiol valerate (Progynova; 

Merck Sharp and Dohme) orally, three times per day. On the day of egg collection the 

dose was decreased to two mg Progynova orally, three times per day. Twenty four 

hours post egg collection the patient commenced 400 mg progesterone pessaries, 

three times per day, or Crinone (Merck-Serono) 90 mg twice a day. The progesterone 

regime continued until the pregnancy test 15 days post ET. If the test was positive, the 

regime continued for 12 weeks of pregnancy; if negative, the regime was ceased. 

Standard IVF Treatment 

Hormonal Stimulation 

For standard IVF patients, 67 received a gonadotrophin releasing hormone (GnRH) 

antagonist treatment cycle and 60 received a GnRH agonist protocol, 47 of which were 

performed prior to 2010 with publications demonstrating the benefit of antagonist 
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cycles leading to a reduction in the incidence of OHSS, our protocol for PCO/PCOS 

patients changed to predominantly antagonist only cycles. 

For antagonist treatment, patients commenced gonadotrophin injections on day three 

of their menstrual cycle at the prescribed dose, according to the treating clinician’s 

choice. Serum oestradiol, progesterone and luteinising hormone measurements were 

reviewed on the sixth day of stimulation and gonadotrophin dose adjusted if required. 

Hormonal profile and ovary ultrasound examination monitored follicular development 

with all follicles greater than 0.9 mm recorded and 250 µg of Cetrotide (Merck-Serono) 

or Orgalutran (Merck Sharp and Dohme) 0.25 mg was administered daily when a 

leading follicle of 14 mm or serum oestradiol level of 1000 pmol/L was achieved. 

Ovulation was triggered by the use of a recombinant hCG trigger, Ovidrel 250 μg 

(Merck-Serono) or Pregnyl 5000 IU (Merck Sharp and Dohme) when at least one 

leading follicle was above 17 mm with two - three other follicles greater than 14 mm. 

For a GnRH agonist protocol, patients underwent a mid-luteal blood test to check for 

ovulation and if deemed to be approximately one week prior to their expected period, 

commenced on 10 IU Lucrin daily, reducing to 4 IU daily after 7 days or commenced 

Synarel (Pfizer) one puff twice daily, continued until the trigger injection. Patients 

underwent a baseline blood test on day 2 of their menstrual cycle and if levels were 

deemed appropriate, received 4 IU Lucrin daily or 1 puff twice daily of Synarel until the 

day of trigger. Gonadotrophin injections were commenced on day three at the treating 

clinicians prescribed dose. Oestrogen and progesterone levels were reviewed on day 6 

and the gonadotrophin dose adjusted as required. Ovulation trigger (Ovidrel, Merck-

Serono) was administered when 3 or more leading follicles were >18 mm diameter 

with coasting or freezing all embryos considered if there were more than 20 follicles 

>14mm diameter or if the progesterone concentration >5 nmol/l.  

Oocyte Collection and Preparation for Insemination 

TVOA was performed 34-36 hours after the trigger injection. All patients were 

administered a general anaesthesia. A 16 gauge double lumen needle (Cook Medical) 

was then inserted through the vaginal wall into the ovary using trans-vaginal 
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ultrasound guidance. Using a Cook vacuum pump (Cook Medical, Brisbane, 

Queensland, Australia), with pressure maintained at 125mm/Hg, each mature follicle 

was drained and flushed up to three times using compound sodium lactate 

(Hartmann’s) solution (Baxter Healthcare, Toongabbie, NSW, Australia) supplemented 

with Heparin (Pfizer, West Ryde, NSW, Australia). COC’s were identified by sight, 

removed from the collection fluid using a sterile glass pipette and washed in G-IVFPlus 

(Vitrolife, Sweden) in a small petri dish. The COCs were then transferred to G-IVFPlus 

media (Vitrolife, Sweden) and transported to the laboratory. Oocytes undergoing IVF 

insemination were moved into a dish containing G-IVF (Vitrolife) and covered in sterile 

mineral oil. Oocytes undergoing ICSI insemination underwent the same procedure of 

denuding as IVM oocytes with the presence of the first polar body indicating maturity. 

Endometrial Preparation 

Luteal support was provided using either progesterone pessaries or Crinone (Merck-

Serono), commenced three days post trigger with an option of additional 1500 IU 

recombinant hCG (Pregnyl; Merck Sharp and Dohme) prescribed in the luteal phase six 

days post trigger. 

Fertilisation and Embryo Culture 

For both standard IVF and IVM treatments, insemination was performed using either 

IVF or ICSI (with the IVM group predominantly using ICSI). Indications for ICSI included 

significant oligozoospermia, asthenozoospermia, teratozoospermia, greater than 50% 

anti-sperm antibodies, sperm DNA fragmentation greater than 25% or poor/failed 

fertilisation in a previous IVF cycle. Approximately 16-18 hours post 

insemination/injection all oocytes from both treatment groups were checked for signs 

of fertilisation. Fertilisation was defined by the presence of two pronuclei and two 

polar bodies. The embryos were transferred to G-1Plus medium (Vitrolife, Sweden) for 

a further 48 hours of culture. The embryos were then transferred to 20 µL droplets of 

G2Plus medium (Vitrolife, Sweden) and cultured for an additional 48 hours. After this 

time, embryo development was assessed and blastocyst stage embryos graded 

(Dokras, et al., 1993). Grade one blastocysts have good cellular development of both 

the inner cell mass (ICM) and trophectoderm (TE), grade two blastocysts have average 
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development of the ICM and TE, while grade three embryos have poor cellular 

development. For ET or vitrification, only grade one or grade two embryos were 

selected. 

In the standard IVF group, one patient underwent a double ET in a fresh cycle. For the 

remaining standard IVF patients and all IVM patients, a single blastocyst was 

transferred. The embryo with the best morphological grade was selected for transfer. 

Serum hCG levels were measured 10 days post ET and the results recorded. A 

biochemical pregnancy was recorded as a serum hCG level ≥ 30 IU and a clinical 

pregnancy was classified by the presence of a fetal sac on ultrasound scan at 6-7 weeks 

gestation. Supernumerary grade one and grade two blastocysts were cryopreserved by 

vitrification (Cook Medical, Brisbane, Queensland, Australia) for use in future 

treatment cycles. 

Frozen Embryo Transfer (FET) Treatment Regime 

The protocols used for FET cycles utilised either a low dose recombinant FSH 

stimulation or HRT. With low dose recombinant FSH stimulation, patients commenced 

stimulation on day three of their menstrual cycle. The usual starting dose of 

recombinant FSH was 50 IU using either Gonal-F (Merck-Serono, Frenchs Forest, NSW, 

Australia) or Puregon (Merck Sharp and Dohme, South Granville, NSW, Australia) and 

this was titrated according to serum oestradiol. Response to stimulation was assessed 

with serum monitoring of oestradiol and ultrasound assessment of follicular 

development and endometrial thickness, commencing on day 7-10 of the menstrual 

cycle (depending upon normal cycle length) with adjustment of the dose of 

recombinant FSH if required. When there was evidence of a LH surge, or when good 

follicular and endometrial development was recorded, 250 μg of recombinant hCG, 

Ovidrel, (Merck-Serono) or Pregnyl 5000 IU (Merck Sharp and Dohme) was 

administered sub-cutaneously to trigger ovulation.  

For a HRT cycle, a patient commenced oestradiol orally from the second day of the 

menstrual cycle at a dose of 2 mg, three times per day. Monitoring of endometrial 

thickness was performed with transvaginal ultrasound monitoring and a serum 

measurement of progesterone was performed when ultrasound assessment 
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demonstrated a minimal endometrial thickness of 7 mm. If the endometrial thickness 

was less than 8 mm, oestradiol was continued for a further week and endometrial 

thickness re-evaluated. When the endometrial thickness exceeded 8 mm, 400 mg 

progesterone pessaries or Crinone (Merck-Serono, Frenchs Forest, NSW, Australia) 

were commenced three times per day and ET was scheduled. 

Ethics Approval 

Ethics approval for IVM treatment was granted by the Curtin University Human 

Research Ethics Committee (HREC) in line with the guidelines established at FSWA. All 

patients in both treatments groups consented to the use of non-identifiable data 

resulting from their treatment for possible future research as part of their routine 

cycle information and consenting procedures discussed with their treating clinician. 

Data Analysis 

Descriptive statistics for continuous data were based on means and standard 

deviations or medians, interquartile ranges and ranges, according to data normality. 

Log transformations were performed to achieve data normality where necessary. 

Frequency distributions were used to summarise categorical data. Univariate 

comparisons of demographic characteristics and maternal/neonatal outcomes 

between treatment groups were made using Mann-Whitney tests for continuous 

outcomes and Chi square tests for categorical outcomes. Embryology and pregnancy 

outcomes were analysed using multivariate mixed models with the generalised 

estimating equation approach to account for correlation between repeated measures. 

All treatment estimates were adjusted for differences in baseline characteristics and 

known influential factors, such as age at start of cycle, cycle number and pregnancy in 

the previous cycle. Treatment effects were presented as incidence rate ratios (RR) or 

odds ratios (OR) together with 95% confidence intervals (CI). Stata statistical software: 

Release 12 (StataCorp 2011, College Station, TX) was used for data analysis. All tests 

were two-tailed and p-values <0.05 were considered statistically significant. 
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2.4 Results 

Patient characteristics are displayed in Table 2.1. The difference was not statistically 

significant in their age, BMI or the duration of infertility in months. The total number of 

fresh cycles ranged from one to four for the IVM group and one to five for the 

standard IVF group; there was no difference between treatment groups in the median 

number of fresh cycles. The IVM group had significantly higher rates of a PCOS 

diagnosis (p=0.047) and the standard IVF group had higher rates of male factor 

infertility (p=0.028). There were significantly more follicles identified per patient at the 

final ultrasound scan in the IVM group (p<0.001), although this may be because small 

(<9 mm) follicles were often not recorded during standard IVF. The duration of 

stimulation, mean consumption of gonadotrophins and peak oestrogen level were all 

significantly higher in the standard IVF group (p<0.001) 

*By Rotterdam criteria, all subjects had PCO morphology 

# Data represents mean ± standard deviation per cycle. 

P-values were obtained from generalised linear regression analysis, which accounted for the 

correlation between cycles on each woman. 

Table 2.2 represents the embryology outcomes for the two treatment groups. The IVM 

group showed a significantly lower proportion of mature oocytes (p<0.001), but the 

difference in the mean number of mature oocytes retrieved per patient was not 

statistically significant (p=0.055). In the IVM group there were significantly fewer 

Table 2.1 Patient characteristics 

 IVM N=56 IVF N=65 p-value 

Number of Fresh Cycles (Total) 80 98  

Age (Median, IQR) 31.9 (28.0-34.3) 32.6 (29.6-36.0) 0.063 

BMI (Median, IQR) 22.5 (20.0-26.3) 23.0 (21.0-28.0) 0.416 

Duration (months) of Infertility (Med, IQR) 12.0 (7.3-36.0) 21.0 (8.0-48.3) 0.218 

Number of Fresh Cycles (Range) 1 (1-4) 1 (1-5) 0.777 

Polycystic ovary syndrome* (%) 71 54 0.047 

Male Factor Infertility (%) 21 40 0.028 

No. Follicles at Final ultrasound Scan# 38.8 ± 17.5 19.9 ± 9.2 <0.001 

Duration of Stimulation in Days#  4.4 ± 1.6 10.0 ± 2.1 <0.001 

Mean consumption of gonadotrophins# 594 ± 244.4 1505 ± 688.7 <0.001 

Peak oestrogen (E2) level# 1329 ± 1436.1 8036 ± 5196.8 <0.001 
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normally fertilised oocytes overall (p<0.001) and mean per patient (p=0.015). For those 

oocytes fertilised by ICSI, there was no statistically significant difference in 

degeneration rates between the two groups (7.2% versus 8.2%) (p=0.472). Per patient, 

the mean number of useable and total blastocysts was significantly lower in the IVM 

group (p<0.001). However, overall useable and total blastocyst development rates 

were similar (p=0.505, p=0.717). There was also no difference between treatments in 

the rate of failed blastocyst development resulting in no embryo being available for 

transfer. 

# IRR represents the incidence rate ratio of the outcome in the IVM group when compared with 

the IVF group (reference). All incidence rates were adjusted for age at start of cycle, primary 

infertility, male factor, PCOS status, cycle number and clinical pregnancy in the previous cycle. 

*estimates represent odds ratios and 95% confidence intervals 

Table 2.3 represents the pregnancy, miscarriage and live birth outcomes from fresh, 

frozen and cumulative cycle data. Of the 80 fresh cycles of IVM undertaken, 64 fresh 

SETs were performed; of the 98 standard fresh IVF treatment cycles performed, 58 

were fresh SETs. In the IVM group 14 cycles resulted in failed blastocyst development 

Table 2.2 Embryology outcomes of in vitro maturation (IVM) versus IVF treatment 

 IVM IVF IR (95% CI) p-value 

No. of oocytes     

Total 1058 1528   

Mean per patient ±SD 13.2 ± 6.07 15.6 ±7.81 0.87 (0.75-1.01) 0.073 

No. mature oocytes available 767 1215   

Total (%) 73 80  <0.001 

Mean per patient ±SD 9.6 ± 4.87 12.5 ± 8.04 0.81 (0.66-1.00) 0.055 

No. mature oocytes fertilised 525 937   

Total (%) 68% 77%  <0.001 

Mean per patient ±SD 6.6 ± 3.59 9.7 ± 5.89 0.67 (0.55-0.81) 0.015 

No. useable blastocysts 
formed 

198 370   

Total (%) 38 40  0.505 

Mean per patient ±SD 2.5 ± 2.1 3.9 ± 3.40 0.51 (0.39-0.67) <0.001 

Total no. blastocysts formed 238 434   

Total (%) 45 46  0.717 

Mean per patient ±SD 3.0 ± 2.41 4.6 ± 3.63 0.52 (0.41-0.67) <0.001 

No. Failed blast development 
Total (%) 

14/80 
16 

13/98 
14 

 
2.4 (0.90-6.41)* 

 
0.323 
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with no suitable embryos for either fresh or frozen transfer and two freeze-all cycles 

were performed, one due to a thin endometrium and one at the patient’s request for 

social reasons. In the IVF group, 13 cycles resulted in failed blastocyst development 

with no suitable embryos for either fresh or frozen transfer and 27 cycles resulted in a 

freeze-all, seven of which were due to moderate to severe OHSS and the remaining as 

a precaution to avoid OHSS. Of the 80 fresh IVM cycles, 48 had more than one embryo 

suitable for transfer and of the 98 standard IVF cycles, 68 had more than one embryo 

suitable for transfer. Of the 64 fresh IVM cycles resulting in an ET, 21 had one 

additional FET and 16 resulted in more than one FET from embryos generated in that 

cycle. Of the two freeze-all cycles in the IVM group, one patient had only one embryo 

frozen and has yet to return for an FET. The other patient fell pregnant from her first 

FET and has yet to return for a subsequent FET. Of the 58 standard IVF cycles resulting 

in an fresh ET, 18 had one additional FET and 16 had two or more subsequent FET’s 

resulting from embryos generated in that cycle. Of the 27 freeze-all cycles in the 

standard IVF group, eight went on to have one FET and 16 had two or more 

subsequent FET’s from embryos generated in that cycle. 
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Odds ratio compares the IVM group to the IVF group (reference). All estimates were adjusted for age at start of cycle, primary infertility, male factor, PCOS status, 

cycle number and clinical pregnancy in the previous cycle.*includes two sets of twins, **represents Incidence rate ratio (some transfers produced >1 live birth), ET 

=embryo transfer 

Table 2.3 Pregnancy, miscarriage and live birth outcomes from fresh, frozen and cumulative cycle data  

 IVM IVF 
Odds Ratio 
(95% CI) 

p-value 

Fresh transfers (Per ET) N=64 N=58   

Biochemical pregnancy 28/64 43.8% 23/58 39.7% 0.71 (0.29-1.71) 0.446 

Clinical pregnancy 19/64 29.7% 21/58 36.2% 0.52 (0.21-1.28) 0.158 

Live birth 12/64 18.8% 19/58* 31.0% 0.59 (0.38-0.92)** 0.021 

Miscarriage 7/19 36.8% 4/21 19.0% 1.50 (0.27-8.21) 0.642 

Frozen transfers (Per ET) N=62 N=117   

Biochemical pregnancy 26/62 41.9% 59/117 50.4% 0.61 (0.28-1.30) 0.199 

Clinical pregnancy 22/62 35.5% 43/117 36.8% 0.77 (0.37-1.60) 0.484 

Live birth 21/62 33.9% 35/117 29.9% 1.01 (0.49-2.09) 0.986 

Miscarriage 1/22 4.5% 8/43 18.6% 0.36 (0.06-2.32) 0.285 

Cumulative (Per egg collection) N=80 N=98   

Biochemical pregnancy 54/80 67.5% 82/98 83.7% 0.64 (0.45-0.93) 0.018 

Clinical pregnancy 41/80 51.3% 64/98 65.3% 0.64 (0.44-0.94) 0.021 

Live birth 33/80 41.3% 54/98* 55.1% 0.57 (0.39-0.84) 0.005 

Miscarriage 8/41 19.5% 12/64 18.8% 1.01 (0.45-2.23) 0.987 
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After adjustment for age at treatment commencement, primary infertility, male factor 

infertility, PCO or PCOS status, cycle number and clinical pregnancy in the previous 

cycle, the difference was not statistically significant in the biochemical pregnancy, 

clinical pregnancy or miscarriage rates between the two treatment groups. There 

were, however, significantly fewer live births in the IVM treatment group (p=0.021). 

From these fresh cycles a further 62 FET cycles were performed in the IVM group and 

117 in the standard IVF group, resulting in no statistically significant differences in the 

biochemical pregnancy, clinical pregnancy, live birth or miscarriage rates between the 

two treatments groups. Cumulatively, there were 126 embryos transferred in both 

fresh and FET cycles resulting from the 80 cycles initiated in the IVM group and 175 

embryos transferred from the 98 cycles initiated in the standard IVF group. This 

resulted in significantly lower biochemical pregnancy (p=0.018), clinical pregnancy 

(p=0.021) and live birth rates (p=0.005) in the IVM treatment group respectively (Table 

2.3). However, there was no overall difference in the miscarriage rate between the two 

treatment groups.  

The IVM treatment group had a significantly lower rate of OHSS than the standard IVF 

group (p <0.001) (Table 2.4), with no cases of OHSS recorded in the IVM group, with 

two patients having all of their embryos frozen, one for social reasons and one due to 

poor endometrial development. In the standard IVF treatment group there were seven 

cases of moderate to severe OHSS (7.1%), two of which arose from GnRH agonist 

cycles and five of which resulted from GnRH antagonist cycles. There were no multiple 

pregnancies or births reported in the IVM group with two sets of twins resulting in the 

standard IVF group, one resulting from the only double ET performed across the two 

treatment groups and the other resulting in a monozygotic twin pregnancy. 

There was no difference in preterm birth rates (p=0.070), with 6.0% of infants in the 

IVM group delivered before 37 weeks gestation and 22.0% of standard IVF infants 

delivered before 37 weeks (Table 2.4). Due to the low sample size, an analysis of 

preterm birth rates between fresh and frozen transfers was not performed; however, 

there were six preterm babies (including two sets of twins) from fresh transfers in the 

standard IVF group and seven preterm babies resulting from FETs. There was one 

preterm baby delivered resulting from a fresh ET and one resulting from a FET in the 
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IVM group. IVM infants had a mean birth weight of 3.364 kg and standard IVF infants 

had a mean birth weight of 3.199 kg (p=0.262) (Table 2.4). There was one case of a 

horseshoe kidney in the IVM group and no congenital birth defects were reported in 

the standard IVF group (Table 2.4). Statistical analysis was not performed due to the 

small sample size. 

*Represents a horseshoe kidney. 

2.5 Discussion 

Our results show that overall in the IVM treatment group compared to the standard 

IVF group, a smaller proportion achieved maturity and fewer of these were normally 

fertilised; however, the difference in the mean number of oocytes collected or 

matured per patient was not statistically significant. The primary objective for an IVM 

treatment cycle is for oocytes to successfully complete meiosis during maturation 

culture and gain both nuclear and cytoplasmic competence to enable fertilisation, 

embryo development and ultimately a healthy live birth. Our results demonstrated 

that fewer mature oocytes were obtained using our IVM stimulation protocol than 

from standard IVF cycles at the time of oocyte retrieval, which is consistent with 

results from previous studies (Child, et al., 2002, Gremeau, et al., 2012). While these 

mature oocytes have successfully undergone nuclear maturation, as assessed by the 

presence of the first polar body extrusion, cytoplasmic maturation may not yet be 

complete and this may be one of the factors contributing to their significantly lower 

fertilisation rate compared with those from the standard IVF group. 

Insemination in the IVM group was predominantly performed using ICSI, as it was 

originally thought to be necessary due to the hardening of the zone pellucida during 

maturation culture; however, a study with sibling oocytes showed rates of fertilisation, 

embryo development and clinical pregnancy did not differ between those inseminated 

Table 2.4 Maternal and neonatal outcomes 

 IVM N=33 IVF N=54 P-value 

Ovary hyperstimulation 0 (0%) 7 (7.1%) <0.001 

Preterm Birth (<37 weeks) 2 (6%) 12 (22%) 0.070 

Birth Weight (grams) 3364 ±590 3199 ±694 0.262 

Congenital Birth Defects 1* 0 N/A 
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using ICSI and those inseminated with traditional IVF (Walls, et al., 2012) (Appendix 1). 

Even though in the current study, the number of normally fertilised oocytes in the IVM 

group was lower than that of the standard IVF group, the 68.4% fertilisation rate 

observed is considered to be well within an acceptable range for clinical treatment. A 

number of modifications to IVM protocols to overcome poor maturation and 

fertilisation issues have been suggested after successful animal trials. These include 

the addition to culture media of factors such as EGF-like peptides and cAMP 

modulators (Richani, et al., 2014) as well as OSFs (Gilchrist, et al., 2008, Mester, et al., 

2014). If such additives increased maturation and fertilisation rates of human IVM 

oocytes to levels comparable to standard IVF, there would be the potential to increase 

the yield of useable blastocysts for ET even further. 

This is the first comparative study between IVM and standard IVF to publish data on 

blastocyst development and suggests that the rates of development do not differ 

between the two groups. The use of blastocyst culture and transfer is now widely 

accepted as a means to optimise clinical pregnancy rates per embryo transferred, 

while reducing the need for multiple embryos to be transferred in order to successfully 

achieve a pregnancy (Gardner, et al., 1998, Glujovsky, et al., 2012). The benefits of 

blastocyst culture appear to be equally applicable for IVM treatment with a publication 

from our group establishing this protocol of blastocyst culture and SET to achieve high 

implantation rates with an excellent singleton live birth rate (Junk, et al., 2012). 

Following on from their research, the current study compared blastocyst development 

of IVM oocytes with standard IVF oocytes also from women with PCO morphology or 

with features of PCOS. The potential for asynchrony between nuclear and cytoplasmic 

maturation in IVM treatment was thought to negatively impact embryonic 

development (Trounson, et al., 1998). Our results have shown that while the mean 

number of blastocysts per patient was lower in IVM than standard IVF, this is a result 

of overall fewer oocytes collected, matured and fertilised in the IVM group. Whereas 

overall rates of useable and total blastocyst development, as a percentage of normally 

fertilised oocytes, were not different between the two treatment groups. Additionally, 

the rate of failed blastocyst development, resulting in no embryo available for transfer, 

was not different between the two treatment groups. Therefore, in this study IVM did 
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not specifically affect embryo development to the blastocyst stage. Culture to the 

blastocyst stage is a successful embryo selection tool that allows the use of SETs to 

yield high rates of implantation and ongoing clinical pregnancies and our data shows 

that it can be combined with IVM. 

In both fresh and FET cycles, there was no difference in clinical pregnancy rates 

between the IVM and standard IVF treatment groups. Furthermore, for embryos 

transferred in FET cycles, there was no difference in the live birth rate. However, for 

fresh ETs, there was a significantly lower live birth rate per embryo transferred than in 

the standard IVF treatment group. The scientific literature reports implantation rates 

for IVM to range between 0% (Mikkelsen, et al., 2001) to 14.8% (Chian, et al., 2000) for 

cycles with no hormonal priming with gonadotrophins and between 9.1% (Lin, et al., 

2003) to 21.6% (Mikkelsen, et al., 2001) for cycles with recombinant FSH priming. 

When retrospectively compared to standard IVF in two case control studies of women 

with PCO, IVM implantation and live birth rates were significantly lower than those 

achieved with standard IVF (Child, et al., 2002, Gremeau, et al., 2012). 

The same modified protocol of hormonal priming for larger follicle growth with a 

specified endometrial preparation, which has been shown to produce implantation 

rates of 43% (Walls, et al., 2012) and 44% (Junk, et al., 2012), was used to treat IVM 

patients in this retrospective study. Although we did not see implantation and live 

birth rates as high as these previous studies, we believe this to be a result of the 

differing inclusion and exclusion criteria. In particular, we believe this is due to our 

inclusion of patients who had multiple cycles of IVM and the exclusion of those who 

had previously received standard IVF treatment, to ensure independence of treatment 

groups when performing data analysis. Regardless of this decrease in efficacy in fresh 

ET cycles, in FET cycles, we have shown comparable results for the IVM treated 

patients to those using standard IVF. Therefore, IVM combined with blastocyst culture 

and SET can be used as a first line clinical treatment without concerns for reduced 

pregnancy success. 

Cumulative rates of biochemical pregnancy, clinical pregnancy and live birth were 

significantly lower in the IVM group compared to the standard IVF group. A number of 
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factors may contribute to this difference. The primary reason for the decrease in 

success appears to be related to the smaller number of usable embryos generated in 

the IVM group. This is likely due to the additive effect of a lower number of oocytes 

collected, matured and fertilised normally compared to the standard IVF group. This in 

turn resulted in a greater total number of frozen embryos for standard IVF patients, 

which contributed to an overall higher cumulative pregnancy rate. Another 

contributing factor for the reduced cumulative live birth rate could be the significantly 

higher number of patients with PCOS as opposed PCO morphology only in the IVM 

group. The literature shows that cumulative live birth rates are significantly higher in 

women with PCO, but not in women with PCOS, when compared to those without 

PCO/PCOS following standard IVF treatment (Li, et al., 2014). We can therefore 

conclude that with further research leading to improvements in the total oocyte yield 

and successful fertilisation, that cumulative success rates could be comparable 

between the two treatment groups. 

The use of predominantly SET led to no cases of multiple births in the IVM group and 

only two cases of twins in the standard IVF group, one monozygotic and one dizygotic, 

resulting from the only double ET performed across both treatment groups. Our clinic 

favours a single blastocyst transfer approach, which has been shown to maintain high 

implantation and on-going pregnancy rates, while minimising the risk of multiple 

pregnancy (Gardner, et al., 2004). In our study, only SETs were performed in the IVM 

group leading to an implantation rate equal to that of the clinical pregnancy rate. A 

study by Child and colleagues in 2002 demonstrated that IVM treatment has the 

potential to produce clinical pregnancy and live birth rates not significantly different to 

those in standard IVF (Child, et al., 2002). However, this was a result of a higher mean 

number of embryos transferred (3.2 versus 2.7), leading to a decrease in implantation 

rates per embryo and an increase in multiple live births. Rates of multiple live births in 

the IVM treatment group were reported to be as high as 41.2%. Following on from 

their research, Gremeau and colleagues also transferred significantly higher mean 

number of embryos in the IVM group (1.9 versus 1.7). However, they still reported a 

significantly lower implantation, clinical pregnancy and live birth rate. In contrast, the 

present study shows no statistically significant difference in implantation rates in both 
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fresh and FET cycles between IVM and standard IVF treatment, while maintaining a 

zero per cent rate of multiple pregnancies for IVM.  

The use of recombinant FSH priming with no ovulation trigger and the collection of 

oocytes from slightly larger follicles have been suggested as the main reason for the 

observed differences between the protocol used in the current study and previous 

reports (Junk, et al., 2012). The use of a more complex blastocyst culture medium, as 

used in the present study, as the basis of the maturation media could also have an 

influence on successful embryo development and implantation potential (Kim, et al., 

2011). Such a medium may provide a better culture environment for both the oocyte 

and the associated cumulus cells than a medium designed for oocytes or early 

embryos alone. The use of HI homologous maternal serum in this culture system, 

which is largely unused in modern day IVM culture and may also have a positive effect 

on outcomes which requires further investigation. Another explanation for the overall 

increase in implantation rates in the IVM group may be due to the higher rate of 

implantation and live births resulting from FETs.  

Significantly improved clinical pregnancy and implantation rates have previously been 

reported in IVM treatment using vitrified-warmed embryos replaced in a FET cycle (De 

Vos, et al., 2011) and a protocol of IVM-FET has been previously suggested as a novel 

strategy to improve IVM outcomes (Ortega-Hrepich, et al., 2013). Additionally, a recent 

meta-analysis of fresh versus FET pregnancy rates in standard IVF treatment concluded 

that the rate of on-going pregnancies from FETs was significantly higher compared to 

fresh (Roque, et al., 2013). These findings may also account for the lack of miscarriages 

in the IVM group after successful FET pregnancies compared with a 36.8% miscarriage 

rate after fresh ETs. This difference leads us to believe that while endometrial 

preparation has improved with this modified protocol, it is possibly still not as effective 

as it would be in a FET cycle. This may reflect a degree of asynchrony in the 

development of the endometrium in the luteal phase and embryonic development-

which is believed to be responsible for the failure of some embryos to implant in a 

traditional IVF cycle (Tavaniotou, et al., 2002) Therefore, more research is needed to 

improve the uterine environment in IVM cycles following fresh ETs, to increase the 

success rates of this IVM protocol even further. 
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With respect to birth outcomes, the difference was not statistically significant in the 

incidence of preterm birth or the mean birth weights of infants between the two 

treatment groups. Preterm birth is a significant contributor to neonatal morbidity and 

mortality, and the rates of preterm birth have increased in recent years (McDonald, et 

al., 2009). One factor that may be implicated in this increasing incidence of 

prematurity is the increasing number of children born as a result of standard IVF 

procedures (Slattery, et al., 2002). Rates of preterm birth have been shown to be 

significantly higher, with significantly lower mean birth weights recorded, for infants 

born resulting from standard IVF treatment compared with than those spontaneously 

conceived (Henningsen, et al., 2011, McDonald, et al., 2009). This increased risk of 

preterm birth is even more prevalent in babies born to mothers diagnosed with PCOS 

(Boomsma, et al., 2006).  

The incidence of preterm birth in our IVM group, although not significantly lower, was 

only 6% compared with 22% in the standard IVF group. While this may be due to the 

low sample size, it is an encouraging result and is consistent with the low rate of 

preterm birth reported in IVM infants in the literature (Söderström-Anttila, et al., 

2006). This could potentially support the theory of a hyper-oestrogenic environment in 

a fresh ET cycle contributing to lower recorded mean birth weights in standard IVF 

conceived infants, as cryopreserved embryos are typically transferred into a natural or 

minimally stimulated endometrium (Belva, et al., 2008). This is supported by the 

finding of higher mean birth weight of infants resulting from FET cycles compared the 

birth weights of infants conceived in a fresh standard IVF cycles (Henningsen, et al., 

2011). Therefore, while the mean birth weights of infants were similar between the 

two treatment groups, embryos transferred in a fresh IVM cycle are replaced in a 

hormonal environment similar to those of FET cycles as demonstrated by the 

significantly higher mean peak oestrogen in the standard IVF group compared to the 

IVM group. IVM, therefore, does not appear to pose any increase in the risk of adverse 

neonatal outcomes such as a lower mean birth weight or a higher prevalence of 

preterm birth, which are often reported following standard IVF assisted conception. 

In terms of evaluating maternal risks resulting from IVM treatment, there were no 

cases of OHSS, which was significantly lower than observed for the standard IVF 
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treatment group. OHSS remains one of the most serious consequences of recombinant 

FSH stimulation in standard IVF cycles. Severe OHSS resulting in additional hospital 

admission, not only results in further physical and mental distress to the patient, but 

also increases their costs associated with treatment and increases the financial burden 

on the public health care system. Even with improved monitoring, using antagonist 

protocols (Kolibianakis, et al., 2006, Youssef, et al., 2014), metformin (Costello, et al., 

2006), dopamine agonists (Cabergoline) (Tang, et al., 2012) and ‘freeze all’ 

precautions, the risk of OHSS cannot be completely eliminated in standard IVF cycles. 

This risk is the most significant for patients otherwise considered ideal candidates for 

IVM treatment.  

Study results have consistently shown no recorded cases of OHSS following IVM (Child, 

et al., 2002, Fadini, et al., 2012, Gremeau, et al., 2012, Junk, et al., 2012) with one of 

the main findings of a recent IVM review article stating that the risk of OHSS is no 

longer an issue for IVM treatment (Lindenberg, 2013). The decrease in OHSS rates in 

the IVM group is a direct result of this minimal-approach treatment by lowering the 

hormonal burden on the patient. This is demonstrated by the significantly lower 

consumption of gonadotrophins, duration of stimulation and peak oestrogen levels 

seen in this study. The question is then “at what level of IVM success does the 

decrease in OHSS risk outweigh perceived higher success rates with standard IVF?” Our 

results are consistent with the literature in reporting zero cases of OHSS for IVM 

treatment while still achieving success rates similar to standard IVF treatment. 

Therefore, we conclude that IVM is a more patient friendly treatment, which 

eliminates the risk of OHSS and should be highly recommended as a treatment option, 

particularly for women with PCO, who are at an increased risk of the significant 

morbidity resulting from OHSS after standard IVF treatment.  



 
 

82 
 

  



 
 

83 
 

Chapter 3: Time-Lapse Analysis as a Research Tool in the 

ART Laboratory 

 

Prelude 

In chapter two, I demonstrated that while maturation and fertilisation rates were 

lower following IVM compared with standard IVF treatment, there was no difference 

in useable or total blastocyst development between the two treatment groups. These 

results were based on traditional morphological assessment systems. In chapter three, 

I will introduce the concept of embryo morphokinetics and time-lapse analysis of 

embryo development. I will outline the evidence currently available involving this 

technology and highlight how it enables an additional methodology for assessing 

embryos which enables continuous monitoring not otherwise possible with standard 

incubation. This review chapter will primarily focus on time-lapse incubation as a 

research tool and reliable method of assessing embryo development between patient 

groups, treatment methods and culture conditions. 
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3.1 Introduction 

Current practices of embryo selection around the world rely on the morphological 

assessment of embryos at particular stages of development. There are many different 

grading scales available, and associations between morphological score and pregnancy 

outcome have been identified for pronuclear (Montag, et al., 2001), cleavage 

(Cummins, et al., 1986) and blastocyst stages of development (Dokras, et al., 1993). 

More recently, it has been suggested that the exact timings of cleavage divisions are 

correlated with the implantation potential of an embryo (Meseguer, et al., 2011). This 

analysis, known as embryo morphokinetics, is made possible using time-lapse 

photography during incubation. It allows for morphological, spatial and temporal 

analysis of embryo development (Cruz, et al., 2011), without disrupting the embryos in 

their culture conditions. Morphokinetics is a highly popular emerging technology in the 

field of reproductive medicine, which has many potential benefits in need of further 

clinical validation. There are also a number of drawbacks, however, which need to be 

considered before implementation in the laboratory as a diagnostic tool. Nevertheless, 

as a method for measuring the developmental kinetics of embryo growth, time-lapse 

analysis is providing a new platform for a range of research opportunities not yet 

identified in ART. 

3.2 Historical Morphological Scoring Systems 

Prior to the implementation of time-lapse analysis for embryo development, 

embryologists relied solely on traditional morphological scoring systems for human 

embryo development. For most laboratories, this is still the case. Cleavage rate and 

general appearance were identified as indicators of viability over 30 years ago (Mohr, 

et al., 1983). The major basis for embryo grading (up to the day three stage) included 

blastomere size and number, as well as the degree of fragmentation (Cummins, et al., 

1986, Puissant, et al., 1987). In addition to these static events, the first concept of 

embryo growth rates depicted by the timing of events (without the use of time-lapse), 

was described in a formula for embryo quality (Cummins, et al., 1986). To increase the 

chances of selecting the embryo with the highest implantation potential, a day three 

algorithm for predicting embryo blastulation and implantation utilised the timing of 
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cell divisions, together with blastomere expansion, the absence of vacuoles, pitting 

and compaction (Desai, et al., 2000).  

Early time-lapse research identified important indicators of development, including 

polar body extrusion and pronuclear formation (Payne, et al., 1997). However it was 

not until recently that embryo selection, based on time-lapse, morphokinetic 

modelling became a wide spread practise in ART laboratories and it is still considered 

controversial (Freour, et al., 2015, Kirkegaard, et al., 2014). Until recently, there was 

limited data available from a large scale, randomised, prospective, control trial (Rubio, 

et al., 2014). However, it cannot be denied that there are critical developmental events 

that occur within short timeframes, for which time-lapse can aid identification (Cruz, et 

al., 2012). There is the obvious need for standardisation of recording developmental 

events and guidelines have been recently proposed (Ciray, et al., 2014). It has been 

suggested that such events can be used in conjunction with traditional morphological 

grading to select the best embryo for transfer, until there is sufficient evidence to 

move to an exclusively morphokinetic based embryo selection system (Conaghan, et 

al., 2013). 

3.3 Embryo Selection/Deselection Tools 

One of the most interesting benefits of time-lapse technology is the easy identification 

of cleavage anomalies and other abnormal phenotypic events. Many of which, would 

otherwise by missed by conventional culture systems. A recent characterisation of 

atypical embryo phenotypes showed that some events occur in up to 30% of embryos 

(Athayde Wirka, et al., 2014). The important role of developmental timeframes, and 

the occurrence of particular events, is not a new concept and have been reported 

without the use of time-lapse. Abnormal events include the identification of 

multinucleation and direct cleavage from one to three, four or more blastomeres 

(Kola, et al., 1987). However, the continuous monitoring of embryo development 

within the incubator means these events are much less likely to be overlooked. 

Particular events, such as abnormal syngamy, abnormal first cytokinesis and abnormal 

or chaotic cleavage, are significantly associated with a decrease in embryo 
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developmental potential (Athayde Wirka, et al., 2014). Other events, which have a 

negative effect on implantation, include direct cleavage (Rubio, et al., 2012) and 

reverse cleavage (Liu, et al., 2014). Identification of these events has enabled their 

incorporation into models for embryo selection (or deselection), when used together 

with formulated timing parameters. This enables embryo selection according to the 

highest implantation potential, or to rule out those embryos with the lowest chance of 

forming a successful ongoing pregnancy and live birth. (Campbell, et al., 2013, 

Meseguer, et al., 2011). 

3.4 Selection Modelling 

The main focus for time-lapse technology in the literature has involved embryo 

selection models from time-lapse analysis, and there is increasing evidence of 

improved success rates after using these models to choose a particular embryo for 

transfer (Conaghan, et al., 2013, Meseguer, et al., 2011). However, after published 

results could not be reproduced, it was suggested that prediction models are not 

universal and each clinic should develop their own (Freour, et al., 2015). Additionally, 

the development of computer-automated systems has the ability to revolutionise the 

day-to-day tasks of an embryologist. Using the proprietary “Eeva” system (Auxygen, 

USA), researchers demonstrated a significantly improved blastocyst prediction rate, 

when combined with traditional morphological scoring systems (Conaghan, et al., 

2013, Diamond, et al., 2015). It has been suggested that it is also a predictor of 

implantation (VerMilyea, et al., 2014). Automated models also have the ability to 

minimise user bias, both within and between laboratories (Conaghan, et al., 2013). 

There are currently no published data showing the rate of bias between user 

annotations on manual time-lapse systems; this may contribute to inter-individual and 

inter-laboratory differences in morphokinetic algorithm development. 

The first algorithm for embryo selection was developed by correlating time-lapse 

imaging measurements with gene expression. This algorithm was then used in a model 

to predict blastocyst development using the duration of the first cytokinesis, the time 

between the end of the first mitosis and initiation of the second, and the time interval 

between the second and the third mitosis (Wong, et al., 2010) . The results of the first 
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large scale, randomised, multicentre, prospective control trial were then published 

(Rubio, et al., 2014) and this study together with two other RCT’s were included in a 

recent Cochrane review. It was found that there was insufficient evidence of increased  

clinical pregnancy or live birth rates or a decrease in miscarriage or stillbirth rates 

when compared to conventional incubation (Armstrong, et al., 2015). However, the 

review also concluded that the quality of evidence was low due to the small number of 

participants in two of the included studies and a high risk of bias in the third. 

There is still a lot of contention on the issue of improved success rates, and which 

events are the most important for inclusion in selection models (Freour, et al., 2015, 

Kaser, et al., 2014, Kirkegaard, et al., 2014). This is also true for the use of time-lapse to 

develop algorithms for aneuploidy prediction. In response to models for embryo 

selection based on the relative risk of aneuploidy (Campbell, et al., 2013). Some 

researchers have suggested this association is premature (Ottolini, et al., 2013). This 

relative risk model was then validated by retrospectively analysing those implanted 

embryos which had not undergone PGS (Campbell, et al., 2013). Whilst this may be 

another case of centre-specific results, other researchers have recognised that 

chromosomally abnormal embryos behave differently to normal embryos (Basile, et 

al., 2014), and that aneuploidy causes a delay in blastulation (Campbell, et al., 2014). 

3.5 Time-lapse Technology as an Improved Incubation System with 

Undisturbed Culture 

Prior to the recent emergence of time-lapse analysis and genetic screening techniques, 

culture media has been the focus for improving ART outcomes. There is evidence to 

suggest sequential media is the best system for blastocyst culture (Alves da Motta, et 

al., 1998, Gardner, et al., 1997, Gardner, et al., 1998, Jones, et al., 1998), as the 

essential nutrients needed for embryo development change as the embryo develops 

(Gardner, 2008). The transfer of embryos to fresh media has the benefit of removing 

the embryo from an environment of metabolomic output/ammonium build up, 

causing a negative effect on embryo development in both the mouse and human 

(Gardner, et al., 2007, Lane, et al., 2003). However, it is important to consider the 
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stress placed on the embryo with repeated pipetting, adjustment to the new culture 

environment and exposure to fluctuations in temperature and gas exchange.  

The concept of continuous culture is an important potential benefit of time-lapse 

incubation. The embryo is cultured in a single step media, specifically formulated for 

undisturbed culture. Most of the major media companies have now developed their 

own single step media. These include G-TL (Vitrolife, Sweden), Global (Life Global, 

Canada), or Sage 1-step (Origio, Australia). There is already some evidence to show 

that incubation in a time-lapse system (Embryoscope, Vitrolife) improves pregnancy 

outcome compared to standard incubation (Meseguer, et al., 2012). At the very least, 

there is no evidence to show time-lapse culture has a negative impact on embryo 

development. Although a number of risks such as light exposure, electromagnetic 

fields, lubricant fumes and heat accumulation from moving parts have been suggested 

as a potential cause for concern (Kovacs, 2014). 

3.5 A Reliable Research Tool and Outcome Variable 

A major benefit of time-lapse culture in ART research, which has been of minimal 

focus, is the use of data generated as a reliable outcome variable when comparing 

methodologies. Table 3.1 outlines the research to date, which employs this practice. 

Specific outcomes for each publication identified because of using time-lapse derived 

morphokinetic measurements are also summarised in Table 3.1. The ultimate and 

most accurate determination of IVF success is clinical pregnancy and live births. This 

can be a time consuming process for research in the ART field. Instead, researchers 

often use blastocyst formation (or good quality embryo formation), as their end-point 

to compare treatment methods, patient groups or interventions. Time-lapse analysis is 

now routinely being used by researchers to assess the effects of such interventions by 

comparing cleavage patterns, timing of events and abnormal/normal phenotypic 

occurrences. This methodology has been employed to assess patient groups such as 

overweight and obese infertile patients (Bellver, et al., 2013, Leary, et al., 2015), the 

effects of BMI (Goldman, et al., 2014), and to determine the impacts of PCOS on 

morphokinetic development (Sundvall, et al., 2015, Wissing, et al., 2014). The impact 

of circulating hormone levels has been assessed using time-lapse, including serum 
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progesterone (Liu, et al., 2015) and  anti-mullerian hormone (AMH) (Weinerman, et al., 

2015). Additionally, stimulation protocols have been compared, showing increased 

gonadotrophin stimulation may be associated with slower embryo development 

(Gryshchenko, et al., 2014).  

There is the potential to utilise time-lapse platforms to monitor coronal cell expansion 

in GV stage oocytes, following in vitro maturation. However, in an experimental 

attempt to do this, it was discovered that the proliferating cells stick to the culture 

wells, pulling the oocytes up and out of the field of view of the platform that was used 

in this case (embryoscope, Vitrolife) (unpublished data) (Figure 3.1). There is still the 

potential to perform this experiment using other systems, which enable traditional 

culture dishes without the use of micro wells in which the oocytes cannot leave the 

field of view. Additionally, time-lapse monitoring of IVM embryo development 

compared to traditional IVF techniques is still an area requiring further research and 

can be initiated following injection rather than prior to maturation. 

    

Figure 3.1 A maturing GV stage oocyte is pulled up and out of its culture well by 

expanding coronal cells. 

The effects of culture conditions such as oxygen concentration (Kirkegaard, et al., 

2013) and differing culture media (Ciray, et al., 2012, Desai, et al., 2014), have been 

assessed using time-lapse analysis as well as other laboratory protocols such as 

assisted hatching (Basile, et al., 2015, Goto, et al., 2014). Environmental and male 

factor influences have been shown to impact morphokinetic development, such as 

impaired embryo development in patients who smoke during ICSI cycles (Fréour, et al., 

2013), advanced maternal age (Watcharaseranee, et al., 2014) and the effects of 

sperm DNA fragmentation (Wdowiak, et al., 2015). Other interesting research includes 

the comparison of embryos according to gender (Bronet, et al., 2015, Serdarogullari, et 
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al., 2014) and the assessment of tripronuclear embryo development (Lammers, et al., 

2014). Therefore, morphokinetic assessment can be a reliable addition to simple static 

observation and morphological quality for research where sample sizes are small, 

experimental time-frames are limiting and analyses are not powered to accurately 

compare clinical pregnancy or live birth rates. 
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Table 3.1 Publications employing time-lapse analysis to compare outcomes 

Authors Study Design Variables compared 
Time-lapse 
system 

Outcome measured Conclusions 

(Chamayou, et al., 
2015) 

Randomised, 
sibling oocyte 
study 

Vitrification/warmed 
oocytes and fresh 
oocytes 

Embryoscope 
Embryo kinetics, number 
and diameter of nucleoli 

Oocyte vitrification affects pronuclear 
stability 

(Fréour, et al., 2013) 
Retrospective 
Control study 

Smoking and  
Non smoking 

Embryoscope 

Embryo kinetics and 
abnormal 
phenotypic/early cleavage 
events  

Smoking impairs early embryo 
development according to time-lapse 
analysis 

(Goto, et al., 2014) 

Prospective 
control study 
(Animal 
Model) 

Chemical assisted 
hatching  
No Assisted hatching 

Cultured Cell 
Monitoring 
System 

Time to begin/complete 
hatching, embryo 
contractions 

Assisted Hatching decreases time 
required for an embryo to hatch and 
reduces the frequency of embryo 
contraction 

(Ciray, et al., 2012) 
Randomised 
comparison 
study 

Single step vs 
sequential culture 
media 

Embryoscope 

Embryo kinetics 
,abnormal 
phenotypic/early cleavage 
events and fragmentation  

Embryos cultured in single step media 
reached the 2 to 5 cell stage faster. 

(Kirkegaard, et al., 
2013) 

Clinical 
Observational 
Study 

IVF fertilised 
Embryos 
ICSI fertilised 
Embryos 

Embryoscope Hatching 
Hatching Pattern is associated with 
fertilisation method 

(Kirkegaard, et al., 
2013) 

Retrospective 
cohort study 

20% O2 
20%/5% O2 
combined 
5% O2 

Embryoscope 
Embryo kinetics and 
development rates 

Culture in 20% 02 decreases embryo 
development rates and delays 
completion of the third cell cycle 

(Lammers, et al., 2014) 
Retrospective 
observational 
study 

2PN embryos 
3PN embryos 

Embryoscope 
Embryo kinetics and 
development rates 

Tripronuclear embryos that cleave 
show significantly slower 
morphokinetic timings 

(Leary, et al., 2015) 
Retrospective 
observational 
study 

BMI ≥ 25 
BMI ≤ 25 

Primovision 
Embryo kinetics and 
oocyte size 

Oocytes are smaller form overweight 
and obese women and embryos 
develop to the morula stage faster than 
normal weight women’s embryos. 

(Liu, et al., 2015) 
Retrospective 
observational 
study 

Elevated serum 
Progesterone 

Embryoscope 

Embryo kinetics and 
abnormal 
phenotypic/early cleavage 
events  

Elevated Serum Progesterone does 
not affect embryo morphokinetic 
development 
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    BMI= body mass index, O2= oxygen, ICSI= intra cytoplasmic sperm injection, IVF= in vitro fertilisation, PCOS= polycystic ovary syndrome, PN= pronuclei. 

(Sundvall, et al., 2015) 
Prospective 
case control 
study 

PCSO 
Non-PCOS 

Embryoscope 

Embryo kinetics and 
abnormal 
phenotypic/early cleavage 
events 

PCOS embryos resulting in higher 
proportion of multi-nucleated 2 cells 

(Wdowiak, et al., 2015) 
Prospective 
cohort study 

Sperm DNA 
fragmentation 

Primovision Embryo kinetics  
Low DNA fragmentation indexes 
correlated with embryos developing to 
the blastocyst stage faster. 
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3.7 Conclusions 

The exact role and emphasis that should be placed on time-lapse culture systems in 

the IVF laboratory is still widely debated. There are a number of issues for clinics who 

have not yet adopted this technology, that remain a cause for concern. These include 

the significant costs associated with the platforms currently available, the additional 

time for annotating embryos, training of embryologists and the need for more 

laboratory space that is required for some systems. However, time-lapse technology 

has enabled a more accurate avenue for monitoring embryo development. This allows 

the embryo to be viewed at all times, without removing it from its culture 

environment. Kinetic events have been identified that are significantly associated with 

adverse outcomes. Models for embryo selection and de-selection have been 

developed and the technology has enabled a new way to monitor the effects of 

treatments, culture and environmental influences. There is no doubt that using time-

lapse as a predictor of implantation and live birth is still yet to be proven. However, 

time-lapse culture and the recording of morphokinetic variables has provided 

increased opportunities for future research into embryo development 
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Chapter 4: IVM Increases Early Embryo Arrest without 

Altering Morphokinetic Developmental Parameters of 

Useable Embryos. 

 

Prelude 

In chapter two, I showed that IVM treatment was associated with a decrease in live 

birth rates when compared with that of standard IVF treatment according to fresh and 

cumulative cycle outcomes but not following FET cycles. These results represent 

findings from a retrospective analysis. Chapter three introduces the concept of embryo 

morphokinetics and time-lapse analysis of embryo development. In particular, chapter 

three focused on how this technology can be incorporated into the laboratory as a 

research tool for monitoring treatment methods, patient groups and culture 

conditions among other assessments. Chapter four further expands on the results from 

chapter two, by comparing IVM with standard IVF treatment in a prospective trial, with 

a focus on embryo development as the primary outcome variable. Additionally, 

chapter four will expand on chapter three by incorporating time-lapse derived 

measurements into the analysis of embryo development to closely monitor the 

differences in embryo kinetics and abnormal events, between patients with and 

without PCOS and between IVM and standard IVF treatment with ICSI. 
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4.1 Abstract 

Study questions: Do PCOS or IVM treatment affect embryo development events and 

morphokinetic parameters after time-lapse incubation? 

Summary answer: There was an increase in some abnormal phenotypic events in 

PCOS-IVM embryos as well as an increase in early arrest of PCOS-IVM and PCOS-ICSI 

embryos; however, IVM treatment or PCOS status did not alter morphokinetic 

development of embryos suitable for transfer of vitrification. 

What is known already: IVM has been less successful than standard IVF in terms of 

clinical pregnancy, implantation and live birth rates. There is currently no information 

available about the development of IVM embryos according to time-lapse analysis. 

Study design, size, and duration: This paper represents a prospective case-control 

study. The study involved 93 participants who underwent 93 treatment cycles. Cycles 

were completed between January 2013 and July 2014.  

Participants/materials, setting, and methods: Participants were recruited for the 

study at FSWA and Fertility Specialists South (FSS), Perth, Western Australia. Of the 

PCOS diagnosed patients, 32 underwent IVM treatment (PCOS-IVM) and 23 had 

standard ICSI treatment (PCOS-ICSI). There were 38 patients without PCOS who 

underwent standard ICSI treatment comprising the control group (control-ICSI). 

Main results and the role of chance: The PCOS-IVM group showed significantly more 

embryos with multinucleated two cells (p=0.041), multinucleated four cells (p= 0.001) 

and uneven two cells (p=0.033) compared with the control-ICSI group, but not the 

PCOS-ICSI group. There were no significant differences in the rates of any abnormal 

events between the PCOS-ICSI and control-ICSI groups. Embryo arrest between day 

two to three was higher in the PCOS-IVM and PCOS-ICSI groups compared to the 

control-ICSI group (p<0.001 and p=0.001). Embryo arrest from day three to four was 

higher in the PCOS-IVM group compared to both the PCOS-ICSI and control-ICSI groups 

(p<0.001). There were no differences in embryo arrest rates across all three groups at 

the compaction or blastulation stages. Cumulative rates of embryo arrest, from the 

time to second polar body extrusion (tPB2) to the time to formation of a blastocyst 
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(tB), result in a decreased proportion of useable PCOS-IVM blastocysts compared to 

the other two treatment groups; however, of the embryos remaining, there was no 

significant difference in morphokinetic development between the three groups.  

Limitations, reasons for caution: This was a small study using time-lapse analysis of 

embryo development as the primary endpoint. Larger, randomized, clinical trials are 

required to clarify the implications of time-lapse incubation of IVM embryos and the 

effects on implantation and ongoing pregnancy. 

Wider implications of the findings: This is the first study to compare the time-lapse 

analysis of IVM to standard ICSI for patients with and without PCOS. This allows for a 

more detailed and specific timeline of events from embryos generated using this 

approach for patients diagnosed with PCOS and shows that embryos generated from 

IVM have an increased rate of early embryo arrest, however; morphokinetic 

development is not impaired in embryos which progress to the useable blastocyst 

stage. 

4.2 Introduction 

Morphokinetics is the study of embryo cleavage kinetics according to the annotation of 

time-lapse sequences (Meseguer, et al., 2011, Montag, et al., 2011). The recent 

availability and uptake of time-lapse embryo microscopy/incubation systems has 

enabled the identification of specific morphokinetic time points and development 

events associated with embryo viability and arrest. Traditional morphological grading 

systems are unable to detect abnormal phenotypic events and lack the ability to 

precisely time specific events. Time-lapse incubation technology facilitates the 

identification of aspects of embryo development such as early cleavage or abnormal 

phenotypic events, which have either a negative or a positive impact on embryo 

development. These can be used as an embryo selection or de-selection tool after 

incorporation into prediction models which have been associated with an increase in 

successful reproductive outcomes (Rubio, et al., 2014). Morphokinetic analysis is now 

also being used as an outcome variable to compare results from different patient 

groups (Wissing, et al., 2014) and assess environmental contributors to infertility 
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(Fréour, et al., 2013). These methods could also be employed to compare the effects of 

different treatments across patient groups. 

PCOS is a significant cause of infertility for patients seeking ART procedures and occurs 

in approximately 4-12% of the general population (Costello, et al., 2012). A range of 

treatment options including administration of gonadotrophin releasing hormone 

(GnRH) antagonists (Al-Inany, et al., 2011, Youssef, et al., 2014) metformin (Costello, et 

al., 2006) and dopamine agonists (Cabergoline) (Tang, et al., 2012); ‘freeze all’ 

precautions are recommended for these patients to minimise the risk of OHSS or to 

eliminate the risk completely by using IVM (Lindenberg, 2013, Walls, et al., 2015). A 

recent morphokinetic analysis comparing hyperandrogenic PCOS, normoandrogenic 

PCOS and non-PCOS patients (controls) found the differences in embryo 

developmental timings was primarily associated with hyperandrogenemia (Wissing, et 

al., 2014).  

Embryo development kinetics may be influenced by a variety of culture conditions 

such as oxygen concentration (Kirkegaard, et al., 2013); these may result in differences 

in embryo development characteristics between laboratories. There is currently no 

literature that reports embryo cleavage kinetics or the rates of abnormal phenotypic 

events following IVM treatment. We hypothesised that in embryos developing to the 

blastocyst stage, the morphokinetic time-points and/or occurrence of abnormal early 

cleavage/phenotypic events of embryos would be similar from PCOS patients 

undergoing IVM treatment (PCOS-IVM) compared to PCOS patients undergoing 

standard ICSI treatment (PCOS-ICSI); however, differences in morphokinetics between 

embryos from patients  without PCOS undergoing ICSI treatment (control-ICSI), would 

be significant. 

4.3 Materials and Methods 

Patient Diagnosis and Recruitment 

Participants were recruited for the study through the FSWA and FSS clinics, Perth, 

Western Australia, between January 2013 and July 2014. A sample size and power 

calculation 80% power was performed and it was determined that at least 300 oocytes 
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would be needed per treatment group. Assuming each patient collects on average 10 

oocytes per TVOA, we aimed to recruit 30 patients per treatment group. All PCOS 

patients, defined according to the Rotterdam criteria (Rotterdam, 2004), who were 

referred by their clinician for IVM or standard IVF with ICSI treatment were assessed 

for inclusion into the study. Patients were deemed eligible for inclusion if the following 

criteria were met: patients about to embark on their first cycle of IVM or ICSI 

treatment who were under 37 years of age at the initiation of their treatment cycle 

and who had a BMI less than 35 kg/m2. Patients were then attributed to one of three 

groups: IVM (PCOS-IVM), ICSI patients diagnosed with PCOS (PCOS-ICSI) and age 

equivalent, non-PCOS ICSI patients were recruited as the control group (control-ICSI).  

Stimulation, Oocyte Collection and Endometrial Preparation 

The protocol for PCOS-IVM or PCOS-ICSI stimulation, oocyte collection and 

endometrial preparation has been previously described (Walls, et al., 2015), (chapter 

two). Briefly, the PCOS-IVM patients received three to five days of recombinant FSH 

priming without an hCG trigger. Immature oocytes were cultured for a 24 hours in G-2 

Plus culture medium (Vitrolife, Sweden), supplemented with 10% homologous 

maternal serum, 0.1 IU/mL recombinant FSH (Puregon, Merck Sharp and Dohme, 

South Granville, NSW, Australia) and 0.5 IU/mL hCG (Pregnyl, Merck Sharp and Dohme, 

South Granville, NSW, Australia). In the PCOS-ICSI group, 21 patients underwent a 

GnRH antagonist treatment cycle and two underwent a GnRH agonist protocol. In the 

control-ICSI group, 35 patients underwent a GnRH antagonist treatment cycle and 

three underwent a GnRH agonist protocol. Mature oocytes were collected 36 hours 

after ovulation trigger. 

Fertilisation and Embryo Culture 

For patients in all treatment groups, insemination was performed using ICSI in G-IVF 

medium (Vitrolife, Sweden). After the ICSI procedure, all oocytes were placed 

individually in a culture slide (Unisense Fertilitech, Vitrolife, Sweden) containing pre-

equilibrated G-1 media (Vitrolife, Sweden) covered with sterile mineral oil and cultured 

in the Embryoscope time-lapse incubation system (Unisense Fertilitech, Vitrolife, 

Sweden) in an atmosphere of 5.0% O2, 6.0% CO2 and 89% N2. Media change was 
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performed on the third day of culture, whereby embryos were moved into pre-

equilibrated G2Plus media (Vitrolife, Sweden), reinserted into the incubator and 

cultured continuously until transfer or vitrification. 

Time-lapse Analysis 

For each embryo, images were taken in 7 focal planes, every 10 minutes after 

insemination and insertion into the incubator. Only embryos displaying normal 

fertilisation (presence of two pronuclei) were included in the study. Vitrification or ET 

was performed at the blastocyst stage on day five or six depending on embryo 

development, after which time the embryo was removed from the incubator. 

Embryoviewer software (Unisense Fertilitech, Vitrolife, Sweden) was used to analyse 

all images. All annotations were performed by one individual (MW) to avoid user bias 

and were recorded in the first image frame at which they occurred. Annotations 

included: extrusion of the second polar body (tPB2), appearance of two pronuclei 

(tPNa), disappearance of the two pronuclei (tPNf), cell cleavage time points two cells 

(t2), three cells (t3), four cells (t4), five cells (t5), six cells (t6), seven cells (t7), eight 

cells (t8) and nine cells (t9+), time to formation of a morula (tm), start of blastulation 

(tSB) and the formation of a blastocyst (tB). Cell cycle durations were calculated for the 

2nd cell cycle, cc2 (t3-t2), 3rd cell cycle, cc3 (t5-t3), ss2: synchrony of the 2nd cell cycle 

(t4-t3), ss3: synchrony of the 3rd cell cycle (t8-t5). Additionally the following abnormal 

cleavage and phenotypic events were recorded: irregular division, no division, direct 

cleavage from one to three cells, other direct cleavage and reverse cleavage.  

Analysis of Embryo Arrest  

Embryos were grouped into five stages of development according to the 

morphokinetic time-point at which they arrested (Figure 4.1). These groups included 

the following morphokinetic events: first cytokinesis (Day 0-2) tPB2, tPNa, tPNf and t2; 

second cytokinesis (day 2-3) t3 and t4; third cytokinesis (day 3-4) t5, t6, t7 and t8; 

compaction (day 4-5) t9+ and tM; blastulation (day 5-6) tSB and tB.  
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Figure 4.1 Timeline of stage specific events for embryo development 

Images represent the first and last image for specific morphokinetic events of 

cytokinesis, compaction and blastulation. 

Statistics 

All statistical analysis was performed using the statistical package SPSS version 20 

(SPSS Inc. Chicago, USA). Patient demographics and embryology outcomes were 

analysed using ANOVA procedures. Analysis of the rates of abnormal phenotypic and 

early embryo cleavage events as well as rates of embryo arrest were tested using 

generalised estimating equations (GEE) for binomial data to include an adjustment for 

repeated measures as each patient contributed multiple embryos. This was also true 

for analysis of the morphokinetic time points of useable embryos using generalized 

linear mixed modelling (GLMM) to account for the interaction effect of patient ID and 

treatment group. All tests were two-tailed and p-values <0.05 were considered 

statistically significant. 

Ethics Approval 

This study received ethical approval from the University of Western Australia Human 

Research Ethics Committee (reference: RA/4/1/5629) and the Western Australia 

Reproductive Technology Council (RTC) committee in line with the guidelines 

established at FSWA and FSS. All patients gave written, informed consent. 

1st Cytokinesis 
Day 0-1 
tPB2- t2 

 

Blastulation 
Day 5-6 
tSB- tB 
 

3rd 
Cytokinesis 
Day 2-3 
t5- t8 

2nd 
Cytokinesis 
Day 1-2 
t3- t4 

Compaction 
Day 4-5 
t9+ -tM 
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4.4 Results 

Patient demographics and embryology outcomes are displayed in Table 4.1 There were 

no significant differences in the mean age or BMI between patients in different 

treatment groups. The PCOS-IVM group had significantly higher mean serum AMH 

levels (p=0.15, p<0.001), fewer days of stimulation required (p<0.001, p=0.037), lower 

mean consumption of gonadotrophins (p<0.001) and lower peak serum oestradiol 

concentrations (p<0.001) than either the PCOS-ICSI or control-ICSI groups, respectively. 

Additionally, the PCOS-ICSI group had a significantly higher mean serum AMH level 

(p<0.001) and fewer days of stimulation required (p=0.037) than the control-ICSI 

group. The PCOS-ICSI group had a significantly higher incidence of moderate OHSS 

(p<0.001) compared to the PCOS-IVM and control-ICSI groups (Table 4.1). The PCOS-

ICSI group also had four cases of mild OHSS and the control-ICSI group had one case of 

mild OHSS, which required a precautionary freeze all embryo protocol. The PCOS-IVM 

group had no cases of mild OHSS and there were no cases of severe OHSS in any of the 

treatment groups. 
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Values represent the mean per patient (p/p) (95% confidence interval) and total % (across all patients). Differences were calculated using ANOVA. Subscript letters 

represent significant differences (correlating to p-value). NS represents p>0.05. AMH= anti-mullerian hormone, BMI= body mass index, OHSS= ovary 

hyperstimulation syndrome 

Table 4.1 Patient demographics and embryology outcomes 

 PCOS-IVM N=32 PCOS-ICSI N=23 Control-ICSI N=38 p-value 

Mean Age (years) (95% CI) 31.9 (30.9-32.9) 32.0 (30.4-33.7) 32.9 (32.1-33.8) NS 

BMI (95% CI) 27.2 (20.8-33.6) 22.9 (21.6-24.3) 23.6 (22.5-24.8) NS 

AMH (pmol/L) (95% CI) 75.5 (61-90.1)
a, b 

50.1 (39.4-60.8)
 a, b

 18.9 (15.6-22.1)
 b
 

0.015
a 

<0.001
b 

Duration of Stimulation (Days) (95% CI) 5.3 (4.5-6)
 a
 11 (9.9-12.1)

 a, b
 9.9 (9.3-10.4)

 a, b
 

<0.001
a
 

0.037
b
 

Mean gonadotrophin intake (IU) (95% CI) 697 (605-789)
a, b 

1535 (1250-1820)
a 

1892 (1600-2184)
b 

<0.001
a,b 

Mean Peak oestradiol (E2) (pmol/L) (95% CI) 1144 (857-1432)
 a, b

 6528 (4841-8215)
 a
 5860 (5027-6694)

b
 <0.001

a,b 

Moderate OHSS n (%) 0 (0)
a 

4 (17.4)
a, b 

0 (0)
b 

<0.001
a, b 

Number of oocytes collected 
Total 
Mean p/p 

 
498 
15.6 (13-18)

a 

 
338 
14.7 (11-18) 

 
438 
11.5 (10-13)

a 

 
 
0.031

a 

Number of oocytes matured/inseminated 
Total (%) 
Mean p/p 

308 
(61.8)

a, b
 

9.6 (8-11) 

265 
(78.4)

a
 

11.5 (9-14) 

351 
(80.1)

b
 

9.2 (8-10) 

 
<0.001

a,b
 

NS 
Number of oocytes normally fertilised 

Total (%) 
Mean p/p 

 
195 (63.3)

 a, b 

6.1 (5-8) 

 
195 (73.6)

 a 

8.5 (6-11) 

 
246 (70.1)

 b 

6.5 (6-7) 

 
0.024

 a, b 

NS 
Number of Useable blastocysts developed 

Total (%) 
Mean p/p 

 
76 (39)

 a, b 

2.4 (1-3)
a 

 
110 (56.4)

 a 

4.8 (3-7)
a 

 
137 (55.7)

b 

3.6 (3-4) 

 
<.001

a,b 

.045
a 

Total number of blastocysts developed 
Total (%) 
Mean p/p 

 
94 (48.2)

a, b 

2.9 (2-4)
 a
 

 
132 (67.7)

a 

5.7 (4-8)
 a
 

 
167 (67.9)

b 

4.4 (4-5) 

 
<.001

a,b 

.029
a 
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The PCOS-IVM group had significantly greater mean oocytes collected per patient than 

the control-ICSI group (p=0.031), but not the PCOS-ICSI group (Table 4.1). There were 

no differences in the mean number of mature or normally fertilised oocytes per 

patient between any of the treatment groups (Table 4.1). However, the PCOS-IVM 

group had significantly fewer useable (p=0.045) and total blastocysts (p=0.029) per 

patient compared to the PCOS-ICSI group. Overall, the PCOS-IVM group had 

significantly fewer oocytes mature (p<0.001), fertilise normally (p=0.024), useable 

blastocysts (p<0.001) and total blastocysts (p<0.001) compared to both the PCOS-ICSI 

and control-ICSI groups.  

There were no differences between groups in the rates of direct cleavage of one to 

three, or three to five cells or reverse cleavage (Table 4.2). However, the PCOS-IVM 

group showed significantly more cases of multinucleated two cells (p=0.041), 

multinucleated four cells (p= 0.001) and uneven two cells (p=0.033) compared with the 

control-ICSI group, but not the PCOS-ICSI group. There were no significant differences 

in the rates of any abnormal events between the PCOS-ICSI and control-ICSI groups. 

Table 4.2 The frequency of abnormal early cleavage events (all embryos) 

Abnormal Event 
PCOS-IVM 
N=194 

PCOS-ICSI 
N=183 

Control-ICSI 
N=243 

p-Value 

Direct Cleavage 1-3 Cells (%) 57 (29) 35 (19) 55 (23) NS 

Direct Cleavage 3-5 Cells (%) 30 (15) 31 (17) 32 (13) NS 

Multinucleated 2 cells (%) 62 (32)
a 

35 (19) 48 (20)
a 

0.041
a 

Multinucleated 4 cells (%) 49 (26)
a 

28 (15) 28 (12)
a 

0.001
a 

Uneven 2 Cells (%) 36 (19)
a 

24 (13) 24 (10)
a 

0.033
a 

Reverse Cleavage (%) 4 ( 2) 3 (2) 11 (5) NS 

No Division (%) 20 (10) 26 (14) 32 (13) NS 

Data represent the number of events and the incidence as % of total embryos. Differences in 

rates were calculated using generalised estimating equations for binomial data with an 

adjustment for multiple  

comparisons. Subscript letters represent significant differences (correlating to p-value). NS 

represent p>0.05. 

The data in Table 4.3 shows there were no significant differences in the incidence of 

embryo arrest rates across the three groups from fertilisation to day two during the 

first cytokinesis. The PCOS-IVM and PCOS-ICSI groups showed significantly higher rates 
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of embryo arrest between day two to three, during the second cytokinesis, compared 

to the control-ICSI group (p<0.001 and p=0.001). The PCOS-IVM group also showed 

significantly higher rates of embryo arrest at the third cytokinesis stage from day three 

to four, compared to both other treatment groups (p<0.001). There was no difference 

in the number of embryos arresting at the third cytokinesis stage between the PCOS-

ICSI and the control-ICSI groups and there was no difference in embryo arrest rates 

across all three groups at the compaction or blastulation stages. Figure 4.2 shows the 

cumulative rate of embryo arrest, from time tPB2 to time tB, demonstrating an overall 

reduction in the proportion of useable PCOS-IVM blastocysts compared to both other 

treatment groups. 

Table 4.3 Percentage incidence of embryo arrest according to embryo development 
events 

Stage 
PCOS-IVM 
N 

PCOS-ICSI 
N 

Control-ICSI 
N 

p-Value 

First cytokinesis  
(D 0-2) (%) 

8/195 (4.1) 7/195 (3.6) 3/246 (1.2) NS 

Second cytokinesis (D 
2-3) (%) 

11/187 (5.9)
a
 8/188 (4.3)

 b
 0/243 (0) 

a, b
 

<.001
a
, 

.001
b
 

Third cytokinesis  
(D 3-4) (%) 

48/176 (27.3)
a, b

 16/180 (8.9)
a
 21/243 (8.6)

b
 <.001

a, b
 

Compaction  
(D 4-5) (%) 

15/128 (11.7) 9/164 (5.5) 20/222 (9.0) NS 

Blastulation  
(D 5-6) (%) 

19/113 (16.8) 23/155 (14.8) 34/202 (16.8) NS 

Data represent the number of events and the incidence as % of total embryos. P-values were 

obtained from generalised estimating equations for binomial data with an adjustment for multiple 

comparisons. Subscript letters represent significant differences (correlating to p-value). NS 

represents p>0.05. 
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Figure 4.2 Cumulative rates of stage specific embryo arrest of normally fertilised 

oocytes. 

*Percentage of embryos remaining represents the number of embryos not arrested 

after each morphokinetic time point. 

After analysing the data from only those top/good quality blastocysts, deemed suitable 

for transfer or vitrification, we found there was no significant difference in embryo 

development between any of the groups according to the morphokinetic time points 

at which specific events occurred (Supplementary Table 4.1). Poor quality blastocysts, 

which were unsuitable for transfer or vitrification, were not included in this analysis. 

Additionally, there were no significant differences between any of the groups in the 

timing of the second or third cell cycles, synchrony of the second or third cell cycles, or 

the time for completion of blastulation. Combined fresh and frozen transfers resulted 

in 15 clinical pregnancies from 43 ETs in the PCOS-IVM group (35%), 16 clinical 

pregnancies from 38 ETs in the PCOS-ICSI group (42%) and 28 clinical pregnancies from 

53 ETs in the control-ICSI group (53%). 
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Data represents the mean time to event in hours post insemination with 95% confidence interval in parentheses.  

  P-values were calculated using generalised mixed modelling to account for repeated measures. NS represents p<0.05. 

Supplementary Table 4.1 Morphokinetic time points (hours) of useable blastocysts 

Morphokinetic Event PCOS-IVM (n = 76) PCOS-ICSI (n = 110) control-ICSI (n = 137)  p-Value 

tPB2 3.2 (2.9-3.5)  3.1 (2.7-3.4) 3.0 (2.7-3.3) NS 

tPNa 6.4 (5.9-7.0) 6.9 (6..4-7.5) 7.3 (6.9-7.7) NS 

tPNf 22.3 (21.2-23.4) 23.5 (22.4-24.7) 23.7 (22.8-24.6) NS 

t2 25.3 (24.1-26.4) 26.2 (25.0-27.4) 26.4 (25.5-27.3) NS 

t3 35.1 (33.6-36.5) 36.3 (34.9-37.8) 36.5 (35.3-37.6) NS 

t4 36.7 (35.3-38.1) 38.2 (36.8-39.7) 38.2 (37.1-39.3) NS 

t5 47 (44.8-49.2) 48.3 (46.1-50.6) 48.4 (46.7-50.2) NS 

t6 50.9 (48.8-53.0) 51.7 (49.5-53.8) 51.3 (49.7-53) NS 

t7 54.9 (52.1-57.7) 54.3 (51.4-57.1) 54.1 (51.9-56.3) NS 

t8 58.3 (55.1-61.4) 57.5 (54.3-60.7) 56.9 (54.4-59.4) NS 

t9 71.8 (68.3-75.2) 71.3 (67.8-74.8) 70.2 (67.4-72.9) NS 

tm 90.3 (87.7-93) 91.1 (88.5-93.8) 93.1 (91-95.2) NS 

tsb 98.1 (95.8-100.4) 100.2 (98-102.4) 101 (99.2-102.7) NS 

tb 108.2 (105.9-110.5) 109.6 (107.4-111.8) 110.2 (108.4-112) NS 

cc2 9.7 (8.8-10.6) 10.3 (9.4-11.1) 10.2 (9.5-10.8) NS 

cc3 11.9 (10.6-13.1) 12.1(10.9-13.4) 11.9 (11-12.9) NS 

s2 1.8 (1.2-2.5) 1.8 (1.2-2.4) 1.6 (1.1-2) NS 

s3 11 (8.6-13.3) 9.3 (7-11.5) 8.4 (6.6-10.2) NS
 

Blastulation 10.4 (9.3-11.4) 9.5 (8.5-10.5) 9.4 (8.6-10.2) NS 
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4.5 Discussion 

The emergence of time-lapse systems for embryo culture has revolutionised the ART 

laboratory as embryos can now be monitored at all times throughout their 

development. The focus for this technology has been to develop embryo selection 

models (Campbell, et al., 2013, Meseguer, et al., 2011, Wong, et al., 2010). However, 

time-lapse incubation can provide other benefits to IVF culture and research to 

potentially increase success. Morphokinetic analysis has been used to assess patient 

groups of normal weight and obese infertile patients (Bellver, et al., 2013) and 

determine the impacts of PCOS on morphokinetic development (Wissing, et al., 2014). 

The technology has also been used to assess stimulation protocols (Gryshchenko, et al., 

2014) as well as culture conditions such as oxygen concentration (Kirkegaard, et al., 

2013) and culture media (Desai, et al., 2014). In this study we have incorporated the use 

of morphokinetics as an outcome variable to compare both patient groups and 

treatment types. 

The PCOS-IVM treatment group showed a significantly shorter duration of stimulation, 

less total gonadotrophin consumption and lower mean peak serum oestradiol levels, 

compared to both other treatment groups. Additionally, there were no cases of 

moderate OHSS in the PCOS-IVM and control-ICSI groups, which was significantly lower 

than the PCOS-ICSI group (p<0.001). These results are the same as previously reported 

in a retrospective analysis by our group (Walls, et al., 2015), (chapter two) and 

prospectively confirms IVM treatment as a more patient friendly treatment, in terms of 

stimulation. OHSS remains a significant adverse outcome of standard IVF treatment, 

which can result in a range of adverse outcomes from mild abdominal discomfort to 

significant morbidity and even mortality in rare and extreme cases (Delvigne, et al., 

2002). IVM remains the only treatment method to completely eliminate this risk 

(Lindenberg, 2013). While we did not have a case of OHSS in this study, some 

embryological outcomes in the PCOS-IVM group were less successful than the PCOS-ICSI 

and control-ICSI groups, and by utilising time-lapse incubation, we were able to monitor 

individual embryo development more closely. 
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Total maturation, fertilisation and blastocyst development were significantly lower in 

the PCOS-IVM group compared to the other two treatment groups. Blastocyst 

development rates after time-lapse incubation vary considerably in the literature and it 

has been suggested that time-lapse systems, such as the embryoscope, may be 

contributing to improved development (Meseguer, et al., 2012, Rubio, et al., 2014). A 

large multicentre randomised control trial recently reported 20.9% optimal and 52.3% 

total blastocyst formation (Rubio, et al., 2014) and Wissing and colleagues reported 

total blastocyst development at 34-35% for their PCOS patients and 43% for their 

controls (Wissing, et al., 2014). 

In this study, useable and total blastocyst development in PCOS-IVM embryos is 

comparatively high (39% and 48.2%), while still being significantly lower than the PCOS-

ICSI (56.4% and 67.7%) and control-ICSI (55.7% and 67.9%) groups. Therefore, while 

blastocyst development rates were acceptable in the PCOS-IVM group, this treatment 

group was less successful in terms of embryological outcomes. The cause of this 

observation is unclear but may be related to the inadequate cytoplasmic maturation of 

a proportion of the PCOS-IVM oocytes. Alternatively, it may be attributed to deficiencies 

in the treatment regime or may be associated with inherent poorer quality of oocytes 

that otherwise would not have been collected as part of a standard IVF/ICSI treatment 

regime. Furthermore, our data demonstrates significantly higher levels of AMH and BMI 

in the PCOS-IVM group in comparison to the PCOS-ICSI group, suggesting the possibility 

that a more pronounced PCOS condition may be affecting embryonic outcomes rather 

than the IVM procedure itself. 

We also found no difference in the rates of any abnormal events between the PCOS-ICSI 

group and the control-ICSI group. Wissing and colleagues did not include an analysis of 

any abnormal events and so as far as we are aware it is the first time this has been 

reported for this patient group and for PCOS-IVM. The literature is still limited on the 

diagnostic potential of these events, as they are not readily monitored using traditional 

incubation systems, and most are missed altogether when applying standard 

morphological assessment. A recent characterisation of atypical embryo phenotypes 

showed that some events occur in up to 30% of embryos (Athayde Wirka, et al., 2014). 

In our study, we found that PCOS-IVM embryos showed significantly higher rates of 
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uneven two cells as well as multinucleation at the two and four cell stages, compared 

with the control group. Some studies not utilising time-lapse incubation have suggested 

multinucleation may contribute to embryo arrest (Ambroggio, et al., 2011, Van Royen, 

et al., 2003). This evidence may indicate that higher rates of these events in PCOS-IVM 

embryos are contributing to an increase in embryo arrest. Further research into the 

exact implications and diagnostic significance of these events is necessary to provide 

additional clarity. 

Embryo arrest occurs at an increased rate in the PCOS-IVM and the PCOS-ICSI groups 

compared to the control-ICSI group during the second cytokinesis or the day two to 

three stage. Additionally, PCOS-IVM embryos have a much higher rate of embryo arrest 

during the third cytokinesis compared with both other treatment groups, indicating that 

the PCOS-IVM procedure is influencing development at the day three to four stage. The 

early stages of embryo development are driven by the maternal genome and embryonic 

genome activation (EGA) is essential for mammalian embryo development (Latham, 

1999). A proposed model for human embryo development based on time-lapse 

observations suggested that degradation of maternal RNAs begins after fertilisation, 

with transition to EGA beginning towards the end of the second cytokinesis and 

dominating during the third (Wong, et al., 2010). Therefore, in this context, PCOS 

embryos may have a reduced capacity to complete earlier stages of development 

compared to non-PCOS embryos and IVM treatment is affecting embryonic 

development during the stages of transition and completion of EGA.  

For those embryos that did progress past the third cytokinesis stage, there was no 

difference in the rates of embryo arrest during the compaction and blastulation stages. 

A number of improvements to IVM culture in animal models have been suggested to 

overcome the process of spontaneous maturation, which effects ongoing development. 

These include the addition of recombinant OSFs (Gilchrist, et al., 2008, Mester, et al., 

2014) EGF-like peptides and cAMP modulators (Richani, et al., 2014) to the culture 

media. Additionally, it has been suggested that adjusting the oxygen concentration 

during culture may have an effect on embryo development (Banwell, et al., 2007, 

Salavati, et al., 2012). Further research into the improvement in early development of 
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PCOS-IVM embryos may help to improve overall blastocyst and subsequent 

implantation rates. 

Wissing and colleagues found that embryos from normoandrogenic PCOS patients took 

longer to reach the four cell stage than control patients, and embryos from 

hyperandrogenic PCOS patients took significantly longer to achieve a number of events 

compared to the normoandrogenic PCOS patients (Wissing, et al., 2014). However, in 

their study all fertilised embryos were included in their analysis, even though only 43% 

of them made it to the blastocyst stage. Additionally, ET was performed on day two, 

effectively removing the best morphological grade embryo from the cohort of embryos 

for analysis. We only included embryos that made it to the top/good quality blastocyst 

stage that were suitable for transfer or vitrification. It was shown that poor quality 

blastocysts and non-blastulating embryos take significantly longer to reach almost all 

stages of development (Desai, et al., 2014) and by including these embryos in the 

analysis, it will affect morphokinetic outcomes. We acknowledge there is the potential 

limitation in our results due to our patient cohort not being assessed according to their 

androgenic status and this may require future investigation. However, in removing 

arrested embryos from the analysed cohort we believe we have shown a more accurate 

account of embryo morphokinetic development, effectively demonstrating the 

similarities between patient and treatment groups. 

For those blastocysts that were deemed suitable for transfer or vitrification, the results 

of this study show that there is no difference in morphokinetic development to the 

blastocyst stage between the three groups. There is increasing evidence of improved 

success rates after IVF by incorporating embryo selection models, developed from time-

lapse analysis, to choose a particular embryo for transfer (Conaghan, et al., 2013, 

Meseguer, et al., 2012, Rubio, et al., 2014). It has been suggested to combine traditional 

morphological scoring systems with these newly developed time-lapse algorithms to 

maximise the potential of selecting the best embryo for transfer (Conaghan, et al., 2013, 

Thornhill, 2014). So far, clinical outcomes in this study are similar to those previously 

reported by our group from chapter two (Walls, et al., 2015). However, data analysis on 

these results was not performed, as this study was not powered to include pregnancy 

and implantation success as an outcome. The primary endpoint was useable blastocyst 
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development as blastocyst culture is widely accepted to improve implantation and 

ongoing pregnancy (Gardner, et al., 1998, Glujovsky, et al., 2012). Therefore, IVM 

derived embryos developing to the useable blastocyst stage should have the same 

implantation potential according to their morphokinetic development as embryos from 

standard ICSI, regardless of PCOS status. The inclusion of patients in this study was based on 

clinicians' recommendation and therefore, it remains possible that patient variables may have 

influenced the findings. Regardless, this study has shown that IVM can be safely and easily 

incorporated into a laboratory time-lapse incubation protocol, in an attempt to 

maximise successful outcomes whilst minimising risks to the patients. 
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Chapter 5: Differences in Structural and Morphological 

Features of Human Oocytes after In vitro Maturation 

Compared to Standard In vitro Fertilization. 

 

Prelude 

In Chapter four, I have demonstrated that embryos from IVM treatment have an 

increased rate of early embryo arrest leading to an overall decrease in blastocyst 

development rates. These results are at odds with those from the retrospective case-

controlled data presented in chapter two and highlight the importance of performing 

prospective trials with suitable controls. Chapter four also highlights that for those 

embryos which did develop to the useable blastocyst stage, there was no difference in 

morphokinetic time-points indicating similar developmental patterns for useable 

embryos regardless of treatment methods or PCOS diagnosis. In chapter five, I will 

expand on the use of time-lapse technology to perform an image-based assessment of 

oocyte size and texture as a measure of competency and determine their effects on 

subsequent embryo development. 
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5.1 Abstract 

Study questions: Does the size and texture characteristics of oocytes and zygotes 

differ depending whether they were derived from an IVM treatment cycle, or from a 

traditional IVF cycle. Furthermore, does this affect the rate of fertilisation and 

embryonic development to the blastocyst stage? 

Summary answer: This study suggests that oocyte size and cytoplasmic texture differ 

in the early stages of the first cell cycle, and that these may be useful markers of IVM 

derived oocyte competence, due to the differences observed in the viability of IVM 

embryos. 

What is known already: IVM has been less successful than standard IVF in terms of 

fertilisation and blastocyst development rates. Previous studies have linked oocyte size 

to the maturation status and developmental potential of resultant embryos. Likewise, 

texture parameters have also been suggested to be associated with developmental 

outcomes. It is currently unclear whether these cytoplasmic parameters differ 

between IVM and standard IVF derived oocytes, or indeed, whether these parameters 

differ between patients with and without PCOS. 

Study design, size, and duration: This paper represents a prospective case-control 

study. The study involved 83 participants who underwent 93 treatment cycles. Cycles 

were completed between January 2013 and July 2014.  

Participants/materials, setting, and methods: Participants were allocated to one of 

three groups: patients with and without PCOS, undergoing ICSI treatment (PCOS-ICSI 

and control-ICSI), and patients with PCOS undergoing IVM treatment (PCOS-IVM). All 

mature oocytes were cultured in a time-lapse incubation system (Embryoscope 

[Vitrolife, Sweden]). The size of the oocytes and zygotes were recorded using the 

ellipse function as part of routine annotations. Texture parameters of the ooplasm 

were analysed using ImageJ and Mazda image analysis software, utilising the grey-

scale, co-occurrence matrix analysis. The morphological measurements were recorded 

and an image exported for texture analysis at five developmental stages: following 

sperm injection (INJ), second polar body extrusion (PB2), appearance of the first 
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pronuclei (PNa), disappearance of the pronuclei (PNf) and immediately prior to 

cytokinesis (CYT).  

Main results and the role of chance: Normally fertilised oocytes collected following 

PCOS-IVM treatment were significantly larger at the INJ and PB2 developmental 

stages, compared to both the PCOS-ICSI (p=0.006, p=0.031) and the control-ICSI group 

(p<0.001, p=0.003). PCOS-IVM oocytes were also significantly larger at the PNf stage 

compared to the control-ICSI group only (p=0.046). Oocyte texture parameters were 

also significantly different to both other treatment groups in the early developmental 

stages, although the differences were more pronounced when compared with the 

control-ICSI group. However, there were no significant differences in size or texture by 

the final developmental stages of CYT between any of the treatment groups. 

Limitations, reasons for caution: This study was small and hence larger prospective 

studies are required to clarify the effects that oocyte size and texture have on 

implantation, ongoing pregnancy and live birth. 

Wider implications of the findings: This is the first study to compare the size and 

cytoplasmic texture of oocytes from IVM and IVF cycles, and to study these parameters 

in patients with and without PCOS. This study provided an in-depth analysis of the 

structural differences in oocytes between patient groups and treatment modalities, 

and may provide a further non-invasive technique for determining the developmental 

capacity of an oocyte. 

5.2 Introduction 

IVM is a form of ART, which involves minimal or no hormonal stimulation of the 

patient. The oocytes are collected at the antral follicle stage, and the final process of 

meiosis is completed within the laboratory, or “in vitro”. This process differs from 

natural oocyte maturation where an oocyte undergoes the final stages of meiosis 

during ovulation, under the influence of increasing LH secretion. Additionally, it differs 

from standard IVF treatment, where maturation is induced prior to oocyte collection, 

in response to an exogenous hormonal trigger. Hence, in IVM, there is an altered 
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timeline for normal meiotic progression through the processes of nuclear and 

cytoplasmic maturation. 

The physical characteristics of oocytes undergo significant changes throughout the 

maturation phase of development. The size of the oocyte’s cytoplasm (ooplasm) and 

cell volume regulation has been shown to be stage specific, depending on the timing of 

ovulation (including exogenous ovulation trigger injection), and the resumption of 

meiosis in a mouse model (Tartia, et al., 2009).  

In contrast to cell volume changes, little is known about the impact of the changing 

patterns of cytoplasmic texture in oocytes/zygotes, their relationship with the 

subsequent developmental potential of embryos and if these differ between ART 

treatments. The textural analysis of the oocyte cytoplasm has the potential to detect 

structural features that cannot otherwise be detected by standard visual inspection 

(Castellano, et al., 2004). Grey level co-occurrence matrices (GLCM) are a methodology 

commonly used to determine textural features within an image, which have 

historically been used in oncology to diagnose cancer cells (Yang, et al., 2012). This 

methodology of textural analysis have also been employed to provide insights into 

oocyte and embryo viability (Manna, et al., 2013).  

A previous, prospective study demonstrated that in IVM patients with PCOS the rates 

of embryonic arrest are higher in the earlier cleavage stages, leading to overall reduced 

blastocyst development compared with intra cytoplasmic sperm injection (ICSI) 

embryos from PCOS and non-PCOS patients (Walls, et al., 2015). The aim of the 

present study was to determine whether oocytes collected from IVM cycles differ in 

cytoplasmic size and texture during fertilisation and early zygotic development, when 

compared with oocytes derived from standard ICSI cycles, regardless of PCOS status. 

Additionally, we investigated the association between cytoplasmic size and texture 

with the rates of fertilisation and blastocyst development. 

5.3 Methods 

Patient recruitment, stimulation, oocyte collection, fertilisation and embryo culture 

methods were previously described for this patient cohort (chapter four) (Walls, et al., 
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2015). Briefly, participants were recruited into one of three groups: patients with and 

without PCOS undergoing ICSI treatment (PCOS-ICSI and control-ICSI), and patients 

with PCOS undergoing IVM treatment (PCOS-IVM). All mature oocytes were 

inseminated by ICSI and immediately placed in an Embryoscope incubator (Vitrolife, 

Sweden). All normally fertilised embryos were cultured to the blastocyst stage in G-

series culture media (Vitrolife, Sweden), using G-IVF for fertilisation, G-1 for culture to 

day 3 and G-2 to day 5 and 6. Only SETs were performed, with any suitable embryos 

stored by vitrification for use in a future FET cycle.  

Time-lapse Culture, Size Annotation and Image Acquisition 

Images were taken from 7 focal planes, every 10 min after ICSI and insertion into the 

Embryoscope. Time-lapse analysis of the most commonly annotated variables have 

been previously reported in chapter four (Walls, et al., 2015). For the purpose of this 

publication, the following additional variable annotations and methods were 

conducted. The size characteristics of oocytes/zygotes were recorded using an image 

analysis function (ellipse) of the Embryoscope software program (Embryoviewer, 

Vitrolife, Sweden). The ellipse function measures two dimensional sizes in µm2 and has 

been used as an estimate of cell volume changes. Measurements were recorded at five 

developmental stages: following sperm injection (INJ), second polar body extrusion 

(PB2), appearance of the first pronucleus (PNa), disappearance of the pronuclei (PNf) 

and just prior to cytokinesis (CYT). 

At each developmental stage, three ellipse measurements were recorded: the outer 

ZP, inner ZP and the oolemma/cytoplasm, as demonstrated in Figure 5.1. The 

difference between the inner ZP and oolemma/cytoplasm ellipse measurements were 

then used to estimate the size of the perivitelline (PV) space. As the size of the ZP does 

not change until a blastocyst begins to expand, measurements of the inner and outer 

ZP were recorded at the initial time-point (INJ) only and this measurement of inner ZP 

was subsequently used to calculate the PV space size for the remaining stages. 

Additionally, at each of these developmental stages, an image was saved and exported 

for subsequent texture analysis. 
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Figure 5.1 Ellipse function to calculate size after injection (10407 µm2) and prior to 

cytokinesis (9552) µm2). 

The area within the red circles represents the area calculated using the ellipse-

measuring tool. 

Cytoplasmic Texture Analysis 

Textural features of a digital image can be expressed mathematically from the 

distribution of pixels (px) which characterise underlying structures within the image 

(Castellano, et al., 2004). Analysis of oocyte cytoplasmic texture was performed in 

three stages and is displayed in Figure 5.2. 

1) Image acquisition: The Embryoscope’s built in camera produced a 1280 x 1024 px, 3 

px per µm, monochrome, 8-bit image. The Embryoslide (Vitrolife, Sweden) well region 

is cropped by the Embryoscope software to generate a 500 x500 px image, which is 

used to monitor embryo development. A Jpeg formatted image for each oocyte, at 

each of the five developmental stages was saved for analysis. Each image was 

subsequently loaded into ImageJ (National Institutes of Health, US), where a square 85 

x 85 px sample image from the central region of the cytoplasm was acquired and saved 

as an 8-bit BMP image file.  

2) Texture Analysis: Each BMP image was then uploaded into the image analysis 

software program, MaZda version 4.6 (Institute of Electronics, Technical University of 

Lodz, Poland). A circular region of interest (ROI) of 85 px diameter, was overlaid onto 

each 85 x 85 px image and a texture analysis function performed. This utilised GLCM as 

described by Castellano and colleagues (Castellano, et al., 2004), enabling the 

comparative relationship to be determined between the grey intensity levels of 

individual pixels of the defined region of interest, with neighbouring pixels. The GLCM 

parameters included in this study were calculated on 6-bit images for interpixel 
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distances equal to five pixels and for four directions: horizontal (0°), vertical (90°), 45°, 

and 135°. The parameters were: Angular Second Moment (ASM), Contrast (CONT), 

Correlation (CORR), Sum Of Squares Variance (SS), Inverse Difference Moment (IDM), 

Sum Average (SA), Sum Variance (SV), Sum Entropy (SE), Entropy (ENT) Difference 

Variance (DV) and Difference Entropy (DE). These features were chosen based on 

those recommended in the literature to be important measures of texture resulting 

from the GLCM algorithms  (Haralick, et al., 1973).  

3) Exporting results: The cytoplasmic texture analysis results were exported into an 

excel spreadsheet (Microsoft, 2010) where they were matched to corresponding 

patient/oocyte/embryological data. 
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Stage 1) Embryoscope Image Acquisition 

 

    

 

 

                                                  

 

Figure 5.2 Demonstration of the stages of image acquisition and analysis for oocyte cytoplasmic texture analysis 

Measurements (px) are in pixels, Embryoscope magnification and image acquisition = 3 px per µm 

500px 

500px 

1024px 
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Stage 3) Export and collate results 
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Data Analysis 

Statistical software package SPSS version 20 (IBM Chicago, USA) was used for all 

analyses. Analysis of patient demographics and embryology outcomes were previously 

described in chapter four (Walls, et al., 2015). Generalised Linear Mixed Modelling 

(GLMM) was used to determine differences in oocyte/zygote size and texture 

parameters between the three groups. This included an adjustment for repeated 

measures to account for the interaction effect of patient ID and treatment group, as 

each patient contributed multiple embryos. For the purpose of this study, results were 

analysed in three stages. Firstly, at the time INJ, all injected oocytes were compared 

across the three groups (including unfertilised oocytes) for differences in size and 

texture parameters. Secondly, a similar analysis was performed to include only 

normally fertilised oocytes at each of the five developmental stages INJ, PB2, PNa, PNf 

and CYT. Lastly, we performed an analysis to determine if there was an effect of size 

and texture on fertilisation and useable blastocyst development (good quality 

blastocysts, suitable for transfer or vitrification). We performed this analysis using 

Generalised Estimating Equations (GEE), using a binary logistic model to account for 

repeated measures of patient ID and to adjust for the interaction between groups and 

oocyte size. Results are displayed as means and CI; all tests were two-tailed, adjusted 

for Age and BMI and p-values <0.05 were considered statistically significant. 

Ethics Approval 

Ethical approval was granted from the University of Western Australia Human 

Research Ethics Committee (reference: RA/4/1/5629) and the Western Australia 

Reproductive Technology Council (RTC) committee in line with the guidelines 

established at FSWA and the University of Western Australia, School of Women’s and 

Infants Health. Written, informed consent was given by all participating patients. 

5.4 Results 

Patient demographics, hormone profiles and embryology outcomes from this cohort 

have been previously reported in chapter four (Walls, et al., 2015). Briefly, there were 

308 mature oocytes collected from 32 patients in the PCOS-IVM group, 265 from 23 
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patients in the PCOS-ICSI group and 351 from 28 patients in the control-ICSI groups. 

The PCOS-IVM group had significantly higher serum AMH concentrations compared to 

the PCOS-ICSI (p=0.015) and control-ICSI (p<0.001) groups and significantly lower 

duration of stimulation, gonadotphin intake and peak serum oestradiol levels 

compared to both other treatment groups. The PCOS-ICSI patients also had a 

significantly longer duration of stimulation compared to the Control-ICSI group of 

patients. There were no significant differences in the age or BMI of patients between 

the three treatment groups. No patients in either the IVM or the control-ICSI group 

reported any symptoms of OHSS, the rate of which was significantly lower than the 

rate of 17.4% reported in the PCOS-ICSI group (p<0.001). The patients within the IVM 

group also demonstrated significantly lower rates of fertilisation compared to the 

PCOS-ICSI and control-ICSI groups (63.3% vs, 73.6% and 70.1% respectively), (p=0.024) 

as well as useable blastocyst development (39% vs, 56.4% and 55.7% respectively), 

(p<0.001). 

Table 5.I shows the outcomes of the oocyte’s inner and outer ZP area (µm2) as well as 

the area (µm2) of the oolemma/cytoplasm of all mature, inseminated oocytes at the 

time INJ. The results show that oocytes from the IVM group have significantly smaller 

inner ZP measurements than the PCOS-ICSI (p=0.049) and control-ICSI groups 

(p=0.016), as well as a significantly larger oolemma/cytoplasm at INJ than both other 

treatment groups (p<0.001). There was, however, no significant difference in the size 

of the outer ZP measurement. There was also no significant difference in overall ZP 

size (Inner-Outer ZP) across the groups. The results of ZP size, oocyte and PV space 

sizes of normally fertilised oocytes, compared between the three groups, are displayed 

in Table 5.2 and Figures 5.3 and 5.4. There were no differences in the size of the outer 

ZP between any of the groups; however, the inner ZP was significantly smaller in the 

PCOS-IVM oocytes compared to the other two groups (p=0.030, p=0.006). Oocytes 

collected following PCOS-IVM treatment showed significantly larger mean cell size at 

INJ and PB2 than both the PCOS-ICSI (p=0.006 and p<0.001, respectively) and the 

control-ICSI groups (p<0.001 and p<0.001, respectively). There were no significant 

differences at PNa or CYT between any groups; however, at PNf the oocytes from the 

PCOS-IVM group had a significantly larger cell size than the control-ICSI group 
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(p=0.046). The size of the PV space in PCOS-IVM oocytes was significantly smaller at all 

stages compared to both other treatment groups (p<0.001). There was no difference in 

oocyte or PV space size at any stage between the PCOS-ICSI and PCOS-Control groups.  
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Data represents the mean area and 95% confidence intervals. All results have been adjusted for repeated measures of patient ID, age and BMI. Statistical 

significance was set at p<0.05. Need to define superscripts and abbreviations. ZP= Zona Pellucida, developmental stage INJ= following sperm injection. 

Table 5.I. Cytoplasm, outer ZP and inner ZP size of all mature oocytes after injection 

Size: Developmental stage (µm
2) 

 
Group means (95% CI)  p-value 

 
PCOS-IVM (N =308) PCOS-ICSI (N =265) Control-ICSI (N =351) 

 
Outer ZP: (All Stages) 20231 (17940-20722) 20387 (19794-20979) 20501 (20032-20969) NS 

Inner ZP: (All Stages) 11764 (11511-12017)
a, b

 12162 (11857-12467)
a
 12195 (11953-12436)

b
 0.049

a
, 0.016

b
 

Outer ZP-Inner ZP: (All Stages) 8468 (8107-8828) 8223 (7787-8658) 8307 (7963-8651) NS 

Oocyte: INJ 10625 (10441-10809)
a, b

 10049 (9827-10271)
a
 9940 (9764-10116)

b
 <0.001

a, b 
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Data represents the mean area and 95% confidence intervals. All results have been adjusted for repeated measures of patient ID, age and BMI. Statistical 

significance was set at p<0.05. ZP= Zona Pellucida, PV= Perivitelline. Developmental stages: INJ= following sperm injection, PB2= second polar body extrusion, 

PNa appearance of the first pronuclei, PNf =disappearance of the pronuclei and CYT= just prior to cytokinesis. 

Table 5.2 Oocyte, PV space and ZP size of normally fertilised oocytes only 

Size: Developmental stage (µm
2) 

 
Group means (95% CI)  p-value 

 
PCOS-IVM (n =195) PCOS-ICSI (n =195) Control-ICSI (n =246) 

 
Outer ZP: All 20266 (17941-20790) 20487 (19846-21128) 20460 (19963-20957) NS 

Inner ZP: All 11665 (11381-11950)
a, b 

12165 (11816-12513)
a 

12227 (11957-12496)
b 

0.030
a
, 0.006

b 

Oocyte: INJ 10459 (10270-10648)
a, b 

10037 (9806-10267)
a 

9937 (9758-10115)
b 

0.006
a
, <0.001

b 

PV Space: INJ 1207 (1004-1411)
a, b 

2117 (1870-2364)
a 

2286 (2093-2480)
b 

<.001
a, b 

Oocyte: PB2 9993 (9808-10179)
 a, b

 9671 (9445-9898)
 a
 9605 (9429-9781)

 b
 0.031

a
, 0.003

b 

PV Space: PB2 1670 (1460-1881)
a, b 

2481 (2225-2736)
a 

2618 (2418-2819)
b 

<0.001
a, b

 

Oocyte: PNa 9728 (9511-9946) 9518 (9255-9782) 9524 (9318-9731) NS 

PV Space: PNa 1928 (1708-2149)
a, b 

2621 (2356-2885)
a 

2683 (2473-2893)
b 

<0.001
a, b

 

Oocyte: PNf 9687 (9512-9860)
a 

9491 (9280-9703) 9443 (9278-9607)
a 

0.046
a 

PV Space: PNf 1980 (1744-2216)
a, b 

2659 (2374-2944)
a 

2830 (2607-3054)
b 

<0.001
a, b

 

Oocyte: CYT 9579 (9385-9773) 9433 (9198-9668) 9451 (9267-9634) NS 

PV Space: CYT 2081 (1872-2289)
a, b 

2713 (2462-2963)
a 

2756 (2559-2953)
b 

<0.001
a, b
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Figure 5.3 Stage specific cell size of fertilised oocytes according to treatment group.  

*represents p<0.05. Error bars represent standard error of the mean 

 

Figure 5.4 Stage specific PV space size of fertilised oocytes according to treatment 

group  

***represent p <0.001. Error bars represent standard error of the mean.     
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Table 5.3 shows the difference in means and CI across the three groups for all 

measured texture parameters of all inseminated oocytes. PCOS-IVM oocytes compared 

to those from the PCOS-ICSI and control-ICSI groups showed significantly different 

texture parameters of ASM (p=0.001, <0.001), IDM (p=0.047, 0.001) and ENT (p=0.048, 

0.009), and significantly different measurements of CONT (p=0.045), SS (p=0.001) and 

DE (p=0.024) compared with the control-ICSI group only. There were no significant 

differences in CORR, SA, SE, SV or DV across all three groups and there were no 

significant differences between the PCOS-ICSI and control-ICSI groups. 
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Data represents the mean area and 95% confidence intervals. All results have been adjusted for repeated measures of patient ID, age and BMI. Statistical 

significance was set at p<0.05. ZP= Zona Pellucida, PV= Perivitelline. Developmental stages: INJ= following sperm injection, PB2= second polar body extrusion, 

PNa appearance of the first pronuclei, PNf disappearance of the pronuclei and CYT= just prior to cytokinesis. 

Table 5.3 Texture parameters at developmental stage INJ for all mature, inseminated oocytes 

Measure of Texture 
 

Group means (95% CI)  P-Value 

 PCOS-IVM (n=308) PCOS-ICSI (n=265) Control-ICSI (351)  

Angular Second Moment (ASM) x10^3 1.064 (1.051-1.077)
a, b

 1.030 (1.015-1.046)
a
 1.029 (1.016-1.042)

b
 

0.001
a
, 

<0.001
b 

Contrast (CONT) 169.7 (164.7-174.8)
a
 173.0 (166.8-179.0) 176.9 (172.0-181.8)

a
 0.045

a 

Correlation (CORR) 0.20 (0.18-0.22) 0.19 (0.16-0.22) 0.17 (0.15-0.20) NS 

Sum Of Squares Variance (SS) 106.1 (105.7-106.5)
a
 106.6 (106.1-107.1) 107.1 (106.7-107.5)

a
 0.001

a 

Inverse Difference Moment (IDM) 0.096 (0.098-0.101
)a, b

 0.097 (0.094-0.099)
a
 0.095 (0.093-0.097)

b
 

0.047
a
, 

0.001
b
 

Sum Average (SA) 64.31 (64.26-64.35) 64.32 (64.27-64.37) 64.29 (64.25-64.34) NS 

Sum Variance (SV) 254.6 (250.6-258.7) 253.3 (248.4-255.7) 251.7 (247.8-255.7) NS 

Sum Entropy (SE) 1.809 (1.806-1.812) 1.808 (1.804-1.812) 1.807 (1.803-1.810) NS 

Entropy (ENT) 3.116 (3.111-3.122)
a, b

 3.125 (3.119-3.132)
a
 3.127 (3.121-3.132)

b
 

0.048
a 

0.009
b 

Difference Variance (DV) 66.75 (65.00-68.51) 66.41 (64.29-68.53) 67.44 (65.73-69.14) NS 

Difference Entropy (DE) 1.431 (1.424-1.438)
a
 1.4363 (1.428-1.444) 1.441 (1.435-1.448)

a
 0.024

a 
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Supplementary Table 5.1 shows the mean texture measurements and CI of the three 

treatment groups at all developmental stages in normally fertilised oocytes. At 

developmental stage INJ, PCOS-IVM oocytes had significantly different texture 

measurements to the control-ICSI group for all measurements except SA, SE and DV, as 

well as significantly different measurements for ASM, IDM and SE compared with the 

PCOS-ICSI group. At PB2, PCOS-IVM oocytes were significantly different to both other 

groups for ASM and IDM and to the control-ICSI group for CONT, CORR, SV, SE, ENT 

and DE. At PNa, PCOS-IVM oocytes were significantly different to both other groups for 

SA and to the control-ICSI group for CONT, CORR, IDM, SA, SV, SE, DV and DE. For the 

developmental stage PNf, there was a significant difference between the PCOS-IVM 

group and both other groups at ASM and between the PCOS-IVM and PCOS-ICSI group 

for SS. There were no significant diffferences seen between any of the parameters at 

developmental stage CYT and no significant differences were seen in texture 

parameters between the PCOS-ICSI and control-ICSI group at any developmental 

stages, for any measures of texture.  
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Supplementary Table 5.1 Texture parameters of normally fertilised oocytes only 

Texture Measurement Stage  Group Means (95% CI)  P-Value 

  PCOS-IVM PCOS-ICSI Control-ICSI  

Angular Second Moment 
(ASM) x10^3 

INJ 1.060 (1.045-1.075)
a, b 

1.026 (1.008-1.043)
a 

1.029 (1.015-1.044)
b 

0.004
a,b

 

 
PB2 1.056 (1.041-1.072)

a, b 
1.029 (1.011-1.047)

a 
1.025 (1.010-1.040)

b 0.024
a
, 

0.004
b 

 
PNa 1.032 (1.018-1.046) 1.040 (1.024-1.057) 1.028 (1.014-1.041) NS 

 
PNf 1.084 (1.068-1.100)

a, b
 1.055 (1.037-1.074)

a 
1.082 (1.066-1.097)

b 0.021
a
, 

0.031
b
 

 
CYT 1.071 (1.056-1.086)

a 
1.075 (1.058-1.093) 1.086 (1.071-1.100) NS 

Contrast (CONT) INJ 167.0 (161.6-172.4)
 a
 172.5 (166.0-179.0) 177.1( 172.0-182.2)

a
 0.008

a
 

 
PB2 157.5 (151.6-163.4)

a
 164.4 (157.3-171.4) 170.1 (164.4-175.7)

a
 0.003

a 

 
PNa 149.3 (143.8-154.7)

a
 152.4 (145.9-158.9) 159.0 (153.8-164.2)

a
 0.012

a 

 
PNf 138.3 (132.8-143.8) 143.2 (136.7-149.8) 142.6 (137.4-147.8) NS 

 
CYT 139.2 (132.5-145.9) 138.5 (130.4-148.6) 142.2 (135.8-148.6) NS 

Correlation (CORR) INJ 0.21 (0.19-0.24)
a
 0.19 (0.17-0.22) 0.17 (0.15-0.20)

a
 0.012

a
 

 
PB2 0.26 (0.23-0.29)

a
 0.23 (0.20-0.26) 0.21 (0.18-0.23)

a
 0.003

a
 

 
PNa 0.30 (0.28-0.32)

a
 0.28 (0.52-0.31) 0.25 (0.23-0.28)

a
 0.010

a 

 
PNf 0.35 (0.32-0.37) 0.33 (0.30-0.36) 0.33 (0.30-0.35) NS 

 
CYT 0.34 (0.31-0.37) 0.34 (0.31-0.38) 0.33 (0.30-0.36) NS 

Sum Of Squares 
Variance (SS) 

INJ 106.3 (105.8-106.7)
a
 106.7 (106.1-107.2) 107.1 (106.6-107.2)

a
 0.014

a
 

 
PB2 106.3 (105.9-106.8) 106.5 (106.0-107.0) 106.9 (106.5-107.3) NS 

 
PNa 106.5 (106.1-106.9) 106.1 (105.6-106.6) 106.7 (106.3-107.1) NS 

 
PNf 105.4 (105.1-105.8)

a
 106.1 (105.7-106.5)

a
 105.8 (105.4-106.1) 0.018

a
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CYT 105.5 (105.1-105.9) 105.5 (105.0-106.0) 105.6 (105.2-106.0) NS 

Inverse Difference 
Moment (IDM) 

INJ 0.100 (0.098-0.102)
a, b

 0.097 (0.094-0.099)
a
 0.095 (0.093-0.097)

b
 

0.018
a
, 

<0.001
b
 

 
PB2 0.104 (0.102-0.106)

a, b
 0.099

 
(0.097-0.102)

a 
0.097 (0.095-0.099)

b
 

0.012
a
, 

<0.001
b
 

 
PNa 0.104 (0.102-0.106)

a
 0.102 (0.100-0.105) 0.100 (0.098-0.102)

a
 0.011

a 

 
PNf 0.106 (0.104-0.109) 0.103 (0.101-0.106) 0.104 (0.102-0.106) NS 

 
CYT 0.106 (0.103-0.108) 0.106 (0.102-0.109) 0.104 (0.102-0.107) NS 

Sum Average (SA)  INJ 64.32 (64.27-64.36) 64.34 (64.28-64.39) 64.29 (64.25-64.342) NS 

 
PB2 64.31 (64.26-64.35) 64.30 (64.24-64.35) 64.26(64.23-64.31) NS 

 
PNa 64.34 (64.29-64.40)

a
 64.33 (64.27-64.40) 64.42 (64.37-64.48)

a
 

0.035
a
, 

0.028
b 

 
PNf 64.39 (64.34-64.44) 64.36 (64.30-64.42) 64.32 (64.28-64.38) NS 

 
CYT 64.36 (64.31-64.41) 64.36 (64.31-64.42) 64.33 (64.29-64.38) NS 

Sum Variance (SV) INJ 258.3 (254.0-262.5)
a
 254.0 (249.0-259.2) 251.7 (247.6-255.7)

a
 0.029

a
 

 
PB2 267.8 (262.8-267.6)

a
 261.6 (255.6-267.6) 257.9 (253.1-262.6)

a
 0.005

a 

 
PNa 276.6 (271.8-281.4)

a
 271.1 (266.3-277.7) 267.7 (263.1-272.3)

a
 0.010

a 

 
PNf 284.1 (279.0-289.1) 281.2 (275.1-287.2) 280.7 (275.9-285.5) NS 

 
CYT 283.0 (276.8-289.2) 283.5 (276.0-291.0) 280.3 (274.4-286.2) NS 

Sum Entropy (SE) INJ 1.812 (1.809-1.816)
a
 1.809 (1.805-1.813)

a
 1.806 (1.803-1.810) 0.016

a
 

 
PB2 1.819 (1.816-1.823)

a
 1.814 (1.809-1.818) 1.811 (1.807-1.815)

a
 0.003

a
 

 
PNa 1.826 (1.822-1.829)

a
 1.821 (1.817-1.826) 1.819 (1.816-1.822)

a
 0.010

a
 

 
PNf 1.831 (1.827-1.835) 1.830 (1.825-1.834) 1.829 (1.826-1.833) NS 

 
CYT 1.831 (1.826-1.835) 1.832 (1.826-1.837) 1.829 (1.825-1.833) NS 

Entropy (ENT)  INJ 3.117 (3.110-3.123)
a
 3.126 (3.119-3.134) 3.127 (3.121-3.133)

a
 0.020

a
 

 
PB2 3.115 (3.109-3.122)

a
 3.123 (3.115-3.130) 3.126 (3.120-3.132)

a
 0.020

a
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Data represents the mean area and 95% confidence intervals. All results have been adjusted for repeated measures of patient ID, age and BMI. Statistical 

significance was set at p<0.05. ZP= Zona Pellucida, PV= Perivitelline. Developmental stages: INJ= following sperm injection, PB2= second polar body extrusion, 

PNa appearance of the first pronuclei, PNf disappearance of the pronuclei and CYT= just prior to cytokinesis. 

 

 
PNa 3.117 (3.111-3.123) 3.116 (3.109-3.123) 3.122 (3.117-3.128) NS 

 
PNf 3.102 (3.095-3.108) 3.110 (3.102-3.117) 3.104 (3.098-3.111) NS 

 
CYT 3.104 (3.096-3.111) 3.104 (3.095-3.112) 3.103 (3.096-3.110) NS 

Difference Variance (DV)  INJ 65.80 (63.88-67.72) 66.21 (63.90-68.51) 67.49 (65.67-69.32) NS 

 
PB2 62.45 (60.30-64.61) 63.31 (60.73-65.90) 64.96 (62.91-67.01) NS 

 
PNa 57.51 (55.50-59.52)

a
 58.18 (55.79-60.57) 60.39 (58.47-62.31)

a
 0.042

a 

 
PNf 51.93 (49.98-53.87) 53.43 (51.10-55.76) 53.11 (51.25-54.97) NS 

 
CYT 51.92 (49.52-54.32) 51.68 (48.78-54.57) 52.83 (50.56-55.11) NS 

Difference Entropy (DE) INJ 1.427 (1.420-1.435)
a
 1.436 (1.427-1.445) 1.442 (1.435-1.449)

a
 0.005

a
 

 
PB2 1.413 (1.405-1.421)

a
 1.425 (1.414-1.435) 1.432 (1.424-1.440)

a
 0.001

a
 

 
PNa 1.403 (1.395-1.411)

a
 1.408 (1.399-1.418) 1.418 (1.410-1.425)

a
 0.012

a
 

 
PNf 1.388 (1.379-1.397) 1.397 (1.386-1.407) 1.396 (1.387-1.404) NS 

 
CYT 1.388 (1.377-1.399) 1.388 (1.375-1.401) 1.393 (1.383-1.403) NS 
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After adjusting for age, BMI, patient ID and oocyte size at INJ, the PCOS-IVM group was 

associated with a significant decrease in fertilisation rate (p=0.026). After an 

adjustment for age, BMI and patient ID, increased oocyte size was found to be 

significantly associated with a decreased rate of fertilisation in the PCOS-IVM group 

(p=0.029). However, this was not found in either of the other groups. For those 

oocytes that displayed normal fertilisation, oocyte size was not associated with good 

quality blastocyst development in any of the treatment groups at any of the 

developmental stages measured. No measure of texture was found to be associated 

with normal fertilisation at the time of INJ or at any developmental stage for useable 

blastocyst development. 

5.5 Discussion 

There is limited literature available on the size and texture parameters of human 

oocytes in vitro and their significance and relationship to oocyte competence. In 

particular, it is not known how these parameters might affect fertilisation and embryo 

development rates as well as implantation and ongoing pregnancy outcomes. Research 

by Cavilla and collegues into the effects of FF-MAS on oocyte maturtion (Cavilla, et al., 

2001) was extended to to include an analysis of oocyte diameter during the maturation 

process (Cavilla, et al., 2008). They demonstrated that oocyte sizes increased following 

the period of maturation. The results are difficult to compare as their IVM group 

received no FSH priming and focused on the diameter of GV stage oocytes. In the 

present study, the focus was on oocyte size post maturation at the time of 

insemination. The difference in preparation protocols prior to TVOA could lead to 

inherant changes in oocyte development which may ulitmately include changes in 

oocyte size. The use of FSH priming together with FSH and hCG supplementation in 

culture may have contributed to the observed increases in oocyte size in the present 

study as oocyte size increases following exposure of granulosa to FSH (Gougeon, 2010).  

 

With the emergence of time-lapse incubation systems for embryo culture, oocytes and 

embryos can now be continually assessed throughout their development. This 
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technology is most commonly applied to researching embryo cleavage kinetics leading 

to the development of models for embryo selection or de-selection (Conaghan, et al., 

2013, Meseguer, et al., 2011). Additionally, this technology is increasingly being used 

as a reliable research assessment tool to measure outcome variables. Studies have 

been conducted comparing different treatment types such as IVM and standard IVF 

(Walls, et al., 2015), patient groups such as obese vs, normal weight women (Bellver, 

et al., 2013) or women with and without hyperandrogenism in PCOS (Wissing, et al., 

2014) and varying culture conditions such as oxygen concentrations (Kirkegaard, et al., 

2013) or culture media (Ciray, et al., 2012). In this study, we utilised time-lapse 

technology to acquire image data during the crucial developmental stages prior to the 

first cytokinesis, to determine if the size and texture of human oocytes are influenced 

by PCOS or the process of IVM. 

In the present study, we found that oocytes derived from the PCOS-IVM patients had 

significantly larger areas (µm2) than those from the PCOS-ICSI and control-ICSI groups 

at the earlier stages prior to cytokinesis. The ICSI procedure itself may influence the 

volume and size of the oocytes and a decrease in the ellipse size of injected oocytes 

during the initial two hours post injection has been reported (Liu, et al., 2015). 

However, as all three groups were inseminated using the ICSI technique, the variations 

in sizes observed appears to be related to other variables. The difference in oocyte size 

was most significant at INJ, but then diminished and was not significant by the stage 

CYT. With the exception of PNa, there was a consistent trend towards size 

normalisation prior to the first cell cleavage. Oocyte volume has been shown to reflect 

successful maturation in a mouse model (Tartia, et al., 2009) and may be prove a 

useful marker of IVM-derived oocyte competence.  

Studies have shown that after an ovulation trigger and prior to fertilisation, oocyte 

volume is self-regulated via glycine accumulation which leads to a decrease in cell 

volume (Tartia, et al., 2009). However, for IVM oocytes without the use of hCG 

priming, they are removed from the follicle prior to this stage. Therefore their self-

regulation process may be altered until their entry into maturation culture and 

exposure to hCG. This may be affecting the normal functionality of their volume 

regulatory pathway. Following fertilisation, a second osmolyte betaine, also 
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contributes to cell volume regulation and plays an important role in the early cleavage 

stages of embryogenesis (Baltz, et al., 2010, Gardner, 1998). As this process begins just 

after fertilisation, this may be contributing to the minimal size differences between 

treatment groups being observed at the PNa and CYT stages, as the process of volume 

self-regulation is not complete until just prior to cytokinesis (Baltz, et al., 2010). The 

total amount of glycine accumulated in human cleavage stage embryos increases with 

the osmolality of the medium (Hammer, et al., 2000), while human embryos with high 

levels of glycine turnover are most likely to implant and produce a pregnancy (Brison, 

et al., 2004). Therefore, there is the potential for a delay in functionality of their 

glycine-dependent volume regulatory system, which may also be culture media 

dependent, contributing to their increase in size in the early stages of development. 

This warrants further investigation and has the potential to impact on the glycine and 

betaine concentrations used in future IVM culture media. 

Another potential explanation for the increase in oocyte size following IVM is based on 

the observation that the immature oocyte is anchored to the ZP via microvilli 

adhesions (Baltz, et al., 2010). Baltz et al (2010) suggested, “one aspect of normal 

oocyte maturation development following ovulation and initiation of meiotic 

maturation is the release of the adhesion between the oocyte and the inner surface of 

the ZP”, and that this is then followed by a change in the volume of the oocyte to a 

smaller size. Therefore, as the process of maturation is altered during in vitro culture, 

there is the potential that the oocyte zona adhesions are still largely intact for IVM 

oocytes and together with an altered mechanism for glycine self-regulation, contribute 

to their increased size.  

The size of the PV space showed the inverse of the trend seen for cytoplasmic size, 

with significantly smaller PV spaces in PCOS-IVM oocytes. Furthermore, this size 

difference persisted at all measured developmental stages compared to the two 

control groups. This correlates with the increased cell size of PCOS-IVM oocytes as they 

take up more of the PV space compared with the other two groups. It would appear 

that while the cytoplasm shrinks in size to levels not significantly different to non-IVM 

oocytes by the stage CYT, this did not occur at a rate faster than the rate at which 

PCOS-ICSI and control-ICSI oocytes contracted, as the PV space size was still 
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significantly larger, without larger or thicker ZP. The formation of the oocyte’s PV 

space occurs simultaneously, but not as a result of the PB extrusion (Tartia, et al., 

2009). It would appear that in non-IVM oocytes the release of cell adhesions from the 

ZP may occur sooner, or that this is delayed in IVM. Therefore, although the oocytes 

may appear to have successfully achieved nuclear maturation, evidenced by the 

extrusion of the first polar body, size discrepancies may indicate that other disparities 

in cytoplasmic maturation are occurring.  

Differences in the regulation of cytoplasmic size or volume may affect fertilisation and 

blastocyst development. In this cohort of patients, it was previously found that IVM 

was associated with decreased fertilisation and that increased rates of early cleavage 

arrest led to a decrease in blastocyst development (Walls, et al., 2015). Oocyte size 

was associated with a decrease in the rate of fertilisation in the PCOS-IVM group, but 

was not linked to the incidence of useable blastocyst development when adjusted for 

patient group. Oocyte volume is intrinsically linked to maturation status (Baltz, et al., 

2010). Previously in this cohort, we have shown that for those oocytes which reached 

the useable blastocyst stage there was no significant difference in morphokinetic 

events (Walls, et al., 2015). This may reflect those oocytes which have successfully 

completed meiotic maturation and are at an appropriate size, as an oocyte requires 

sufficient cytoplasmic mass to achieve multicellularity in the absence of net growth 

(Coticchio, et al., 2015). 

Similar to comparisons of oocyte size, oocyte texture was significantly different in IVM 

oocytes at the earlier stages prior to cytokinesis. Image analysis software such as the 

maZda system implemented in this study, have been shown to be an effective tool for 

medical image analysis (Strzelecki, et al., 2013). Statistical values varied between the 

different texture variables, with the most consistent differences being between the 

PCOS-IVM and control-ICSI groups. However, the differences between groups are 

limited to the INJ, PB2 and PNa developmental stages, with no difference seen in the 

final two stages of PNf and CYT. This is a similar finding to that of the oocyte size, and 

once again, indicates that there are potentially intrinsic differences in cytoplasmic 

maturation between oocytes derived from IVM and those from standard IVF 
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procedures. There was no association, at any developmental stage, between the 

texture parameters analysed and fertilisation or blastocyst development.  

Regardless of the lack of association of texture parameters with fertilisation and 

embryology outcomes, the differences between PCOS-IVM oocytes and the two 

control groups detected in many of the texture profiles prior to cytokinesis follows a 

similar pattern to the changes in the size of the oocyte cytoplasm. As textural analysis 

is able to detect structural differences not detectable to the naked eye (Castellano, et 

al., 2004), and as oocyte size has already been suggested to reflect cytoplasmic 

maturation (Tartia, et al., 2009), these factors may be affecting oocyte developmental 

capacity as fertilisation and early embryo arrest is reduced in IVM oocytes , as seen in 

chapter four (Walls, et al., 2015). 

The results of this study show that the increased oocyte size may be a reflection of 

inadequate completion through the stages of cytoplasmic maturation for IVM oocytes. 

Therefore, oocyte size and texture measurments could be a useful addition to already 

identified markers of embryo viabilty. With the emergence of time-lapse culture in ART 

research, there is the potential to incorporate these two, easily attainable, non-

invasive tests as potential markers of oocyte maturity and developmental competance. 
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Chapter 6: GM-CSF, G-CSF, EGF, VEGF, IL-1α and TNF-Α 

Concentrations in Homologous maternal serum are 

Associated with Increased Blastocyst Development 

Following IVM Treatment Employing Serum-

Supplemented Media. 

 

Prelude 

In the previous chapter, I showed that there was a significant difference in oocyte size 

and cytoplasmic texture between IVM and non-IVM oocytes in both PCOS and non-

PCOS patients. I have also shown that in the IVM group, oocyte size was associated 

with fertilisation but cytoplasmic texture was not. Additionally, there was no 

association between oocyte size or texture and useable blastocyst development. 

Chapter six will expand on chapters two, four and five by examining serum derived 

factors which may affect the developmental ability of IVM oocytes and embryos. 

Specifically, this chapter will investigate the role of circulating serum cytokines, 

chemokines and growth factors, which are known to be associated with oocyte 

maturation, fertilisation and embryo development.  
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6.1 Abstract 

Study questions: Is there an association between homologous maternal serum 

cytokine concentrations and oocyte/embryo development following IVM? 

Summary answer: There were no significant associations between any analytes 

measured and the maturation or fertilisation rates of oocytes. However, the growth 

factors GM-CSF, G-CSF, EGF, VEGF and inflammatory cytokines IL-1α and TNF-α were 

significantly associated with blastocyst development. 

What is known already: Homologous maternal serum supplementation of culture 

media is commonly used in IVM treatment protocols. The systemic concentrations of a 

number of cytokines/chemokines and growth factors present in serum have been 

either found to be positively or negatively associated with oocyte and embryo 

development, as well as implantation and clinical pregnancy. However, there is no 

information available about the concentration of these analytes in the patient’s serum 

used in culture of IVM oocytes and if they affect embryological outcomes. 

Study design, size, and duration: This prospective cohort study included serum 

samples from 30 patients undergoing their first IVM treatment cycle, between January 

2013 and July 2014. 

Participants/materials, setting, and methods: Participants consisted of patients 

diagnosed with PCOS who were referred for IVM treatment. Recruitment, IVM 

treatment and all embryology procedures were performed at FSWA. Serum samples 

were stored and analysed using multiplex XMAP assays.  

Main results and the role of chance: Four patients demonstrated markedly elevated 

levels of pro-inflammatory cytokines, consistent with chronic inflammation associated 

with PCOS. However, blastocyst development in these patients was not affected. 

Overall, serum concentrations of GM-CSF, G-CSF, EGF, VEGF, IL-1α and TNF were all 

positively associated with blastocyst development.  
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Limitations, reasons for caution: The number of participants in the study was small; 

larger prospective studies are needed to validate the results and to further investigate 

the role of elevated cytokines in PCOS patients. 

Wider implications of the findings: This is the first study to measure the concentration 

of cytokines/chemokines and growth factors in HI homologous maternal serum used in 

IVM culture media. The study found that some serum factors show a positive influence 

on blastocyst development during in vitro culture, while there were no apparent 

negative effects on rates of oocyte maturation, fertilisation or blastocyst development 

with any of the analytes measured. 

Acknowledgements: The Authors would like to thank Elizabeth Nathan at the 

Women’s and Infants Research Foundation, Biostatistics and Design Unit, for her 

statistical advice. 

6.2 Introduction 

Although common in some forms of cell culture, the inclusion of homologous maternal 

serum as a source of protein and growth factors is rarely used in modern day human 

embryo culture media. Serum contributes to ammonia formation which can be 

damaging to embryonic development through mitochondrial disruption (Gardner, et 

al., 1993) and interrupt the process of androgen aromatization in granulosa cells 

(Salha, et al., 1998). There is also a potential risk of introducing unknown serum-

derived contaminants and infection to the cultured embryos. Additionally, as 

maternally derived serum introduces a number of different factors at various 

concentrations into culture, it is difficult to determine the true source of any effects on 

embryo development. Modern day culture systems rely heavily on commercially 

available culture media, for which rigorous quality assurance of media components 

ensures homogeneity across batches. This is particularly important with the use of HSA 

added as a source of exogenous protein. The exception is for many in vitro maturation 

(IVM) culture systems. 

While many clinics now use commercially available IVM media, without serum 

supplementation, the majority of IVM culture systems reported in the literature have 
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involved the supplementation of media with either HI maternal (Junk, et al., 2012) or 

animal sourced serum such as bovine serum (Cha, et al., 2000, Suikkari, et al., 2000). A 

range of circulating cytokines/chemokines and growth factors identified in such serum 

supplements, have been found to be either positively or negatively associated with 

maturation, fertilisation and embryo development (Lédée, et al., 2008, Qiao, et al., 

2011, Revelli, et al., 2009). However, there is limited research available into their 

effects on IVM culture. Additionally, in most IVM protocols, the serum used in culture 

is HI; there is little information available about the consequences of HI on the levels of 

circulating cytokines and growth factors and whether they remain bioactive in HI 

serum used in culture. 

The aim of this study was to determine if the levels of cytokines and growth factors 

within a patient’s serum sample, ultimately used to supplement her IVM culture 

media, are related to the outcomes of oocyte maturation, fertilisation and blastocyst 

development.  

6.3 Materials and Methods 

Patient Eligibility and Recruitment 

Patient treatment cycles were performed between January 2013 and July 2014 at 

FSWA. Recruitment was part of a larger research project comparing the outcomes of 

PCOS patients with IVM to those with and without the condition undergoing standard 

IVF treatment with ICSI (chapter four) (Walls, et al., 2015). Consulting physicians 

recommended IVM treatment after assessment for PCOS using the Rotterdam criteria 

(Rotterdam, 2004). If eligibility was established, the patients were provided with 

information and written consent forms for IVM treatment and for participation in the 

study. Eligibility included PCOS diagnosis, the first cycle of IVM treatment, a body mass 

index (BMI) less than 35 kg/m2 and age less than 37 years.  

This study received ethical approval from the University of Western Australia Human 

Research Ethics Committee (reference: RA/4/1/5629) and the Western Australia 

Reproductive Technology Council (RTC) committee in line with the guidelines 

established at FSWA. All patients gave written, informed consent. 
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Hormonal and Endometrial Priming 

The protocol for hormonal priming, oocyte collection and endometrial preparation in 

the IVM patients has been previously described in chapters two and four (Walls, et al., 

2015, Walls, et al., 2015). Briefly, the patients received three to five days of 

recombinant FSH priming without an hCG trigger. HRT was initiated two day prior to 

oocyte collection and progesterone supplementation began 24 hours after. The 

progesterone regime was maintained until the pregnancy test and, if positive, 

continued for a further 12 weeks. 

Homologous maternal serum and Culture Media Preparation 

Once follicular growth was deemed suitable to progress to oocyte collection within the 

following 1-2 days, 10-12 ml of blood was collected from the patient. The sample 

underwent centrifugation, the serum was separated, and then HI for 45 min at 58 oC to 

inactivate the immune complement. Once cooled, the sample was sterile filtered and 

stored in 2 x 1 mL aliquots at -20oC for future analysis. The remainder of the sample 

was refrigerated at 3-5oC prior to addition to IVM culture media.  

The formulation of the IVM culture media was also previously reported in chapters two 

and four (Walls, et al., 2015, Walls, et al., 2015). Briefly, G-2Plus culture medium 

(Vitrolife, Sweden) was supplemented with 10% v/v HI homologous maternal serum, 

0.1 IU/mL recombinant FSH (Puregon, Merck Sharp and Dohme, South Granville, NSW, 

Australia) and 0.5 IU/mL hCG (Pregnyl, Merck Sharp and Dohme). This was then 

aliquoted as 20 µl droplets under sterile mineral oil and incubated at 37oC in an 

atmosphere of 6% CO2, 5% O2 and 89% N2 in a Minc incubator (Cook Medical, Sydney). 

Media preparation and supplementation was performed 14-16 hours prior to oocyte 

collection. 

Oocyte Collection 

Immature, germinal vesicle stage oocytes were collected under a general anaesthetic 

using ultrasound guidance and TVOA, in the theatres of the Bethesda Hospital in 

Claremont, Western Australia. Aspiration pressure was maintained at 175 mmHg and 

follicular flushing was performed using compound sodium lactate (Hartmann’s) 
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solution (Baxter Healthcare, Toongabbie, NSW, Australia) supplemented with heparin 

(Pfizer, West Ryde, NSW, Australia). Collection tubes were assessed and oocytes 

identified by sight. Follicles were flushed up to five times until an oocyte was 

identified. After an oocyte was located, it was immediately washed and transferred to 

a tube containing G-2Plus media (Vitrolife, Sweden) supplemented with 10% HI 

homologous maternal serum for transportation to the laboratory. Immature oocytes 

were then washed in maturation medium and moved into the pre-prepared individual 

maturation medium droplets for 24 hours culture. 

Embryo Culture 

Following 24 hours in maturation culture, oocytes were denuded and placed into G-IVF 

media (Vitrolife, Sweden). All mature oocytes were inseminated by ICSI and 

immediately placed in an Embryoscope incubator (Vitrolife, Sweden). All normally 

fertilised embryos were cultured to the blastocyst stage in G-series culture media 

(Vitrolife, Sweden), using G-IVF for fertilisation, G-1 for culture to day 3 and G-2 to day 

5 and 6. Only SETs were performed, with any remaining suitable embryos stored by 

vitrification for use in a future FET cycle.  

Analysis of Patient Serum  

Particular cytokines, chemokines and growth factors were selected according to 

published literature showing potential associations with oocyte integrity, maturation, 

fertilisation and embryo development. Analyte concentrations were determined using 

magnetic bead Milliplex xMap assays (Merck Millipore, USA), with analysis performed 

using a MagPix instrument (Luminex, Austin, USA). Samples were run in duplicate 

according to the manufacturer’s instructions. The following kits were used: Human IGF 

Panel including insulin-like growth factor one (IGF-I); Human CD8 panel including 

soluble Fas protein (sFas); and Human Cyto/Chemokine Panel including tumour 

necrosis factor-alpha (TNF-α) and beta (TNF-β), epidermal growth factor (EGF), 

vascular endothelial growth factor (VEGF), IL-1α, IL-1β, IL-2, IL-12p70, granulocyte 

colony stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating 

factor (GM-CSF). Where the results were below the limit of detection (LOD) for the 

assay, the value was replaced using the method LOD/√2 (Croghan, et al., 2003, 
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Finkelstein, et al., 2001). Patient demographics, hormone profile, clinical history and 

IVM outcome were recorded at the time of treatment. 

Data Analysis 

The statistical analysis software package SPSS version 20 (SPSS Inc. Chicago, USA) was 

used for all data analysis. Correlations between analytes were tested using partial 

correlation analysis. Exploratory analyses of the relationship between measured serum 

analytes and oocyte maturation, fertilisation or useable blastocyst development were 

conducted using binary logistic regression with a natural log transformation of analyte 

concentrations to achieve data normality. Binary outcomes were calculated according 

to superior levels of success (mean results from retrospective data as expected 

outcomes) set at 65% for maturation, 65% fertilisation and 38% blastocyst 

development (Walls, et al., 2015). Due to the small sample size and the substantial 

collinearity between serum analytes, each analyte was entered into the model 

individually to assess for the effect on maturation, fertilisation and blastocyst 

development while adjusting for maternal age and BMI. Effects of logged serum 

analyte concentrations were presented as OR and accompanying 95% CI. All tests were 

two-tailed and p-values <0.05 were considered statistically significant.  

6.4 Results  

There were 32 patients recruited in the IVM cohort for the broader research project, 

from which serum samples were obtained from 30 women. A total of 470 oocytes 

were collected from the 30 patients and placed into 10% HI serum-supplemented 

maturation media. The patients’ demographic characteristics and embryology 

outcomes are summarised in Table 6.1. Analyte results (median and interquartile 

range) per patient and limits of detection are outlined in Table 6.2. The following 

analytes were non-detectable for the majority of samples analysed: IL-12p70 (60%), IL-

1α (60%), IL-1β (73.3%), IL-2 (70%), and TNF-β (63.3%) and therefore their values 

replaced using the LOD/√2 method (Croghan, et al., 2003). Significant positive 

correlations were identified between concentrations of G-CSF and GM-CSF (p<0.001), 

IL-12p70 (p<0.001), IL-1α (p=0.003) and VEGF (p<0.001); VEGF and GM-CSF (p<0.001), 
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IL-1α (p=0.021) and IL-12p70 (p<0.001); IL-12p70 and IL-1α (p=0.013); IL-1β and TNF-β 

(p=0.012); IL-1α and TNF-α (p=0.038); IL-1β and IL-2 (p<0.001). 

Values represent the mean per patient (p/p) (95% confidence interval) and total % (across all 

patients). 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1 Patient demographics, hormone profile and embryology outcomes 

 N=30 

Mean age (years) (95% CI) 32.2 (31.1-33.3) 

Mean body mass index (95% CI)  24.0 (22.5-25.7) 

Mean serum anti-mullerian hormone concentration  
(pmol/L) (95% CI) 

73.8 (61-88.1)
 

Mean gonadotrophin intake (IU) (95% CI) 680 (569-783)
 

Mean peak serum oestradiol (E2) concentration  
(pmol/L) (95% CI) 

1175 (887-1507) 

Number of oocytes collected 
Total 
Mean p/p  

 
471 
15.7 (13-18.7)

 

Number of oocytes matured/inseminated 
Total (%) 
Mean p/p  

 
295 (62.6) 
9.8 (7.1-11.7) 

Number of oocytes normally fertilised 
Total (%) 
Mean p/p  

 
194 (65.8) 
6.5 (5.1-7.8) 

Number of Useable blastocysts developed 
Total (%) 
Mean p/p 

 
77 (39.7) 
2.5 (1.8-3.5)
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Values represent the median and interquartile range (IQR) per patient (p/p). N represents the 

number of patients where successful assay was performed. Values are in pg/mL. IGF-1= 

insulin-like growth factor one, sFas= soluble Fas protein TNFα= tumour necrosis factor alpha, 

TNFβ= tumour necrosis factor beta, EGF= epidermal growth factor, VEGF= vascular endothelial 

growth factor, IL-1 α = interleukin one alpha, IL-1β= interleukin one beta, IL-2= Interleukin two, 

IL-12p70= interleukin 12p70, G-CSF= granulocyte colony stimulating factor and GM-CSF= 

granulocyte macrophage colony-stimulating factor. 

Table 6.3 outlines the median raw analyte concentrations according to successful 

oocyte maturation, fertilisation and blastocyst development. Table 6.4 displays the 

results of the binary logistic regression analysis on the natural log transformations of 

analyte concentrations and their effect on maturation, fertilisation and blastocyst 

development with adjustment for age and BMI. There were no significant associations 

between any of the analytes concentrations and either maturation or fertilisation 

status. However, GM-CSF (p=0.45), G-CSF (p=0.011), EGF (p=0.010), VEGF (0.007), IL-

1α (0.026) and TNF-α (0.026) concentrations were all individually positively associated 

with successful blastocyst development. Of these, levels of EGF (OR 6.29) and G-CSF 

(OR 4.69) had the strongest association with positive blastocyst outcome. 

Table 6.2 Cytokine, chemokine and growth factor characteristics 

Analyte N Median (IQR) 
Limit of Detection LOD 
Mean (LOD/√2) 

G-CSF 29 12.29 (5.4-35.2) 1.8 (1.3) 

sFas 30 10.37 (7.1-13.8) 8.7 (6.6) 

EGF 30 51.55 (18.3-106.5) 2.8 (2.0) 

GM-CSF 27 1.77 (1.5-26.0) 2.1 (1.5) 

VEGF 29 56.95 (18.6-288.4) 26.3 (18.6) 

IGF-1 30 111967 (75307-125242) 15 (10.6) 

IL-12p70 30 0.6 (0.6-7.54) 0.8 (0.6) 

IL-1α 29 6.5 (6.5-113.1) 9.4 (6.5) 

IL-1β 29 0.6 (0.6-0.6) 0.8 (0.6) 

IL-2 30 0.7 (0.7-5.7) 1 (0.7) 

TNF-α 28 0.72 (0.1-2.2) 0.2 (0.1) 

TNF-β 29 1.1 (1.1-25.3) 1.5 (1.1) 
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Values represent median concentration and interquartile range (IQR) in pg/mL. IGF-1= insulin-like growth factor one, sFas= soluble Fas protein TNFα= tumour 

necrosis factor alpha, TNFβ= tumour necrosis factor beta, EGF= epidermal growth factor, VEGF= vascular endothelial growth factor, IL-1α = interleukin one alpha, 

IL-1β= interleukin one beta, IL-2= Interleukin two, IL-12p70= interleukin 12p70, G-CSF= granulocyte colony stimulating factor and GM-CSF= granulocyte 

macrophage colony-stimulating factor.  

*represents p <0.05 following natural log transformations and binary logistic regression with adjustment for age and BM 

Table 6.3 Serum concentrations of all analytes according to maturation, fertilisation and blastocyst development success 

Analyte Maturation Fertilisation Useable Blastocyst Development 

 
No N=176 Yes N=295 No N=101 Yes N=194 No N=117 Yes N=77 

G-CSF 11.4 (6.4-45.3) 17.7 (6.4-45.3) 11.4 (5.4-18.6) 18.6 (6.4-45.3) 11.4 (5.4-22.1) 35.2 (11.4-49.4)* 

sFas 10.1 (7.1-14.1) 10.7 (6.6-13.8) 10.1 (6.6-13.8) 10.7 (6.6-14.1) 10.7 (6.6-13.8) 8.8 (6.6-14.06) 

EGF 51.6 (18.3-121.4) 84.0 (18.3-106.5) 58.1 (18.3-88.9) 63.6 (18.3-106.5) 58.1 (17.6-88.9) 63.6 (35.6-188.5)* 

GM-CSF 1.6 (1.5-26.0) 19.3 (1.5-26.8) 0.4 (1.5-18.1) 6.7 (1.5-31.4) 1.8 (1.5-18.1) 26.0 (1.5-31.4)* 

VEGF 176.0 (18.6-540.0) 176.0 (18.6-505.8) 95.2 (18.6-505.8) 242.2 (18.6-505.8) 95.2 (18.6-380.0) 255.0 (18.6-1530.5)* 

IGF-1 
113600  
(72430-125950) 

111970 
(75307-125242) 

108456  
(54324-123883) 

115017  
(78257-125242) 

111966  
(70937-124494) 

119196  
(100331-125242) 

IL-12p70 0.6 (0.6-15.4) 0.6 (0.6-7.5) 0.6 (0.6-2.1) 0.6 (0.6-10.0) 0.6 (0.6-4.7) 4.5 (0.6-87.5) 

IL-1 α 6.5 (6.5-121.7) 6.5 (6.5-128.8) 6.5 (6.5-63.9) 15.7 (6.5-128.8) 74.07 (6.5-121.7) 158.4 (6.5-181.6)* 

IL-1 β 0.6 (0.6-0.6) 0.6 (0.6-0.6) 0.6 (0.6-0.6) 0.6 (0.6-8.5) 0.6 (0.6-7.9) 0.6 (0.6-21.0) 

IL-2 0.7 (0.7-5.7) 0.7 (0.7-7.1) 0.7 (0.7-5.7) 0.7 (0.7-7.3) 0.7 (0.7-7.1) 7.5 (0.7-20.5) 

TNF-α 1.3 (0.46-4.3) 1.3 (0.4-2.1) 0.9 (0.46-2.3) 1.4 (0.4-2.1) 0.9 (0.4-2.1) 1.7 (0.7-2.2)* 

TNF-β 1.1 (1.1-25.3) 1.1 (1.1-29.6) 1.1 (1.1-25.3) 1.1 (1.1-62.8) 1.1 (1.1-28.0) 1.1 (1.1-77.2) 
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Results were calculated using binary logistic regression according to the natural log transformations of analyte concentrations. Binary outcomes were set at 65% for 

maturation, 65% fertilisation and 38% blastocyst development (Walls, et al., 2015).  

Values represent odds ratios (OR) and 95% Confidence intervals (CI) and p-values of <0.05 were considered significant. All results were adjusted for age and BMI. 

IGF-1= insulin-like growth factor one, sFas= soluble Fas protein TNFα= tumour necrosis factor alpha, TNFβ= tumour necrosis factor beta, EGF= epidermal growth 

factor, VEGF= vascular endothelial growth factor, IL-1α = interleukin one alpha, IL-1β= interleukin one beta, IL-2= Interleukin two, IL-12p70= interleukin 12p70, G-

CSF= granulocyte colony stimulating factor and GM-CSF= granulocyte macrophage colony-stimulating factor.  

 

Table 6.4 The association between log transformed analytes and maturation fertilisation and blastocyst development success 

Analyte Maturation Fertilisation Useable Blastocyst Development 

 
OR 95% CI P value OR 95% CI P value OR 95% CI P value 

G-CSF 1.064 0.604-1.874 0.829 1.203 0.691-2.094 0.514 4.696 1.420-15.532 0.011* 

sFas 0.675 0.197-12.304 0.675 5.303 0.585-48.096 0.138 0.090 0.007-1.095 0.059 

EGF 1.150 0.635-2.083 0.645 0.986 0.558-1.742 0.960 6.291 1.638-24.157 0.007* 

GMCSF 1.084 0.624-1.883 0.775 1.102 0.648-1.875 0.719 1.916 1.015-3.617 0.045* 

VEGF 1.113 0.681-1.818 0.670 1.587 0.902-2.793 0.109 2.228 1.102-4.508 0.026* 

IGF-1 3.283 0.360-29.976 0.292 4.555 0.512-40.524 0.174 0.798 0.094-6.773 0.836 

Il12p70 0.962 0.685-1.350 0.822 1.293 0.861-1.942 0.216 1.509 0.981-2.320 0.061 

IL1α 1.259 0.757-2.092 0.374 1.798 0.902-3.582 0.095 2.004 1.088-3.691 0.026* 

IL1β 1.481 0.725-3.022 0.281 1.150 0.609-2.172 0.637 1.110 0.626-1.969 0.722 

IL2 1.338 0.696-2.573 0.383 1.167 0.648-2.102 0.607 1.262 0.696-2.289 0.443 

TNFα 1.015 0.594-1.732 0.958 1.165 0.680-1.997 0.578 2.415 1.113-5.242 0.026* 

TNFβ 1.332 0.815-2.177 0.252 1.734 0.953-3.156 0.071 1.259 0.812-1.953 0.303 
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Four of 30 patients’ sera analysed had evidence of a systemic inflammatory reaction, 

with unusually high levels of one or more of the following pro-inflammatory cytokines: 

TNF-α, TNF-β, IL-1α, IL-1β and IL-12p70. A summary of their results and outcomes are 

outlined in Table 6.5. All four patients displayed average to good fertilisation and 

blastocyst development results, although maturation rates were below average for 

two patients; three of the four patients achieved successful implantation, following 

fresh ETs. However, of these, only one had a successful livebirth and the other two 

resulted in early pregnancy loss at five and six weeks respectively. Both of these 

patients, as well as the patient who did not achieve pregnancy following a fresh 

transfer, went on to deliver healthy infants from their subsequent first FET, using 

embryos generated from the same cycle and culture methods. 
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IGF-1= insulin-like growth factor one, sFas= soluble Fas protein TNF-α= tumour necrosis factor alpha, TNF-β= tumour necrosis factor beta, EGF= epidermal growth 

factor, VEGF= vascular endothelial growth factor, IL-1α = interleukin one alpha, IL-1β= interleukin one beta, IL-2= Interleukin two, IL-12p70= interleukin 12p70, G-

CSF= granulocyte colony stimulating factor and GM-CSF= granulocyte macrophage colony-stimulating factor. LB= live birth, ET= embryo transfer, NP= not 

pregnant, FET= frozen embryo transfer, MoM= multiples of the mean.  

Table 6.5 Pregnancy outcomes in patients with elevated serum concentrations of pro-inflammatory cytokines 

Patient ID Elevated 
Markers (MoM) 

Patient Outcome Pregnancy Outcome Associated Conditions 

Mat (%) FERT (%) U/Blast (%) 

A IL-1 α (3.8) 10/11 (91) 7/10 (70) 3/7 (43) LB from fresh ET Insulin resistance 

B 
IL-12p70 (3.4) 
IL-1 α (6.2) 

17/41 (41) 14/17 (82) 8/14 (57) 
Miscarriage at 5 weeks 
from Fresh ET, LB after 
FET 

Nil 

C 
IL-1 α (2.1) 
TNF-β (9.4) 

11/15 (73) 9/11 (82) 2/9 (22) 
NP from Fresh ET, LB 
after FET 

Nil 

D 

IL-1 α (9.8)  
TNF-α (17.7)  
TNF-β (4.3)  
IL-12p70 (19.3) 

5/12 (42) 4/5 (80) 3/4 (75) 
Miscarriage at 6 weeks 
from Fresh ET, LB after 
FET 

Autoimmune thyroid disorder 
diagnosed after ET and 
subsequent MC 
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6.5 Discussion 

Cytokines/chemokines and growth factors play an important role in embryo 

implantation and may influence the developmental capabilities of oocytes and 

embryos. Threshold levels of these factors in patients’ serum can potentially influence 

pregnancy outcomes either through their actions in the ovary in vivo (prior to the time 

of oocyte retrieval) or in vitro via the use of serum-supplemented culture media. There 

is currently limited information available on the effects of serum on the culture of 

oocytes during IVM. Supplementation of IVM culture media with HI serum has been 

reported in the literature at levels ranging from 10% (v/v) (Mikkelsen, et al., 1999, 

Söderström-Anttila, et al., 2005) to 20% (v/v) (Child, et al., 2001, Lin, et al., 2003). 

Serum supplementation is a widespread practise in many clinics, despite the fact that 

its effects on oocyte maturation and competence are unknown and the hormonal and 

growth factor content of serum is highly variable.  

The process of HI of serum for cell culture is carried out to inactivate the complement 

and prevent apoptosis in the developing oocyte/embryo. However, there is no 

literature available on the effects of HI on the stability of other serum proteins, 

including cytokines/chemokines and growth factors, a number of which may remain 

biologically active following the process. The HI process may also have affected the 

results by lowering analyte levels to become undetectable in patients with already low 

concentrations of these analytes. In the present study, although a number of samples 

showed levels below the limits of detection, we have shown that cytokines are present 

at detectable concentrations in many samples following HI; some of these factors were 

associated with positive developmental outcomes, suggesting that they retained 

biological activity. However, immunological detection does not confirm biological 

activity, and it remains possible that at least some of the detectable cytokines and 

growth factors had little or no bioactivity in HI serum. Additionally, the process of heat 

inactivation itself may alter or reduce the concentrations of active growth-

factors/cytokines. As there is no evidence available in the literature on these effects, 

research involving cellular bioassays to assess this impact are warranted in future 

research. 
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There were no associations found between any of the measured analyte 

concentrations and rates of maturation or fertilisation. However, increased serum 

concentrations of GM-CSF, G-CSF, EGF, VEGF, IL-1α and TNF-α were positively 

associated with useable blastocyst development. To some extent this is not surprising 

as EGF is a growth factor that plays an important role in meiotic maturation by 

facilitating cumulus cell expansion and proliferation, leading to increased rates of 

maturation and fertilisation (Goud, et al., 1998). Additionally, EGF has been shown to 

improve both fertilisation and embryo development in a bovine model (Goff, et al., 

2001). EGF has been found in higher concentrations in follicular fluid (FF) of PCOS 

patients (Giovanni Artini, et al., 2007). It is therefore not unexpected, that increased 

concentrations of EGF in homologous maternal serum used in maturation culture may 

be contributing to successful maturation and competent blastocyst development.  

Similarly, in animal models VEGF has been shown to improve cytoplasmic maturation 

and subsequent embryo development, both individually (Biswas, et al., 2011, Luo, et 

al., 2002) and in combination with other factors such as cysteamine (Anchordoquy, et 

al., 2015). It appears the positive effects of VEGF also include actions on cumulus cell 

expansion and proliferation (Biswas, et al., 2010) and may promote successful 

cytoplasmic maturation in IVM culture via effects on intact cumulus cells. VEGF 

supplementation in a mouse model also improved blastocyst development and 

outgrowth as well as implantation and foetal development (Binder, et al., 2014). Unlike 

EGF and VEGF, the majority of the research into G-CSF and its impacts on fertility 

relate to implantation; it has been identified as a predictor of successful live birth 

when combined with optimal levels of IL-5 (Lédée, et al., 2011). However, G-CSF levels 

have also been positively associated with embryo quality (Lédée, et al., 2008), with 

Ledee and colleagues suggesting this may be due to G-CSF’s ability to promote self-

repair in cells. GM-CSF is also known to play a crucial role in human blastocyst 

development (Sjoblom, et al., 1999) as well as embryo implantation and ongoing 

pregnancy (Robertson, 2007, Ziebe, et al., 2013) and this has led to the addition of 

recombinant human GM-CSF to the commercial culture media preparations, 

EmbryoGen and BlastGen (Origio, Denmark). 
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In contrast, little is known about the effects of pro-inflammatory cytokines on oocyte 

and embryo development in vitro. Human embryos grown in autologous endometrial 

co-culture showed higher detectable levels of IL-1α in the supernatant and had a 

decreased developmental capacity (Spandorfer, et al., 2000). Additionally, exogenous 

TNF-α added into culture media has been shown to affect blastocoele cell number and, 

although implantation was not affected, ongoing pregnancy rates were lower, 

demonstrating a significant effect on embryo viability (Wuu, et al., 1999). Therefore, 

the positive effect of inflammatory cytokines IL-1α and TNF-α on blastocyst 

development observed in this study may not necessarily be associated with improved 

implantation and ongoing potential of these embryos. Chronic, low level inflammation, 

including increased circulating levels of TNF-α, has also been associated with 

miscarriage (Calleja-Agius, et al., 2012).  

Interestingly, we identified four patients with markedly elevated levels IL-1α and TNF-

α, as well as other pro-inflammatory cytokines IL-12p70 and TNF-β. Although this study 

was not powered to detect effects on implantation and pregnancy, it is noteworthy 

that two of the three resulting pregnancies from these four patients resulted in early 

miscarriages at five and six weeks. Early pregnancy loss is associated with an 

exaggerated inflammatory immune response (Christiansen, 2013) as well as being 

significantly more prevalent in PCOS patients (Boomsma, et al., 2006). It is necessary to 

acknowledge that these miscarriages might be attributed to other factors such as 

aneuploidy, which are not restricted to the PCOS condition. However, as IVM has also 

been found to be associated with increased risk of miscarriage and early pregnancy 

loss in PCOS patients (Buckett, et al., 2008), and as women with PCOS show elevated 

incidences of chronic inflammation (Diamanti-Kandarakis, et al., 2006), there may be a 

link between elevated pro-inflammatory cytokines, PCOS and miscarriage which 

warrants further investigation.  

A significant limitation of the present study is the small size of the cohort. However, 

this is the first study to quantify cytokine/growth factor concentrations in homologous 

maternal serum used to supplement IVM culture and shows that there appears to be 

no associations with oocyte maturation and fertilisation, but sizeable and significant 
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associations with blastocyst development. The in vitro culture of immature oocytes 

attempts to mimic the environment that the oocytes are normally exposed to in vivo, 

hence the use of supplementation with homologous maternal serum. However, in the 

protocols employed in this study, the developing oocytes are only exposed to follicular 

fluid concentrations of these factors up to the antral stage of development, while any 

subsequent exposure occurs during in vitro culture via the contribution from 

homologous maternal serum (1:10 dilution). Moreover, the exposure to serum-derived 

factors in culture is only brief (24 hours), with the oocytes being moved into 

commercial culture media after this period. This protocol minimises the concentration 

and duration of exposure to serum-derived factors, as these have been shown to 

adversely affect ongoing embryo development in a mouse model (Gardner, et al., 

1993). Further research is needed to determine if elevated pro-inflammatory cytokine 

levels result in increased miscarriage rates, and whether this association is related 

primarily to exposure to chronic low-level inflammation during follicular maturation or 

implantation, or a result of direct exposure of the embryos in vitro during IVM 

treatment. 
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Chapter 7: General Discussion 

 

7.1 Research Summary and Contribution to Scholarship 

The primary objective for a clinical IVM treatment program is to achieve successful 

healthy live birth rates, while minimising the risk and side effects that are associated 

with gonadotrophin stimulation, in traditional IVF cycles. OHSS is the most significant 

of these side effects and IVM can entirely eliminate this risk (Lindenberg, 2013). There 

were no cases of OHSS in the cohort of patients undergoing IVM treatment reported in 

this thesis and this is consistent with the wider body of IVM literature. However, in 

terms of treatment outcomes, IVM treatment was less successful than IVF in fresh and 

cumulative cycle outcomes, after analysing six years’ worth of treatment outcomes 

retrospectively. While at first this result seems to be disappointing from a clinical 

treatment perspective, the additional finding that there were no differences in success 

rates following FETs was a novel finding that increases our understanding of the 

potential benefits of IVM. Additionally, this outcome led to a major change in the IVM 

protocol used in the clinic, to a system whereby all embryos are frozen and transferred 

in subsequent FET treatment cycles. The intention of this change is to increase the 

overall implantation and live birth results from IVM treatment, to levels more 

comparable to standard IVF both per oocyte collection and cumulatively. 

Chapter two of this thesis highlighted that there was no effect of IVM on blastocyst 

development compared to standard IVF. However, this result was not supported in the 

prospective study reported in chapter four. To the best of my knowledge, these 

findings are the first to contribute to the evidence base for blastocyst development in 

IVM as compared to standard IVF, in patients both with and without PCOS. 

Importantly, there were no differences in morphokinetic development to the 

blastocyst stage, or of useable embryos between IVM or control groups. Therefore, 

although the embryos resulting from IVM showed an increased rate of early embryo 

arrest, for those embryos which did develop to the blastocyst stage there was no 
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difference in embryo cleavage kinetics and therefore potentially no difference in 

implantation potential.  

These results also demonstrated the rate of useable blastocyst development for all 

treatment groups to be relatively high compared with retrospective rates of 

development seen in chapter two, at 39% for IVM, 56.4% for PCOS-ICSI and 55.7% for 

Non-PCOS ICSI. It has previously been suggested that time-lapse incubation with 

minimal disturbance throughout the period of culture may improve blastocyst 

development (Rubio, et al., 2014). As all embryos in this study were cultured in a time-

lapse system, the undisturbed culture may be contributing to this high rate of good 

quality embryo development.  

In addition to the high quality incubation system and ability to monitor embryo 

cleavage kinetics, time-lapse systems enable a broad range of image based 

assessments for morphological analysis. Utilising images generated by the time-lapse 

system, it was found that oocytes from IVM are significantly larger than those from IVF 

with and without PCOS in the early stage of the first cell cycle. Indeed, oocyte size may 

prove to be a non-invasive marker of cytoplasmic maturity. The disparity in size 

between IVM and control oocytes may reflect differences in the synchrony between 

nuclear and cytoplasmic maturity. Additionally, the size of the oocytes was found to be 

associated with a decrease in fertilisation rates but not blastocyst development; this 

may reflect the incomplete maturation of those oocytes that did not fertilise. 

The extensive number of images generated by the Embryoscope time-lapse system 

also enabled the study of cytoplasmic texture of the inseminated oocytes. The findings 

presented in chapter five demonstrated that the texture of IVM derived oocytes differs 

significantly in early stages of the first cell cycle and with further research and 

validation, may also be a non-invasive marker of cytoplasmic maturity. 

A study of circulating levels of cytokines and growth factors in patients that underwent 

IVM treatment reported in chapter six addressed the variability in culture conditions 

due to the use of serum as a component of IVM culture media. While there were no 

associations observed between the concentrations of cytokines/chemokines or growth 

factors measured and maturation or fertilisation rates, there was a significant positive 
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association between levels of GM-CSF, G-CSF, EGF, VEGF, IL-1α and TNF-α, and 

blastocyst development. This is, however, the first time these analytes have been 

assessed in HI homologous maternal serum, which is commonly added at a 

concentration of 10% (v/v) to the culture media of IVM oocytes. The biological activity 

of these factors is unknown and was not tested in the current study and requires 

further exploration. Although there were no factors found to be negatively associated 

with either oocyte maturation, fertilisation or embryo development, the long term 

safety and efficacy of the use of serum in IVM has yet to be fully elucidated.  

While this study was not powered to detect the effect of circulating serum factors on 

implantation and on-going pregnancy, a small number of recruited patients displayed 

markedly elevated levels of pro-inflammatory cytokines which may be associated with 

an increase in the rate of early pregnancy loss. This is not surprising, as all of the 

patients had a diagnosis of PCOS which is often associated with elevated pro-

inflammatory cytokines and low level chronic inflammation (Diamanti-Kandarakis, et 

al., 2006) which, in turn, is associated with increased rates of miscarriage (Christiansen, 

2013). The routine measurement of pro-inflammatory cytokines in PCOS patients prior 

to ET may warrant further investigation. 

7.2 Treatment Recommendations 

Successful clinical pregnancy and live birth rates are achievable through fresh IVM 

cycles. However, there remains the increased risk of early pregnancy loss following 

fresh ETs. In chapter two, a decrease in miscarriage rates was observed following the 

transfer of frozen-thawed IVM embryos, compared to fresh IVM embryo transfers. 

Indeed, the rates were lower than those of standard IVF FET cycles. Therefore, this 

finding led to the recommendation for freeze-all cycles to be employed as part of the 

overall IVM treatment cycle, where all suitable embryos are frozen and no fresh ET is 

attempted. The outcomes of this change in clinical protocol will be investigated in due 

course with the anticipation that cumulative, successful cycle outcomes will be equal 

to those of standard IVF treatment in PCOS patents. 
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By increasing the success rates to those of standard IVF, IVM treatment becomes a 

more attractive treatment option as no cases of OHSS were reported from any patient 

receiving IVM treatment from the cohort of patients studied in this thesis. The 

complete elimination of OHSS risk following IVM treatment in PCOS patients remains a 

consistent finding across many studies reported in the literature (Lindenberg, 2013). 

Throughout this thesis I have highlighted the fact that even when considering all other 

available methods to minimise OHSS risk, IVM remains the only one to eliminate it 

completely. Therefore, IVM should be considered as the preferred treatment option 

for those PCOS who are most at risk of OHSS. 

While the predominant indicator for the use of IVM as a treatment method is PCOS 

and/or an increased risk of OHSS, having qualified staff who perform the procedure on 

a regular basis is of utmost importance. The availability of IVM ensures that clinicians 

have at their disposal a greater range of treatment options to treat the broad range of 

fertility related problems. Appendix 2 shows details of a case report, that highlights the 

effectiveness of IVM in the management of patients with cancer. The report highlights 

a unique case of fertility preservation following IVM of oocytes collected ex vivo 

following an oophorectomy. Fertility preservation for a range of reasons including prior 

to chemotherapy and cancer treatment is an emerging area of ART and cases are 

expected to increase as advances in the field are made.  

For those clinics who wish to include IVM as a treatment option for their patients, the 

recommendation would be to maintain its use in routine clinical practise in order to 

ensure staff are consistently trained and exposed to the specialised cycle monitoring, 

oocyte collection and culture methods. If this can be implemented and success rates 

can be maintained above a threshold level deemed suitable by the clinic, then IVM can 

be available as a treatment option for other unique cases. Examples might include 

clotting disorders, rural or remote patients, oocyte donors who may be at an increased 

risk of OHSS and patients with FSH resistant ovaries. The benefits, while more 

pronounced for PCOS patients, extend to a range of patients seeking ART treatment. 

Therefore, it is suggested that IVM should be a treatment option available in all ART 

clinics where possible.  
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There are an increasing number of publications that demonstrate the effectiveness of 

various time-lapse culture systems in yielding increased clinical pregnancy rates when 

compared with traditional culture systems (Kirkegaard, et al., 2015, Rubio, et al., 

2014). It is still unclear, however, whether the observed rates are due to the 

undisturbed nature of culture in such systems or to the use of morphokinetic data to 

help identify embryos with a greater implantation potential. The high rates of 

blastocyst development seen in this thesis may be a direct consequence of 

undisturbed culture. Furthermore, a time-lapse culture system provides an additional 

research tool in the laboratory, that provides quantitative measures of embryo 

development, thus allowing more meaningful comparative studies of treatment 

methods or patient cohorts to be addressed (Liu, et al., 2015, Wissing, et al., 2014). 

Together with the ability to identify embryo kinetic and morphologic events, which 

would otherwise go unseen in standard incubation systems, the use of time-lapse 

incubation can be highly recommended as a routine part of culture in any ART or 

research laboratory.  

7.3 Future Research 

The area of IVM research that is significantly lacking is a prospective, randomised 

control trial (RCT) comparing outcomes with standard IVF treatment. This was 

highlighted in an attempted Cochrane review in 2009 (Siristatidis, et al., 2009) and 

remains an issue today. The retrospective case control study reported in chapter two, 

demonstrates clinical outcome rates following IVM that were equivalent to traditional 

IVF. This result is in conflict to inferior rates observed for IVM treatment reported in 

previous studies (Child, et al., 2002, Gremeau, et al., 2012). While statistical 

adjustments were made wherever possible for confounding factors in the studies 

reported in this thesis, the best way to test the comparative benefits of IVM and IVF is 

with an RCT. This is a difficult task to achieve both logistically and ethically. Regardless, 

it is necessary in order to clearly demonstrate the relative effectiveness of IVM 

compared to traditional stimulated IVF.  

It is apparent from a review of IVM literature and from the findings from chapters’ four 

to six, that there is a need for further research into methods to overcome the disparity 
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in maturation between the cytoplasm and nucleus, in order to facilitate successful 

fertilisation and embryo development. This may be achieved through modifying the 

constituents of IVM culture media which is an essential component in maintaining or 

promoting oocyte competency and embryo developmental potential. As referenced in 

chapter one, there are a number of researchers investigating culture media additives 

such as OSFs (Gilchrist, et al., 2008, Sudiman, et al., 2014) and cAMP modulators 

(Richani, et al., 2014, Rose, et al., 2013) for their ability to support both the oocyte and 

cumulus cells to aid in maturation. Current results in the animal models utilised are 

encouraging and initial trials in human models has been shown to be safe and effective 

(Spits, et al., 2015). If these results can be translated to human IVM studies there is the 

potential for significant additional improvements to results currently observed. 

Similarly, further research is needed into the addition of homologous maternal serum 

to IVM culture media and the effect of different cytokines/chemokines and growth 

factors which were found to be associated with blastocyst development (chapter six). 

Some of the analytes that appear to be affecting blastocyst development have already 

been identified as potential exogenous additives to embryo culture media 

preparations. Examples include GM-CSF (Ziebe, et al., 2013) and G-CSF (Thouas, et al., 

2013). Although there were no analytes measured which were negatively associated 

with oocyte maturation, fertilisation or embryo development, there is some potential 

concern about the implications of pro-inflammatory cytokines and early pregnancy loss 

which warrants further investigation. Indeed, aside from PCOS patients, there is the 

potential for an even broader patient base who may be experiencing low level chronic 

inflammation at the time of their treatment, that may contribute to reduced 

pregnancy outcomes. If increased levels of pro-inflammatory cytokines are endemic to 

PCOS patients during the follicular phase of development, the increased rate of 

miscarriage observed following IVM treatment and fresh ET, may be a direct 

consequence of their effects on the process of implantation. 

Finally, if future IVM research is successful in improving oocyte maturation, embryo 

development and in reducing early pregnancy loss in PCOS patients, a logical 

progression would be to extend studies to include a greater diversity of infertile 

patients. Previous case reports have demonstrated benefits of IVM as a treatment for 
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patients with FSH resistance (Grynberg, et al., 2013), patients converting from IVF to 

IVM to avoid OHSS (Walls, et al., 2014) and especially for fertility preservation 

(Grynberg, et al., 2016, Huang, et al., 2007, Shalom-Paz, et al., 2010, Walls, et al., 2015) 

(Appendix 2). If these advances can be achieved, there is the potential for IVM to 

become an internationally utilised, routine treatment, which can service a range of 

fertility disorders while minimising the risks often associated with standard IVF 

treatments. 
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a suggests that intracytoplasmic sperm injection (ICSI) should be performed to ensure successful oocyte
fertilization in an in-vitro maturation (IVM) cycle. This study postulated that there would be no difference in the fertilization rate
when ICSI was compared with IVF. This hypothesis was tested in a randomized trial of IVF versus ICSI in IVM. A total of 150 immature
oocytes were collected in eight cycles of IVM for patients diagnosed with polycystic ovarian syndrome (PCOS). Patients were primed
with minimal FSH before transvaginal oocyte aspiration. Sibling oocytes were inseminated by 50% IVF and 50% ICSI. There was no
significant difference in fertilization, useable or total blastocyst development between the two insemination technique groups. Clin-
ical pregnancy results for combined fresh and cryopreserved transfers were identical between the two insemination techniques with
a total of two fresh and five cryopreserved IVF-inseminated embryos resulting in three clinical pregnancies (42.9%) and five fresh and
two cryopreserved ICSI-derived embryos resulting in three clinical pregnancies (42.9%). This research has shown IVF to be a legit-
imate fertilization technique for IVM oocytes in PCOS patients and provides a greater awareness of the use of a fertilization method

previously not utilized with IVM. RBMOnline

ª 2012, Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved.
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Introduction

In-vitro maturation (IVM) is a novel technique in assisted
reproductive technology which was developed as an
alternative to traditional IVF due to the adverse outcomes
of ovarian hyperstimulation syndrome and the costs
ter ª 2012, Reproductive Healthcare Ltd.
.rbmo.2012.08.001
associated with the administration of FSH. The treatment
also has the potential to overcome other causes of infertil-
ity such as male factor, gamete donation and poor response
to stimulation, and also has profound benefits for women
undergoing oocyte or embryo cryopreservation with an oest-
rogen-sensitive tumour or with a prothrombotic medical
Published by Elsevier Ltd. All rights reserved.
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condition. To date, the literature has focused on oocyte
maturation and embryo development as affected by culture
condition (Goud et al., 1998; Benkhalifa et al., 2009;
Ben-Ami et al., 2011; Mikkelsen et al., 2000), stimulation
protocols (Cha et al., 2000; Hreinsson et al., 2003; Lin
et al., 2003; Liu et al., 2003; Mikkelsen and Lindenberg,
2001) and patient selection (Child et al., 2001; Fridén
et al., 2005) with very few studies assessing the method
of fertilization techniques (Hwang et al., 2000;
Lacham-Kaplan and Trounson, 2008; Söderström-Anttila
et al., 2005).

In clinical human IVM cases, the process of fertilization
has been performed almost exclusively by intracytoplasmic
sperm injection (ICSI). The limited amount of research into
the application of traditional IVF as a fertilization technique
has shown promising results (Söderström-Anttila et al.,
2005). Further research is needed to determine whether
IVF is a viable option for IVM patients.

Materials and methods

Patient cohort

A total of eight patients with polycystic ovary syndrome
(PCOS) were recruited into the study, resulting in eight
fresh and an additional seven cryopreserved embryo trans-
fer cycles between May 2011 and February 2012. The
patients underwent a consultation with their clinician to
assess eligibility for treatment. Eligibility was assessed as
those women exhibiting polycystic ovaries on ultrasound
(i.e. �10 small follicles of 2–8 mm in diameter in at least
one ovary) with the male partner having normal semen
parameters (World Health Organization, 2010) and at least
one of the following: elevated LH (�10 IU/l), elevated free
androgen index (>6.0), cyclic disturbances, ranging from
oligomenorrhoea to complete amenorrhoea, body mass
index >30 kg/m2 or hirsutism. Once eligibility was estab-
lished, appropriate consent was obtained and patients were
recruited into the study, providing the semen parameters
fell within the guidelines for IVF. Ethical approval for the
study was received from the Human Research Ethics Com-
mittee of Curtin University on 10 March 2011 (approval ref-
erence number HR 16/2011).

Treatment regime

On day 2 of the patient’s menstrual cycle, the patients had a
blood test for circulating hormone concentrations and were
considered ready to commence treatment once the follow-
ing were achieved; oestrogen (�250 pmol/l), progesterone
(�3.5 nmol/l), FSH (�10 IU/l), LH (�10 IU/l) and prolactin
(�500 lU/l). A transvaginal ultrasound scan was performed
to determine the number of antral follicles on each ovary. If
the patient was determined to be ready, gonadotrophins
were administered for 3–5 days subcutaneously (FSH prim-
ing). The normal dosage being 150 IU FSH using either
Gonal-F (Merck-Serono, Frenchs Forest, NSW, Australia) or
Puregon (Schering-Plough, North Ryde, NSW, Australia).
On day 6 of the cycle, the patient underwent an additional
transvaginal ultrasound scan and these were repeated every
2 days until a follicle approximately 1 cm in diameter was
observed, at which time the patient was considered ready
for oocyte collection within the following 72 h.

Endometrial preparation

Hormone replacement therapy was administered to prepare
the endometrium for implantation following embryo cul-
ture. Two days prior to egg collection, patients were admin-
istered 3 mg of oestradiol valerate (Progynova;
Schering-Plough) orally three times per day. On the day of
egg collection, the dose was decreased to 2 mg oestradiol
valerate orally three times per day. Twenty-four hours post
egg collection, the patient commenced 400 mg progester-
one pessaries (Emslies Pharmacy Perth, WA) three times
per day or Crinone (Merck-Serono) 90 mg twice a day. The
progesterone regime continued until the pregnancy test
15 days post embryo transfer. If the test was positive, the
regime continued for 12 weeks of pregnancy; if negative,
the regime was ceased.

Oocyte collection

Oocytes were collected from 2–10 mm follicles under trans-
vaginal ultrasound guidance using a 20-gauge double-lumen
needle (Cook Medical, Brisbane, Queensland, Australia).
Cumulus–oocyte-complexes (COC) were identified and
removed from the collection fluid using a sterile glass
pipette and washed in G-IVFPlus medium (Vitrolife, Sweden)
in a small Petri dish. The COC were then transferred to
G-2Plus medium (Vitrolife) supplemented with 10%
heat-inactivated maternal serum.

Oocyte maturation and culture

Oocyte maturation culture of cumulus-enclosed germi-
nal-vesicle (GV) oocytes was performed in 20 ll droplets
of G-2Plus medium supplemented with 10% maternal serum,
0.1 IU/ml FSH (Puregon) and 0.5 IU/ml human chorionic
gonadotrophin (HCG; Pregnyl; Schering-Plough) under ster-
ile mineral oil. The immature eggs were cultured at 37�C
in an atmosphere of 6% CO2, 5% O2 and 89% N2 for 24 h prior
to insemination.

Insemination via split fertilization of collected
oocytes

The semen sample was prepared on the day following
oocyte retrieval by placing a portion of the specimen over
a discontinuous (40% and 80%) PureSperm (Nidacon, Swe-
den) gradient and buoyancy density centrifuging for 10 min
at 593g. The sperm pellet was extracted, washed twice and
resuspended in G-IVFPlus medium. After culture for 24 h,
50% of the oocytes were randomly selected to be checked
for nuclear maturation and later inseminated by ICSI using
the husband’s prepared spermztozoa. The remaining 50%
of IVM oocytes were inseminated by the addition of approx-
imately 120,000 spermztozoa to the culture dish. All



Table 1 Recruited patient outcomes of IVM treatment.

IVM–IVF IVM–ICSI

Oocytes
Total 72 78
Per patient 9.0 ± 2.83 9.75 ± 2.55

Oocytes matured
Total 57/72 (79.2) 56/78 (71.8)
Per patient 7.1 ± 2.23 7.0 ± 1.6

Matured oocytes fertilized
Total 34/57 (59.6) 38/56 (67.9)
Per patient 4.2 ± 2.05 4.75 ± 1.16

Useable blastocysts formed
Total 14/34 (41.2) 18/38 (47.4)
Per patient 1.75 ± 1.39 2.25 ± 1.04

Blastocysts formed
Total 21/34 (61.8) 21/38 (55.3)
Per patient 2.6 ± 1.5 2.63 ± 1.06

Values are n, n/total (%) or mean ± SD.
There were no statistically significant differences between the
two groups.
ICSI = intracytoplasmic sperm injection; IVM= in-vitromaturation.
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oocytes were checked for signs of fertilization after
16–18 h. Immature GV and metaphase-I oocytes were disre-
garded from fertilization results in both groups.

Fertilization check and embryo culture

Approximately 16–18 h post-insemination/injection, the
oocytes were checked under the microscope for signs of fer-
tilization. They were deemed to be fertilized by the pres-
ence of two pronuclei and two polar bodies. The embryos
were transferred to G-1Plus medium for a further 48 h.
The embryos were then transferred to 20 ll G2Plus medium
and cultured for an additional 48 h. After this time, embryo
development was assessed and blastocyst-stage embryos
were graded (Dokras et al., 1993). Grade 1 blastocysts had
good cellular development of both the inner cell mass (ICM)
and trophectoderm (TE), grade 2 blastocysts had average
development of the ICM and TE, while grade 3 had poor cel-
lular development. For embryo transfer or vitrification, only
grade 1 or 2 embryos were selected.

Embryo transfer and pregnancy test

The embryo selected for transfer was chosen according to
the highest morphological grade by an embryologist blinded
to the insemination technique from which it was derived.
Patients were tested for pregnancy 10 days after embryo
transfer by a blood test for serum HCG concentration and
the results recorded. A clinical pregnancy was classified by
the presence of a fetal sac on ultrasound scan 4 weeks after
a positive blood HCG result. Supernumerary grades 1 and 2
blastocysts were cryopreserved by vitrification (Cook Medi-
cal) for future treatment.

Data analysis

Univariate analysis of statistical data were performed using
chi-squared test with fisher’s Exact method. P < 0.05 was
considered significant. The statistical package SPSS for Win-
dows 10 (SPSS, Chicago, USA) was used for all statistical
calculations.
Table 2 Comparison of embryonic outcomes
according to fertilization technique.

IVF ICSI

Useable blastocysts 14 18
Vitrified blastocysts 12 13
Embryos transferred 7 7
Fresh cycle 2 5
Cryopreserved cycle 5 2
Sacs/fetal heart 3 3
Cumulative implantation rate (%) 42.86 42.86

Values are n unless otherwise stated.
ICSI = intracytoplasmic sperm injection.
Results

A total of 150 immature oocytes were collected in eight IVM
cycles. The mean ± SD oocytes collected per transvaginal
oocyte aspiration was 18.75 ± 5.33. There were 72 imma-
ture oocytes subsequently inseminated using IVF, of which
57 (79.2%) were found to be mature (metaphase II) at the
time of the fertilization check. There were 78 COC denuded
for insemination by ICSI and 56 (71.8%) were found to be
mature. There was no difference in fertilization percent-
ages between the two insemination technique groups. A
total of 34 of the 57 (59.6%) mature oocytes in the IVF group
fertilized normally. In contrast, normal fertilization was
observed in 38 of the 56 (67.9%) mature oocytes in the ICSI
group. The degeneration rate after ICSI insemination was
13.8% with no observed degeneration in the IVF group. No
patient recorded a complete failed fertilization in either
the IVF or the ICSI group.

There were no significant differences between the IVF
and ICSI groups in useable or total blastocyst formation
rates (Table 1). For the IVF group, 14 of the 34 (41.2%)
normally fertilized embryos went on to form useable
blastocysts whereas 18 of the 38 (47.4%) of the ICSI-
fertilized embryos were useable and deemed suitable for
either transfer or vitrification. A comparison of total blasto-
cyst formation rates, regardless of morphological grade,
also demonstrated similar rates of development. For the
IVF group, 21 of the 34 (61.8%) normally fertilized embryos
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went on to form blastocysts compared with 21 of the 38
(55.3%) ICSI-fertilized embryos.

Successful embryo development to the blastocyst stage
resulted in 14 IVF embryos and 18 ICSI-derived embryos
being transferred or cryopreserved (Table 2). Overall, six
of the eight PCOS patients recorded a positive biochemical
pregnancy and all six established viable ongoing pregnancies
following the transfer of fresh or cryopreserved embryos. A
cumulative implantation rate of 42.9% was observed after
seven IVF-derived single-embryo transfers resulted in three
ongoing pregnancies (two fresh cycles and five cryopre-
served cycles). An identical cumulative implantation rate
(42.9%) was observed for ICSI-derived embryos: three ongo-
ing pregnancies from seven single-embryo transfers (five
fresh cycles and two cryopreserved cycles). There were no
reported cases of early miscarriage.

Discussion

IVM has the potential to treat a wide range of infertility con-
ditions aside from PCOS, such as male factor infertility and
poor response to traditional stimulation treatments, and is
an option for fertility preservation prior to the treatment
for hormone-sensitive cancers. As far as is known, this is
the first study of its kind to assess embryo culture to the
blastocyst stage of IVM oocytes fertilized by IVF allowing
for preferential use of single-embryo transfers. The use of
sibling oocytes to compare outcomes in this study meant
that fertilization rates were more easily compared between
the IVF and ICSI groups. The use of sibling oocytes may
account for the improved fertilization outcome of the IVF
group when compared with that of the only other human
clinical study assessing fertilization techniques
(Söderström-Anttila et al., 2005), which found an overall
IVF fertilization rate of 37.7% and a PCOS-specific fertiliza-
tion rate of 43.8%, which are somewhat lower than the cur-
rent rate of 59.6%, and ICSI fertilization rates of 69.3%
overall and 78.4% PCOS specific, which are similar to the
current rate of 67.9%.

It is important to address a potential flaw in directly
comparing the fertilization outcomes from the two test
groups, as the time points for assessing maturity differ sig-
nificantly. By assessing the maturity of the oocytes for the
ICSI group prior to insemination, there is a potential selec-
tion bias by only inseminating those known to be mature.
Those inseminated by IVF are assessed for both maturity
and fertilization at the same time and therefore include
any oocytes which, had they been checked at the same time
as the ICSI group, could potentially have been immature and
have subsequently undergone spontaneous maturation over-
night. Studies have shown those oocytes that take longer to
undergo polar body extrusion have a decreased ability to
fertilize, reduced potential for normal embryo development
and an increased risk of aneuploidy (Emery et al., 2005).

Higher fertilization rates have previously been reported
for ICSI-inseminated patients (72%) compared with IVF
inseminations (45%) for conventional non-IVM treatment of
PCOS patients (Hwang et al., 2005). This fertilization
percentage was calculated including cases of failed
fertilization. However, even after the removal of such
cases of complete failure of fertilization, a reduced rate
of fertilization of 53% for IVF was observed compared with
72% for ICSI (Hwang et al., 2005). The decrease in fertiliza-
tion capacity and an increase in the proportion of cases of
failed fertilization has been attributed to potentially poor
oocyte quality as a result of long-term abnormal hormonal
milieu seen in PCOS patients (Hwang et al., 2005). There
were no cases of failed fertilization, which may provide a
partial explanation for the improved IVF fertilization out-
come compared with ICSI. The occurrence of failed fertil-
ization is reported as more evident in IVF than in ICSI,
with percentages ranging from 1.5% versus 2.1% (Ola
et al., 2001), 11% versus 0% (Ruiz et al., 1997) and as high
as 15% versus 1.17% (Hwang et al., 2005). Indeed, the risk
of a complete failure of fertilization was assumed to be
higher in IVM cases due to longer culture periods resulting
in zona pellucida hardening (Nagy et al., 1996). Rates of
failed fertilization have also been shown to be higher in
PCOS patients (18%) compared with non-PCOS patients (5%)
(Kodama et al., 1995). Rates of oocyte degeneration are
also important when evaluating the efficiencies of the two
insemination methods. The two insemination techniques
are radically different in the way they are performed, with
the ICSI procedure physically disrupting the ooplasm and
oolemma to allow sperm penetration, and therefore the
two techniques cannot be directly compared for degenera-
tion rates. However, it is a factor which must be considered
when evaluating which technique to use in treatment. If
these oocytes were inseminated using IVF, their risk of
degeneration would have been greatly decreased, although
degeneration following ICSI may reflect oocytes of poor qual-
ity which may not have fertilized under any circumstances.

Development to the blastocyst stage is rarely reported in
a clinical human setting for embryos derived from IVM. The
similarities in development between the two groups in the
present study indicate that IVM oocytes are developmen-
tally competent to progress to the blastocyst stage, having
achieved both nuclear and cytoplasmic maturation. The
results also indicate that development to the blastocyst
stage is not only achievable but consistent with results from
conventional treatment (Van Landuyt et al., 2005). The
blastocyst development rates of 41.2% useable and 61.8%
total for the IVF-inseminated group is consistent with those
achieved by Griffiths et al. (2000), who demonstrated a 50%
development for the IVF group in a conventional stimulated
cycle. The current ICSI results (47.4% and 55.3% for useable
and total blastocyst development, respectively), however,
are superior to those reported by Griffiths et al. (2000) of
20%, but are similar to that achieved (50.4%) under similar
culture conditions and maturation timing (Son et al., 2005).
Blastocyst development in conventional stimulation cycles
has proven to be an effective determinant of embryo quality
to assist with higher rates of implantation and ongoing preg-
nancy, while allowing for the wider use of single-embryo
transfer and lowering the rate of multiple births worldwide
(Gardner et al., 1998).

The outcomes from this study suggest that IVF is a valid
fertilization technique for the insemination of IVM oocytes
from PCOS patients with normal semen parameters. The
lack of a significant difference in fertilization rates between
the ICSI and IVF groups indicates that IVF can be used to
achieve acceptable fertilization rates. The similarity in
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embryo development rates at the cleavage, useable and
total blastocyst development stages shows that oocytes
inseminated by IVF are just as capable of producing viable
embryos as ICSI-inseminated oocytes In terms of embryo
yield, this study has shown that patients are just as likely
to achieve a blastocyst-stage transfer if they have their eggs
fertilized by IVF as they are if they are fertilized by ICSI.
With the improvements in IVM culture conditions and
blastocyst development rates in recent years, there is a
need for further research into the utilization of IVF in con-
junction with IVM treatment and its potential for creating
more viable embryos with improved implantation and preg-
nancy potential while being a more cost-effective and less
invasive form of treatment.
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A 27 year old female presented for fertility preservation prior to undergoing pelvic radiotherapy. She had previously
undergone a radical laparoscopic hysterectomy for cervical carcinoma sevenmonths earlier. A trans-vaginal oocyte
aspiration was not advisable due to a vaginal recurrence of the disease. Due to a polycystic ovarian morphology
(PCO), follicle stimulating hormone (FSH) primingwith no human chorionic gonadotrophin (hCG) trigger was per-
formed prior to oophorectomy followed by ex-vivo oocyte aspiration and in vitro maturation (IVM). All visualized
follicles were punctured and follicular fluid aspirated. There were 22 immature oocytes identified and placed into
maturation culture for 24 h. After this time, 15 oocytes were deemed to bemature and suitable for vitrification. Fol-
lowing an additional 24 h in maturation culture of the remaining 7 oocytes, three more were suitable for cryopres-
ervation. The patient recovered well and progressed to radiotherapy three days later. This report demonstrates the
use of IVM treatment to store oocytes for oncology patients in time-limited circumstances.
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1. Introduction

Oncofertility is an emerging area of interdisciplinary practicewhereby
patients need to store their gametes and embryos prior to treatment for a
range of cancers forwhich their future fertility is at risk (Woodruff, 2007).
IVM plays an important role in fertility preservation and for some pa-
tients, such as those with oestrogen sensitive cancers, it maybe their
only option (Shalom-Paz et al., 2010; González et al., 2011). Indeed,
IVM is a viable treatment option when dealing with those patients diag-
nosed with polycystic ovaries (PCO), as it is the only treatment proven to
eliminate the risk of ovarian hyperstimulation syndrome (OHSS)
(Lindenberg, 2013). As cancer therapy may be initiated immediately
after oocyte retrieval, OHSS may delay that lifesaving treatment. Oocyte
collection and IVM following oophorectomyhavebeenpreviously report-
ed in only a handful of caseswith only one live-birth reportedworldwide
(Prasath et al., 2014). There is very limited literature on this practice and
this is the first reported case using this particular protocol of IVM.

2. Methods

2.1. Patient presentation, stimulation and oophorectomy

The patient presented with cervical cancer and was required to un-
dergo laparoscopic radical hysterectomy, bilateral salpingectomies and
alia, Perth, Australia.
ls).

. This is an open access article under
pelvic lymphadenectomy with preservation of the ovaries, without
ovarian transposition. Final pathology showed adequate clearancemar-
gins, and did not require adjuvant radiotherapy. Hence it was discussed
with her that when the time arose for her to start a family she would be
able to embark on a cycle of ovarian stimulation, oocyte retrieval and
enter into a surrogacy arrangement for embryo replacement. However,
during her follow-up an isolated vaginal vault recurrence was demon-
strated seven months later. External beam radiotherapy treatment
was required with curative intent. The ovaries would have been within
the radiotherapy field, and it was not recommended to transpose the
ovaries outside of the field, as the risk of metastatic disease in the ova-
ries was high. After discussion with her oncology surgeon (JT), the pa-
tient presented for a discussion of fertility preservation options. In
view of the limited time prior to commencement of her radiotherapy
treatment and the concern of a vaginal extension of her disease, it was
felt that vaginal oocyte retrieval would risk further extending her dis-
ease, with the risk of significant haemorrhage. After counselling the pa-
tient, she elected to undergo her bilateral oophorectomy after several
days of ovarian stimulation as a form of ovarian priming as part of a
cycle of in-vitromaturation of oocytes after surgical oophorectomy.

A baseline ultrasound scan was performed and she was noted to
have a PCO appearance. After arranging her preliminary investigations
a hormone profile confirmed her to have serumhormone profile consis-
tent with the early follicular phase (oestradiol b 44 pmol/L, luteinising
hormone b 1 U/L, follicle stimulating hormone (FSH) = 2 U/L, proges-
terone = 1.2 nmol/L). She commenced ovarian stimulation with
Puregon 150 IU/day (Merck Sharp and Dohme, South Granville, NSW,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Immature oocytes following ex-vivo follicle aspiration.
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Australia). She underwent a vaginal ultrasound examination on the sev-
enth day andninth day of ovarian stimulation. After ninedays of ovarian
stimulation due to a delayed response to FSH priming, she was sched-
uled to undergo bilateral oophorectomy. At the time the lead follicle
was 11 mm, and there were noted to be 13 other antral follicles on
the right ovary and 12 on the left ovary respectively. Surgery was per-
formed by a standard laparoscopic approach in order to dissect the ova-
ries which were adherent to the external iliac vein, prior to ligation of
the infundibular pelvic ligament with the intention to minimize time
between ligation of blood supply and retrieval of ovaries. The ovaries
were carefully extracted with ease through an extended laparoscopic
port incision in a bag without compression trauma of the ovaries, and
were passed to the embryology staff for oocyte extraction.

2.2. Oocyte recovery, IVM and vitrification

The ovaries were placed in Quinns Advantage media with Hepes
(Sage, Cooper Scientific, USA) supplemented with 5 mg/ml human
serum albumin (HSA) (SAGE, Cooper Surgical, USA) and transported
to the laboratory in a portable incubator at 37 °C. All visualized follicles
on the ovarian cortex were aspirated and flushed with Hartman's
solution supplementedwith heparin, using a 19 gauge needle. Follicular
aspirates were examined under 10-40× magnification, and oocytes
were identified (Fig. 1) and placed into a wash solution containing
G2plus culture medium (Vitrolife, Sweden) supplemented with 10%
heat inactivated maternal serum. Oocytes were then moved into matu-
ration culturemedia as previously described (Walls et al., 2015). Briefly,
this involves oocytes being cultured in individual, 20 μL droplets of
G-2Plus culture medium, supplemented with 10% heat inactivated ma-
ternal serum, 0.1 IU/mL rFSH (Puregon, Merck Sharp and Dohme, South
Granville, NSW, Australia) and 0.5 IU/mL hCG (Pregnyl, Merck Sharp
and Dohme, South Granville, NSW, Australia) under sterile mineral oil.
The immature oocytes were cultured for 24 h at 37 °C in an atmosphere
of 6% CO2, 5% O2 and 89% N2.

After 24 h (Fig. 2) the oocytes were briefly exposed to a hyaluronic
acid solution and gently denuded to check maturation status (Fig. 3)
at which point, seven oocytes were deemed to be immature (germinal
vesicle andmetaphase I stage oocytes) and placed back intomaturation
Fig. 2. Oocytes following 24
culture for an additional 24 h. The remaining 15 mature oocytes were
vitrified using a Kitazato oocyte vitrification system (Kitazato, Japan)
according to the manufacturer's instructions. The remaining seven oo-
cytes were re-checked for maturation status following their additional
24 h culture and three more oocytes were deemed to be mature and
also vitrified. A total of 18 oocytes were cryopreserved for the patient.

2.3. Ethics approval and patient consent

Ethics approval for IVM treatment has been granted by the Universi-
ty of Western Australia's Human Research Ethics Committee. The pa-
tient consented to all procedures and to the use of her case details in
any literature, media coverage or educational proceedings, providing
no identifying information was used.

3. Discussion

In this case report we have successfully achieved a laparoscopic oo-
phorectomywith oocyte collection ex-vivo, andmatured and vitrified a
large number of oocytes for the potential preservation of future fertility.
In cases such as this where the patient is not currently in a relationship
and under time limiting circumstances, oocyte cryopreservation, as op-
posed to embryo cryopreservation, is necessary. A live birth after in vitro
maturation of oocytes collected after oophorectomy has been reported
(Prasath et al., 2014), wherebymatured oocyteswere fertilized and em-
bryos stored using slow freezing techniques. A systematic review has
demonstrated that oocyte vitrification significantly improved oocyte
survival, fertilisation and embryo quality as well as clinical and ongoing
pregnancy rates compared with slow freezing techniques (Glujovsky
et al., 2014).

In the literature there is a report of an unsuccessful embryo transfer
following the vitrification/warming and fertilisation of oocytes collected
by TVOA and matured in vitro prior to chemotherapy (Fadini et al.,
2012), and oocyte vitrification has been reported without using IVM,
after ovarian hyperstimulation and collection of matured oocytes fol-
lowing oophorectomy after laparoscopy (Bocca et al., 2011) and lapa-
rotomy (Fatemi et al., 2011). However, there has only been one other
reported case of oocyte vitrification after IVM from apatient undergoing
h in maturation culture.

Image of Fig. 1


Fig. 3. Denuded oocytes following 24 h in maturation culture.
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oophorectomy (Huang et al., 2007). In this case the patientwas 43 years
old and did not have ovarian stimulation. Four oocytes were collected,
three of which matured and were suitable for vitrification. Additionally
one case has been reported whereby IVM was performed on two
immature oocytes collected in combination with ovarian tissue cryo-
preservation (González et al., 2011).We have shown that withminimal
stimulation in a younger patient, significantly more oocytes can be col-
lected, matured and cryopreserved. Successful oocyte fertilisation, em-
bryo transfer to a suitable surrogate and live birth in the future will
confirm the ultimate outcome for this patient. The benefit of this ap-
proach is the rapid time to oophorectomy as a shortened stimulation
protocol is required, and as the ovary has undergone minimal stimula-
tion the ovary can be retrieved through a small abdominal port incision
enabling a quicker recovery and the ability to commence further oncol-
ogy treatment rapidly.
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studyquestion: Is in vitromaturation (IVM) as successful as standard in vitro fertilization (IVF) for the treatment of patients with polycystic

ovaries (PCO) in terms of fresh, frozen and cumulative pregnancy outcomes?

summaryanswer: There was no difference in clinical pregnancy rates in fresh or frozen embryo transfer (FET) cycles between the two

treatment groups however, the IVM group showed a lower clinical pregnancy rate cumulatively. Therewas significantly fewer live births resulting

from IVMtreatment for both freshand cumulative cycleoutcomeshowever, therewasnodifference in livebirth rates resulting fromFETsbetween

IVM and IVF treatment.

what is known already: IVM is well recognized as the only treatment option to eliminate completely the incidence of ovarian hyper-

stimulation syndrome. However, historically IVM has been less successful than standard IVF in terms of clinical pregnancy, implantation and live

birth rates.

studydesign, size, and duration: This paper represents a retrospective case–control study. The study involved121participants
who underwent 178 treatment cycles. Cycles were completed between March 2007 and December 2012. All fresh cycles and subsequent FET

cycles were included in the analysis to calculate cumulative outcomes.

participants/materials, setting, andmethods: All participantswereprospectively diagnosedwith PCOmorphology or

polycystic ovarian syndrome (PCOS) and underwent either IVMor standard IVF treatment. Their treatment outcomeswere analysedwith regard

to embryological data, and the rate of biochemical pregnancy, clinical pregnancy and live birth, in addition maternal and neonatal outcomes were

assessed. Fifty-six patients underwent 80 cycles of IVM treatment and 65 patients underwent 98 cycles of standard IVF treatment.

main results and the role of chance: For fresh cycles, the differences in the biochemical pregnancy, clinical pregnancy or mis-

carriage rates between the two treatment groups were not statistically significant. The IVM group showed significantly lower live birth rates in fresh

cycles incomparisontostandard IVF treatment (18.8 versus31.0%, P ¼ 0.021). For frozenembryo transfer (FET) cycles thedifferences inbiochemical

pregnancy, clinical pregnancy, live birth ormiscarriage rates between the two treatments groups were not statistically significant. The cumulative bio-

chemical pregnancy (67.5 versus 83.7%, P ¼ 0.018), clinical pregnancy (51.3 versus 65.3%, P ¼ 0.021) and live birth rates (41.3 versus 55.1%, P ¼

0.005)were significantly lower in the IVMgroup in comparison to the standard IVF treatment group. Therewas nooverall difference in the cumulative

miscarriageratesbetweenthe twotreatmentgroups.Therewasnodifferencebetweentreatmentmethodswith regardtotheneonataloutcomes, and

the IVM group had a significantly lower rate of ovarian hyperstimulation syndrome (0 versus 7.1%, P, 0.001).

limitations, reasons for caution: This was an observational study and further randomized clinical trials are required to clarify the

difference in outcomes between standard IVF and IVM for patients with PCO/PCOS.

& The Author 2014. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

Human Reproduction, Vol.30, No.1 pp. 88–96, 2015

Advanced Access publication on October 29, 2014 doi:10.1093/humrep/deu248

����������	
��� ���
��	���
�	�������������	��� ����

���� ������	�� �� �	!" ��	���
��	# �

��$����!�!	��



wider implicationsof thefindings: This is thefirst study tocompare IVMwithstandard IVF inPCO/PCOSpatientsusingblastocyst

development and single embryo transfer. Furthermore, it is the first study to show the results of fresh, frozen and cumulative treatment cycle outcomes

between the two groups. Our results show similar success rates to those reported from other groups, particularly in relation to the incidence of mis-

carriage in fresh IVM cycles and improved success from FET cycles.Maternal and neonatal outcomes are consistentwith the limited literature available.

study funding/competing interest(s): The studywas supportedby theWomen’s and Infant’s Research FoundationofWestern

Australia. ProfessorHart isMedical Director of Fertility Specialists ofWesternAustralia (FSWA) and a shareholderWestern IVF.He has received edu-

cational sponsorship fromMSD,Merck-Seronoand Ferring Pharmaceuticals. T.H. is a consultantwith FSWAanda shareholder inWestern IVF. Shehas

received educational sponsorship from MSD, Merck-Serono and Ferring Pharmaceuticals. The other authors have no competing interests.
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Introduction

In vitromaturation (IVM) as aclinical treatmentoptionhasdelivered success

in terms of reducing the risks and side effects involvedwith gonadotrophin

stimulation for women embarking on standard in vitro fertilization (IVF)

treatment, while offering an acceptable chance of conception (Lindenberg,

2013). IVM treatment has repeatedly shown to eliminate the riskofovarian

hyperstimulation syndrome (OHSS) (Fadini et al., 2009; Gremeau et al.,

2012; Junk and Yeap, 2012). Patients with polycystic ovaries (PCO) or

polycysticovariansyndrome(PCOS)areatamuchhigherriskofdeveloping

OHSS than those without the conditions (MacDougall et al., 1993). These

are patients who respond well to IVM treatment due to their increased

antral follicle count (Child et al., 2001).

Owing to the lackorminimal useof stimulation, IVMmayalso significant-

ly reduce the costs associatedwith fertility treatment (Hovatta andCooke,

2006). These reduced costs and side effects usually come at the expense

of clinical pregnancy success rateswhen comparedwith standard IVF tech-

niques. Todate, therehaveonlybeen two studieswhichdirectly compared

theoutcomesof standard IVFwith IVM treatment in PCO/PCOSpatients,

both of which reported significantly lower clinical implantation in the IVM

group (Child, 2002; Gremeau et al., 2012). Neither of these papers

reported on blastocyst development comparisons between the two treat-

ment groups. Furthermore, the studies did not separately assess fresh and

frozen treatment cycles or use a single embryo transfer strategy to reduce

the risks associated with multiple pregnancies.

A modified IVM protocol recently demonstrated clinical pregnancy

success rates as high as 44.7% for patients with PCOS (Junk and Yeap,

2012). Similar success rates were achieved when using this protocol to

compare IVFand intra cytoplasmic sperm injection (ICSI) fertilization tech-

niques in IVM (Walls et al., 2012). This paper reports on the use of this

modified protocol for patients undergoing IVM treatment in comparison

to standard IVF treatment. To compare the embryological characteristics,

pregnancy and live birth rates, as well as the incidence ofOHSS, after IVM

and standard IVF treatment in womenwith PCO/PCOS, we analysed the

results of 6 years of fertility treatment data froma single clinic fromwomen

with prospectively recorded PCO ovaries or with PCOSwho underwent

either IVM or standard IVF treatment.

Materials andMethods

Patient cohort and data collection

All patientswhounderwent either standard IVFor IVM treatment in the years

2007–2012 at Fertility Specialists of Western Australia (FSWA) had been

prospectively recorded. Subfertile patients were eligible for inclusion in the

study if they had been prospectively diagnosed with either PCO or PCOS.

The Rotterdam criteria were used to define PCOS and PCO morphology

(Rotterdam, 2004) with the diagnosis being confirmed by examination of

the patient’s clinical record. Therewere18 patientswho receivedboth treat-

ment methods over this time period and were therefore excluded from the

analysis to ensure independent treatment groups were analysed.

IVM treatment regime

Hormonal priming

All IVMpatients had ablood test onDay 2of their cycle for circulating hormone

levels and were considered ready to commence treatment once the following

were achieved; estrogen (≤250 pmol/l), progesterone (≤3.5 nmol/l), FSH

(≤10 IU/l), luteinizing hormone (LH) (≤10 IU/l) and prolactin (≤500 mU/l).

A transvaginal ultrasound scan was performed to determine the number of

antral follicles on each ovary. Gonadotrophins were administered for 3–6

days, subcutaneously (FSH priming). The normal dosage being 100–

150 IU of recombinant FSH (rFSH) using either Gonal-F (Merck-Serono,

Frenchs Forest, NSW, Australia) or Puregon (Merck Sharp and Dohme,

SouthGranville,NSW,Australia). Thepatient underwent an additional trans-

vaginal ultrasound scan on Day 6 of their cycle, all follicles .4 mm were

recorded. Once a follicle �10 mm in diameter was observed, the patient

was considered ready for oocyte collection within the following 72 h.

Oocyte collection

All patients were administered a general anaesthesia. A 16 gauge double lumen

needle (CookMedical, Brisbane,QLD, Australia) was then inserted through the

vaginalwall into theovaryusing transvaginalultrasoundguidance.ACookvacuum

pump (Cook Medical) was used with pressure maintained at 175 mmHg. Each

immature follicle was drained and flushed up to three times using compound

sodium lactate (Hartmann’s) solution (Baxter Healthcare, Toongabbie, NSW,

Australia) supplemented with heparin (Pfizer, West Ryde, NSW, Australia).

Cumulus–oocyte complexes (COCs) were identified by sight, removed from

the collection fluid using a sterile glass pipette and washed in G-2Plus media

(Vitrolife, Sweden) supplemented with 10% heat inactivated maternal serum,

in a small petri dish. The COCs were then transferred to the laboratory.

Oocyte maturation culture and preparation for insemination

Once in the laboratory, the oocytes were individually distributed for matur-

ation culture into 20 ml droplets of G-2Plus culture medium, supplemented

with 10% v/v maternal serum, 0.1 IU/ml rFSH (Puregon, Merck Sharp and

Dohme) and 0.5 IU/ml hCG (Pregnyl, Merck Sharp and Dohme) under

sterile mineral oil. The immature oocytes were cultured for 24 h at 378C in

an atmosphere of 6% CO2, 5% O2 and 89% N2. After this time, the

oocytes were denuded to assess maturation status if undergoing ICSI insem-

ination, and were deemed mature by the presence of the first polar body. If

the oocytes were to be inseminated by IVF, they were transferred with
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cumulus cells intact, to a new dish containing G-IVF (Vitrolife, Sweden) and

covered in sterile mineral oil.

Endometrial preparation

Hormone replacement therapy (HRT) was initiated 2 days prior to egg col-

lection, whereby patients were administered 3 mg of estradiol valerate, Pro-

gynova (Merck Sharp and Dohme) orally, three times per day. On the day of

egg collection the dosewas decreased to 2 mg estradiol valerate orally, three

times per day. Twenty-four hours post-egg collection the patient commenced

400 mg progesterone pessaries, three times per day or Crinone (Merck-

Serono) 90 mg twice a day. The progesterone regime continued until the preg-

nancy test 15 days post-embryo transfer. If the test was positive, the regime

continued for 12 weeks of pregnancy, if negative the regime was ceased.

Standard IVF treatment regime

Hormonal stimulation

For standard IVF patients, 67 received a gonadotrophin releasing hormone

(GnRH) antagonist treatment cycle and 60 received a GnRH agonist proto-

col, 47ofwhichwereperformedprior to2010with publicationsdemonstrat-

ing the benefit of antagonist cycles leading to a reduction in the incidence of

OHSS, our protocol for PCO/PCOS patients changed to predominantly an-

tagonist only cycles.

For antagonist treatment, patients commenced gonadotrophin injections

on Day 3 of their menstrual cycle at the prescribed dose according to the

treating clinician’s choice. Serum estradiol, progesterone and LH measure-

ments were reviewed on the sixth day of stimulation and gonadotrophin

dose adjusted if required. Hormonal profile and ovarian ultrasound examin-

ation monitored follicular development with all follicles .9.0 mm recorded

and 250 mg of Cetrotide (Merck-Serono) or Orgalutran (Merck Sharp and

Dohme) 0.25 mg was administered daily when a leading follicle of 14 mm

or serum estradiol level of 1000 pmol/l was achieved. Ovulation was trig-

gered by the use of a recombinant hCG trigger, Ovidrel 250 mg (Merck-

Serono) or Pregnyl 5000 IU (Merck Sharp and Dohme) when at least one

leading follicle was above 17 mmwith two to three other follicles .14 mm.

Oocyte collection and preparation for insemination

Transvaginal oocyte aspiration (TVOA) was performed 34–36 h after the

trigger injection. All patients were administered a general anaesthesia. A 16

gauge double lumen needle (Cook Medical) was then inserted through the

vaginal wall into the ovary using transvaginal ultrasound guidance. Using a

Cook vacuum pump (Cook Medical), with pressure maintained at

125 mmHg, each mature follicle was drained and flushed up to three times

using compound sodium lactate (Hartmann’s) solution (Baxter Healthcare)

supplemented with Heparin (Pfizer). COCs were identified by sight,

removed from the collection fluid using a sterile glass pipette and washed

in G-IVFPlus (Vitrolife, Sweden) in a small petri dish. The COCs were then

transferred to G-IVFPlus media (Vitrolife, Sweden) and transported to the

laboratory. Oocytes undergoing IVF insemination were moved into a dish

containingG-IVF (Vitrolife) and covered in sterilemineral oil.Oocytes under-

going ICSI insemination underwent the same procedure of denuding as IVM

oocytes with the presence of the first polar body indicating maturity.

Endometrial preparation

Luteal support was provided using either progesterone pessaries or Crinone

(Merck-Serono), commenced3days post-triggerwith anoptionof additional

1500 IU recombinant hCG, Pregnyl (Merck Sharp andDohme) prescribed in

the luteal phase 6 days post-trigger.

Fertilization and embryo culture

For both standard IVF and IVM treatments, insemination was performed

using either IVF or ICSI (with the IVM group predominantly using ICSI).

Approximately 16–18 h post-insemination/injection all oocytes from both

treatment groups were checked for signs of fertilization. Fertilization was

defined by the presence of two pronuclei and two polar bodies. The

embryos were transferred to G-1Plus medium (Vitrolife, Sweden) for a

further 48 h of culture. The embryoswere then transferred to 20 ml droplets

of G2Plus medium (Vitrolife, Sweden) and cultured for an additional 48 h.

After this time, embryo development was assessed and blastocyst stage

embryos graded (Dokras et al., 1993). Grade one blastocysts have good cel-

lular developmentof both the inner cellmass (ICM)and trophectoderm(TE),

grade two blastocysts have average development of the ICM and TE, while

grade three embryos have poor cellular development. For embryo transfer

or vitrification, only grade one or grade two embryos were selected.

In the standard IVF group there was one patient who underwent a double

embryo transfer in a fresh cycle. For the remaining standard IVF patients and

all IVMpatients, a single blastocystwas transferred.Theembryowith thebest

morphological gradewas selected for transfer. Serumb-hCGwasmeasured

10 days post-embryo transfer and the results recorded. A biochemical preg-

nancy was recorded as a serum hCG level ≥30 IU and a clinical pregnancy

was classified by the presence of a fetal sac on ultrasound scan at 6–7

weeks gestation. Supernumerary grade one and grade two blastocysts

were cryopreserved by vitrification (Cook Medical) for use in future treat-

ment cycles.

FET treatment regime

The protocols used for FET cycles utilized either a low-dose rFSH stimulation

or HRT. With low-dose rFSH stimulation, patients commenced stimulation

on Day 3 of their menstrual cycle. The usual starting dose of recombinant

rFSH was 50 IU using either Gonal-F (Merck-Serono) or Puregon (Merck

Sharp and Dohme) and this was titrated according to serum estradiol.

Response to stimulation was assessed with serum monitoring of estradiol

and ultrasound assessment of follicular development and endometrial thick-

ness, commencing on Days 7–10 of the menstrual cycle (depending upon

normal cycle length) with adjustment of the dose of recombinant rFSH if

required. When there was evidence of a LH surge, or when good follicular

and endometrial development was recorded, 250 mg of recombinant

hCG, Ovidrel, (Merck-Serono) or Pregnyl 5000 IU (Merck Sharp and

Dohme) was administered subcutaneously to trigger ovulation.

For a HRT cycle, a patient commenced estradiol orally from the second

day of the menstrual cycle at a dose of 2 mg, three times per day. Monitoring

of endometrial thickness was performed with transvaginal ultrasound mon-

itoring and a serum measurement of progesterone was performed when

ultrasound assessment demonstrated a minimal endometrial thickness of

7 mm. If the endometrial thickness was ,8 mm, estradiol was continued

for a further week and endometrial thickness re-evaluated.When the endo-

metrial thickness exceeded 8 mm, 400 mg progesterone pessaries or

Crinone (Merck-Serono) were commenced three times per day and

embryo transfer was scheduled.

Ethics approval

Ethics approval for IVM treatment was granted by the Curtin University

HumanResearch EthicsCommittee (HREC) in linewith the guidelines estab-

lished at FSWA. All patients in both treatments groups consented to the use

of non-identifiable data resulting from their treatment for possible future

research as part of their routine cycle information and consenting procedures

discussed with their treating clinician.

Data analysis

Descriptive statistics for continuous datawere based onmeans and standard

deviationsormedians, interquartile ranges and ranges, according todatanor-

mality. Frequency distributions were used to summarize categorical data.

Univariate comparisons of demographic characteristics between treatment
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groupsweremade usingMann–Whitney tests for continuous outcomes and

x2 tests for categorical outcomes. Embryology and pregnancy outcomes

were analysed usingmultivariatemixedmodels with the generalized estimat-

ing equation approach to account for correlation between repeated

measures. All treatment estimates were adjusted for differences in baseline

characteristics and known influential factors, such as age at start of cycle,

cycle number and pregnancy in the previous cycle. Treatment effects were

presented as incidence rate ratios or odds ratios together with 95% confi-

dence intervals (CIs). Stata statistical software: Release 12 (StataCorp

2011, College Station, TX, USA) was used for data analysis. All tests were

two-tailed and P-values ,0.05 were considered statistically significant.

Results

Patient characteristics are displayed in Table I. The differences were

not statistically significant in their age, body mass index (BMI) or the dur-

ationof infertility inmonths.The total numberof fresh cycles ranged from

one to four for the IVM group and one to five for the standard IVF group;

there was no difference between treatment groups in the median

number of fresh cycles. The IVM group had significantly higher rates of

a PCOS diagnosis (P ¼ 0.047) and the standard IVF group had higher

rates of male factor infertility (P ¼ 0.028). There were significantly

more follicles identified per patient at the final ultrasound scan in the

IVM group (P, 0.001), although this may be because small (,9 mm)

follicles were often not recorded during standard IVF. The duration of

stimulation, mean consumption of gonadotrophins and peak estrogen

level were all significantly higher in the standard IVF group (P, 0.001).

Table II represents the embryology outcomes for the two treatment

groups. The IVM group showed a significantly lower proportion of

mature oocytes (P, 0.001), but the difference in the mean number

of mature oocytes retrieved per patient was not statistically significant

(P ¼ 0.055). In the IVM group there were significantly fewer normally

fertilized oocytes overall (P, 0.001) and mean per patient (P ¼ 0.015).

For those oocytes fertilized by ICSI, therewas no statistically significant dif-

ference in degeneration rates between the two groups (7.2 versus 8.2%;

P ¼ 0.472). Per patient, themean number of useable and total blastocysts

was significantly lower in the IVM group (P, 0.001). However, overall

useable and total blastocyst development rates were similar (P ¼ 0.505,

P ¼ 0.717). There was also no difference between treatments in the

rate of failed blastocyst development that resulted in no embryo being

available for transfer.

Table III represents the pregnancy, miscarriage and live birth outcomes

from fresh, frozen and cumulative cycle data.Of the 80 fresh cycles of IVM

undertaken, 64 fresh single embryo transfers were performed; of the 98

standard Fresh IVF treatment cycles performed, 58 were fresh single

embryo transfers. In the IVM group 14 cycles resulted in failed blastocyst

development with no suitable embryos for either fresh or frozen transfer

and two freeze-all cycleswere performed, one due to a thin endometrium

and one at the patient’s request for social reasons. In the IVF group 13

cycles resulted in failed blastocyst development with no suitable

embryos for either fresh or frozen transfer and 27 cycles resulted in a

freeze-all, seven of which were due to moderate to severe OHSS and

the remaining as a precaution to avoid OHSS. Of the 80 Fresh IVM

cycles, 48 had more than one embryo suitable for transfer and of the 98

standard IVF cycles 68 had more than one embryo suitable for transfer.

Of the64 fresh IVMcycles resulting in an embryo transfer, 21hadoneadd-

itional FETand 16 resulted inmore thanone FET fromembryos generated

in that cycle.Of the two freeze-all cycles in the IVMgroup, one patient had

onlyoneembryo frozenandhas yet to return foranFET.Theother patient

fell pregnant fromher first FET and has yet to return for a subsequent FET.

Of the 58 standard IVF cycles resulting in an fresh embryo transfer, 18 had

one additional FET and 16 had two or more subsequent FET’s resulting

from embryos generated in that cycle. Of the 27 freeze-all cycles in the

standard IVF group, eight went on to have one FET and 16 had two or

more subsequent FET’s from embryos generated in that cycle.

After adjustment for age at treatment commencement, primary in-

fertility, male factor infertility, PCO or PCOS status, cycle number

and clinical pregnancy in the previous cycle, the differences were not

statistically significant in the biochemical pregnancy, clinical pregnancy

or miscarriage rates between the two treatment groups. There were,

.............................................................................................................................................................................................

Table I Patient characteristics.

IVM (n5 56) IVF (n 5 65) P-value

Number of fresh cycles (Total) 80 98

Age (Median, IQR) 31.9 (28.0–34.3) 32.6 (29.6–36.0) 0.063

BMI (Median, IQR) 22.5 (20.0–26.3) 23.0 (21.0–28.0) 0.416

Duration of infertility in months (Median, IQR) 12.0 (7.3–36.0) 21.0 (8.0–48.3) 0.218

Number of Fresh Cycles (Range) 1 (1–4) 1 (1–5) 0.777

Polycystic ovary syndromea (%) 71 54 0.047

Male factor infertility (%) 21 40 0.028

Number of follicles at final ultrasound scanb 38.8+17.5 19.9+9.2 ,0.001

Duration of stimulation in daysb 4.4+1.6 10.0+2.1 ,0.001

Mean consumption of gonadotrophinsb 594+244.4 1505+688.7 ,0.001

Peak estrogen (E2) levelb 1329+1436.1 8036+5196.8 ,0.001

P-values were obtained from generalized linear regression analysis which accounted for the correlation between cycles on each woman.
aBy Rotterdam criteria, all subjects had PCO morphology.
bData represent mean+ standard deviation per cycle.
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however, significantly fewer live births in the IVM treatment group (P ¼

0.021). From these fresh cycles a further 62 FET cycles were performed

in the IVM group and 117 in the standard IVF group, resulting in no

statistically significant differences in the biochemical pregnancy, clinical

pregnancy, live birth or miscarriage rates between the two treatments

groups. Cumulatively, there were 126 embryos transferred in both

.............................................................................................................................................................................................

Table II Embryology outcomes of IVM versus IVF treatment.

IVM IVF IRR (95% CI)a P-value

Number of oocytes

Total 1058 1528

Mean per patient+ SD 13.2+6.07 15.6+7.81 0.87 (0.75–1.01) 0.073

Number of mature oocytes available 767 1215

Total (%) 73 80 ,0.001

Mean per patient+ SD 9.6+4.87 12.5+8.04 0.81 (0.66–1.00) 0.055

Number of mature oocytes fertilized 525 937

Total (%) 68% 77% ,0.001

Mean per patient+ SD 6.6+3.59 9.7+5.89 0.67 (0.55–0.81) 0.015

Number of useable blastocysts formed 198 370

Total (%) 38 40 0.505

Mean per patient+ SD 2.5+2.1 3.9+3.40 0.51 (0.39–0.67) ,0.001

Total number of blastocysts formed 238 434

Total (%) 45 46 0.717

Mean per patient+ SD 3.0+2.41 4.6+3.63 0.52 (0.41–0.67) ,0.001

Number of failed blastocyst development 14/80 13/98

Total (%) 16 14 2.40 (0.90–6.41)b 0.323

aIRR represents the incidence rate ratio of the outcome in the IVM groupwhen comparedwith the IVF group (reference). All incidence rates were adjusted for age at start of cycle, primary

infertility, male factor, PCOS status, cycle number and clinical pregnancy in the previous cycle.
bEstimates represent odds ratios and 95% CIs.

.............................................................................................................................................................................................

Table III Pregnancy, miscarriage and live birth outcomes from fresh, frozen and cumulative cycle data.

IVM IVF Odds ratio (95% CI) P-value

Fresh transfers (Per ET) n ¼ 64 n ¼ 58

Biochemical pregnancy 28/64 43.8% 23/58 39.7% 0.71 (0.29–1.71) 0.446

Clinical pregnancy 19/64 29.7% 21/58 36.2% 0.52 (0.21–1.28) 0.158

Live birth 12/64 18.8% 19/58a 31.0% 0.59 (0.38–0.92)b 0.021

Miscarriage 7/19 36.8% 4/21 19.0% 1.50 (0.27–8.21) 0.642

Frozen transfers (Per ET) n ¼ 62 n ¼ 117

Biochemical pregnancy 26/62 41.9% 59/117 50.4% 0.61 (0.28–1.30) 0.199

Clinical pregnancy 22/62 35.5% 43/117 36.8% 0.77 (0.37–1.60) 0.484

Live birth 21/62 33.9% 35/117 29.9% 1.01 (0.49–2.09) 0.986

Miscarriage 1/22 4.5% 8/43 18.6% 0.36 (0.06–2.32) 0.285

Cumulative (Per egg collection) n ¼ 80 n ¼ 98

Biochemical pregnancy 54/80 67.5% 82/98 83.7% 0.64 (0.45–0.93) 0.018

Clinical pregnancy 41/80 51.3% 64/98 65.3% 0.64 (0.44–0.94) 0.021

Live birth 33/80 41.3% 54/98a 55.1% 0.57 (0.39–0.84) 0.005

Miscarriage 8/41 19.5% 12/64 18.8% 1.01 (0.45–2.23) 0.987

ET, embryo transfer.

Odds ratio compares the IVMgroup to the IVF group (reference). All estimateswere adjusted for age at start of cycle, primary infertility, male factor, PCOS status, cycle number and clinical

pregnancy in the previous cycle.
aIncludes two sets of twins.
bRepresents incidence rate ratio (some transfers produced .1 live birth).
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fresh and frozen cycles resulting from the 80 cycles initiated in the IVM

group and 175 embryos transferred from the 98 cycles initiated in the

standard IVF group, resulting in significantly lowerbiochemical pregnancy

(P ¼ 0.018), clinical pregnancy (P ¼ 0.021) and live birth rates (P ¼

0.005) in the IVM treatment group, respectively (Table III). However,

there was no overall difference in the miscarriage rate between the

two treatment groups.

The IVM treatment group had a significantly lower rate of OHSS than

the standard IVF group (P, 0.001; Table IV), with no cases of OHSS

recorded in the IVM group, with two patients having all of their

embryos frozen, one for social reasons and one due to poor endometrial

development. In the standard IVF treatment group there were seven

cases of moderate to severe OHSS (7.1%), two of which arose from

GnRH agonist cycles and five of which resulted from GnRH antagonist

cycles. There were no multiple pregnancies or births reported in the

IVM group with two sets of twins resulting in the standard IVF group,

one resulting from the only double embryo transfer performed across

the two treatment groups and the other resulting in a monozygotic

twin pregnancy.

Therewas no difference in preterm birth rates (P ¼ 0.070), with 6.0%

of infants in the IVM group delivered before 37 weeks gestation and

22.0% of standard IVF infants delivered before 37 weeks (Table III).

Owing to the low sample size, an analysis of preterm birth rates

between fresh and frozen transfers was not performed; however,

there were six preterm babies (including two sets of twins) from fresh

transfers in the standard IVF group and seven preterm babies resulting

from FETs. There was one preterm baby delivered resulting from a

fresh embryo transfer and one resulting from a FET in the IVM group.

IVM infants had a mean birthweight of 3.364 kg and standard IVF

infants had a mean birthweight of 3.199 kg (P ¼ 0.262; Table IV).

There was one case of a horseshoe kidney in the IVM group and no con-

genital birth defects were reported in the standard IVF group (Table IV).

Statistical analysis was not performed due to the small sample size.

Discussion

Our results show that overall in the IVM treatment group comparedwith

the standard IVF group, a smaller proportion achieved maturity and

fewer of these were normally fertilized; however, the difference in the

mean number of oocytes collected or matured per patient was not stat-

istically significant. Theprimaryobjective for an IVMtreatment cycle is for

oocytes to successfully complete meiosis during maturation culture and

gain both nuclear and cytoplasmic competence to enable fertilization,

embryo development and ultimately a healthy live birth. Our results

demonstrated that less mature oocytes were obtained using our IVM

stimulation protocol than from standard IVF cycles at the time of oocyte

retrieval, which is consistent with results from previous studies (Child,

2002; Gremeau et al., 2012). While these mature oocytes have success-

fully undergone nuclear maturation, as assessed by the presence of the

first polar body extrusion, cytoplasmic maturation may not yet be com-

plete and this may be one of the factors contributing to their significantly

lower fertilization rate comparedwith those from the standard IVF group.

Insemination in the IVM group was predominantly performed using

ICSI, as it was originally thought to be necessary due to the hardening

of the zona pellucida during maturation culture; however, a study with

sibling oocytes showed rates of fertilization, embryo development and

clinical pregnancy did not differ between those inseminated using ICSI

and those inseminated with traditional IVF (Walls et al., 2012). Even

though in the current study, the number of normally fertilized oocytes

in the IVM group was lower than that of the standard IVF group, the

68.4% fertilization rate observed is considered to be well within an ac-

ceptable range for clinical treatment. A number of modifications to

IVM protocols to overcome poor maturation and fertilization issues

have been suggested after successful animal trials. These include the add-

ition to culture media of factors such as epidermal growth factor

(EGF)-like peptides and cyclic adenosinemonophosphate (cAMP)mod-

ulators (Richani et al., 2014) as well as oocyte secreted factors (Gilchrist

et al., 2008; Mester et al., 2014). If such additives increased maturation

and fertilization rates of human IVM oocytes to levels comparable to

standard IVF, there would be the potential to further increase the yield

of useable blastocysts for embryo transfer.

This is the first comparative study between IVM and standard IVF to

publish data on blastocyst development and suggests that the rates of de-

velopment do not differ between the two groups. The use of blastocyst

culture and transfer is now widely accepted as a means to optimize clin-

ical pregnancy rates per embryo transferred, while reducing the need for

multiple embryos to be transferred in order to successfully achieve a

pregnancy (Gardner et al., 1998; Blake et al., 2007). The benefits of

blastocyst culture appear to be equally applicable for IVM treatment

with a publication from our group establishing this protocol of blastocyst

culture and single embryo transfer to achievehigh implantation rateswith

an excellent singleton live birth rate (Junk and Yeap, 2012). Following on

from their research, the current study compared blastocyst develop-

ment of IVM oocytes with standard IVF oocytes also from women with

PCO morphology or with features of PCOS. The potential for asyn-

chrony between nuclear and cytoplasmic maturation in IVM treatment

was thought to negatively impact embryonic development (Trounson

et al., 1998).Our results have shown thatwhile themeannumberof blas-

tocysts per patient was lower in IVM than standard IVF, this is a result of

overall fewer oocytes collected, matured and fertilized in the IVM group.

.............................................................................................................................................................................................

Table IV Maternal and neonatal outcomes.

IVM (n5 33) IVF (n5 54) P-value

Ovarian hyperstimulation 0 (0%) 7 (7.1%) ,0.001

Preterm birth (,37 weeks) 2 (6%) 12 (22%) 0.070

Birthweight (g) 3364+590 3199+694 0.262

Congenital birth defects 1a 0 N/A

aRepresents a horseshoe kidney.
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Whereas overall rates of useable and total blastocyst development, as a

percentage of normally fertilized oocytes, were not different between

the two treatment groups. Additionally, the rate of failed blastocyst de-

velopment, resulting in noembryoavailable for transfer,wasnot different

between the two treatment groups. Therefore, in this study IVM did not

specifically affect embryo development to the blastocyst stage. Culture

to the blastocyst stage is a successful embryo selection tool that allows

the use of single embryo transfers to yield high rates of implantation

and ongoing clinical pregnancies and our data show that it can be com-

bined with IVM.

In both fresh and frozen cycles, therewas no difference in clinical preg-

nancy rates between the IVM and standard IVF treatment groups. Fur-

thermore, for embryos transferred in frozen treatment cycles, there

was no difference in the live birth rate. However, for fresh embryo trans-

fers, therewas a significantly lower live birth rate per embryo transferred

than in the standard IVF treatment group.The scientific literature reports

implantation rates for IVM to range between 0% (Mikkelsen and Linden-

berg, 2001) and 14.8% (Chian et al., 2000) for cycles with no hormonal

priming with gonadotrophins and between 9.1% (Lin et al., 2003) and

21.6% (Mikkelsen and Lindenberg, 2001) for cycles with rFSH priming.

When retrospectively compared with standard IVF in two case–

control studies of women with PCO, IVM implantation and live birth

rates were significantly lower than those achieved with standard IVF

(Child, 2002; Gremeau et al. 2012).

The same modified protocol of hormonal priming for larger follicle

growth with a specified endometrial preparation, which has been

shown to produce implantation rates of 43% (Walls et al., 2012) and

44% (Junk and Yeap, 2012), was used to treat IVM patients in this retro-

spective study. Although we did not see implantation and live birth rates

as high as these previous studies, we believe this to be a result of the dif-

fering inclusion and exclusion criteria, particularly involving our inclusion

of patientswhohadmultiple cyclesof IVMand theexclusionof thosewho

hadpreviously receivedstandard IVF treatment, toensure independence

of treatment groupswhenperformingdata analysis.Regardlessof this de-

crease in efficacy in freshembryo transfer cycles, in frozen cycles,wehave

shown comparable results for the IVM treated patients to those using

standard IVF. IVM combined with blastocyst culture and single embryo

transfer can therefore, be used as a first line clinical treatment without

concerns for reduced pregnancy success.

Cumulative rates of biochemical pregnancy, clinical pregnancy and live

birthwere significantly lower in the IVM group comparedwith the stand-

ard IVF group. There are a number of factors, which may contribute to

this difference. The primary reason for the decrease in success

appears to be related to the smaller number of usable embryos gener-

ated in the IVM group. This is likely to be due to the additive effect of

lower numbers of oocytes collected, matured and fertilized normally

compared with the standard IVF group. This in turn resulted in a

greater total number of frozen embryos for standard IVF patients,

which contributed to an overall higher cumulative pregnancy rate.

Another contributing factor for the reduced cumulative live birth rate

could be the significantly higher number of patients with PCOS as

opposed to just having a polycystic ovarian morphology in the IVM

group.The literature shows that cumulative livebirth rates are significant-

ly higher inwomenwith PCO, but not inwomenwith PCOS,when com-

paredwith thosewithout PCO/PCOS following standard IVF treatment

(Li et al., 2013). We can therefore conclude that with further research

leading to improvements in the total oocyte yield and successful

fertilization that cumulative success rates could be comparable

between the two treatment groups.

Theuse of predominantly single embryo transfer led tono cases ofmul-

tiplebirths in the IVMgroupandonly twocasesof twins in the standard IVF

group, onemonozygotic and one dizygotic, resulting from the only double

embryo transfer performed across both treatment groups. Our clinic

favours a single blastocyst transfer approach, which has been shown to

maintain high implantation and ongoing pregnancy rates, while minimizing

the risk of multiple pregnancy (Gardner et al., 2004). In our study, only

single embryo transferswereperformed in the IVMgroup leading toan im-

plantation rate equal to that of the clinical pregnancy rate. A study byChild

and colleagues in2002demonstrated that IVMtreatmenthas the potential

to produce clinical pregnancy and live birth rates not significantly different

to those in standard IVF (Child, 2002). However, this was a result of a

higher mean number of embryos transferred (3.2 versus 2.7), leading to

a decrease in implantation rates per embryo and an increase in multiple

live births. Rates of multiple live births in the IVM treatment group were

reported to be as high as 41.2%. Following on from their research,

Gremeau and colleagues also transferred significantly higher mean

number of embryos in the IVM group (1.9 versus 1.7) however; they still

reported a significantly lower implantation, clinical pregnancy and live

birth rate. In contrast, the present study shows no statistically significant

difference in implantation rates in both fresh and frozen cycles between

IVM and standard IVF treatment, while maintaining a zero per cent rate

of multiple pregnancies for IVM.

As was used in the present study, a protocol of rFSH priming with no

ovulation triggerand the collectionofoocytes fromslightly larger follicles,

has been suggested as themain reason foroptimising success rates in IVM

(Junk and Yeap, 2012). The use of a more complex blastocyst culture

medium, as used in the present study, as the basis of the maturation

media could also have an influence on successful embryo development

and implantation potential (Kim et al., 2011). Such a medium may

provide a better culture environment for both the oocyte and the asso-

ciated cumulus cells than a medium designed for oocytes or early

embryos alone. Another explanation for the overall increase in cumula-

tive implantation rates in the IVM group may be due to the high rate of

implantation and live births resulting from FETs.

Significantly improved clinical pregnancy and implantation rates have

previously been reported in IVM treatment using vitrified-warmed

embryos replaced in a frozen embryo cycle (De Vos et al., 2011). Add-

itionally, a recentmeta-analysis of fresh versus frozen embryo pregnancy

rates in standard IVF treatment concluded that the rate of ongoing preg-

nancies from frozen embryos was significantly higher compared with

fresh (Roque et al., 2013). These findings may also account for the lack

ofmiscarriages in the IVMgroup after successful frozen embryopregnan-

cies compared with a 36.8% miscarriage rate after fresh embryo

transfers. This difference leads us to believe thatwhile endometrial prep-

aration has improvedwith this modified protocol, it is possibly still not as

effective as it would be in a frozen embryo treatment cycle. Therefore,

more research is needed to improve the uterine environment in IVM

cycles following fresh embryo transfers to further increase the success

rates of this IVM protocol.

With respect tobirthoutcomes, thedifferencewasnot statistically sig-

nificant in the incidence of preterm birth or the mean birthweights of

infants between the two treatment groups. Preterm birth is a significant

contributor to neonatal morbidity and mortality, and the rates of

preterm birth have increased in recent years (McDonald et al., 2009).
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One factor that may be implicated in this increasing incidence of prema-

turity is the increasing number of children born as a result of standard IVF

procedures (Slattery and Morrison, 2002). Rates of preterm birth have

been shown tobe significantly higher,with significantly lowermeanbirth-

weights recorded, for infants born resulting from standard IVF treatment

compared with than those spontaneously conceived (McDonald et al.,

2009; Henningsen et al., 2011). This increased risk of preterm birth is

even more prevalent in babies born to mothers diagnosed with PCOS

(Boomsma et al., 2006).

The incidence of preterm birth in our IVM group, although not signifi-

cantly lower, was only 6% comparedwith 22% in the standard IVF group.

While this may be due to the low sample size, it is an encouraging result

and is consistent with the low rate of preterm birth reported in IVM

infants in the literature (Söderström-Anttila et al., 2006). This could po-

tentially support the theory of a hyper-estrogenic environment in a fresh

embryo transfer cycle contributing to lower recordedmeanbirthweights

in standard IVF conceived infants, as cryopreservedembryos are typically

transferred into a natural or minimally stimulated endometrium (Belva

et al., 2008). This is supported by the finding of higher mean birthweight

of infants resulting from frozen embryo treatment cycles compared the

birthweights of infants conceived in a fresh standard IVF cycles (Henning-

sen et al., 2011). Therefore, while the mean birthweights of infants were

similar between the two treatment groups, embryos transferred in a

fresh IVM cycle are replaced in a hormonal environment similar to

those of frozen embryos as demonstrated by the significantly higher

mean peak estrogen in the standard IVF group compared with the IVM

group. IVM, therefore, does not appear to pose any increase in the

risk of adverse neonatal outcomes such as a lower mean birthweight

or a higher prevalence of pretermbirth,which areoften reported follow-

ing standard IVF assisted conception.

In terms of evaluating maternal risks resulting from IVM treatment,

there were no cases of ovarian hyperstimulation, which was significantly

lower than observed for the standard IVF treatment group. OHSS

remains one of the most serious consequences of rFSH stimulation in

standard IVF cycles. Severe OHSS resulting in additional hospital admis-

sion, notonly results in further physical andmental distress to thepatient,

but also increases their costs associatedwith treatment and increases the

financial burden on the public healthcare system. Even with improved

monitoring, using antagonist protocols (Kolibianakis et al., 2006;

Al-Inany et al., 2007), metformin (Costello et al., 2006), dopamine ago-

nists (Cabergoline) (Tang et al., 2012) and ‘freeze-all’ precautions, the

risk of OHSS cannot be completely eliminated in standard IVF cycles.

This risk is the most significant for patients otherwise considered ideal

candidates for IVM treatment.

Study results have consistently shown no recorded cases ofOHSS fol-

lowing IVM (Child, 2002; Fadini et al., 2009; Gremeau et al., 2012; Junk

and Yeap, 2012) with one of the main findings of a recent IVM review

article stating that the risk of OHSS is no longer an issue for IVM treat-

ment (Lindenberg, 2013). The decrease in OHSS rates in the IVM

group is a direct result of this minimal-approach treatment by lowering

the hormonal burdenon the patient. This is evidencedby the significantly

lower consumption of gonadotrophins, duration of stimulation and peak

estrogen levels seen in this study. The question is then ‘at what level of

IVM success does the decrease in OHSS risk outweigh perceived

higher success rates with standard IVF’? Our results are consistent

with the literature in reporting zero cases of OHSS for IVM treatment

while still achieving success rates similar to standard IVF treatment.

Therefore, we conclude that IVM is a more patient friendly treatment.

It can eliminate the risk of OHSS and should be highly recommended

as a treatment option particularly for women with PCO who are at an

increased risk of the significant morbidity resulting from OHSS after

standard IVF treatment.
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Appendix 4: In Vitro Maturation is Associated with Increased Early 

Embryo Arrest without Altering Morphokinetic Development of Useable 

Blastocysts.  
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progressing to blastocysts
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studyquestions: Does polycystic ovarian syndrome (PCOS) or in vitromaturation (IVM) treatment affect embryo development events

and morphokinetic parameters after time-lapse incubation?

summaryanswer: Therewas an increase in someabnormal phenotypic events in PCOS-IVMembryos aswell as an increase in early arrest

of PCOS-IVM and PCOS-ICSI embryos; however, IVM treatment or PCOS status did not alter morphokinetic development of embryos suitable

for transfer of vitrification.

what is knownalready: IVMhasbeen less successful than standard IVF in termsof clinical pregnancy, implantation and livebirth rates.

There is currently no information available about the development of IVM embryos according to time-lapse analysis.

study design, size and duration: This article represents a prospective case–control study. The study involved 93 participants

who underwent 93 treatment cycles. Cycles were completed between January 2013 and July 2014.

participants/materials, setting andmethods: Participantswere recruited for the study at Fertility Specialists ofWAand

Fertility Specialists South, Perth, Western Australia. Of the PCOS diagnosed patients, 32 underwent IVM treatment (PCOS-IVM) and 23 had

standard ICSI treatment (PCOS-ICSI). There were 38 patients without PCOS who underwent standard ICSI treatment comprising the

control group (control-ICSI).

main results and the role of chance: The PCOS-IVM group showed significantly more embryos with multinucleated two

cells (P ¼ 0.041), multinucleated four cells (P ¼ 0.001) and uneven two cells (P ¼ 0.033) compared with the control-ICSI group, but not the

PCOS-ICSI group. There were no significant differences in the rates of any abnormal events between the PCOS-ICSI and control-ICSI groups.

Embryo arrest between Days 2 and 3 was higher in the PCOS-IVM and PCOS-ICSI groups compared with the control-ICSI group (P, 0.001

and P ¼ 0.001). Embryo arrest from Days 3 to 4 was higher in the PCOS-IVM group compared with both the PCOS-ICSI and control-ICSI

groups (P, 0.001). Therewere no differences in embryo arrest rates across all three groups at the compaction or blastulation stages. Cumulative

rates of embryo arrest, from the time to second polar body extrusion (tPB2) to the time to formation of a blastocyst (tB), result in a decreased

proportion of useable PCOS-IVM blastocysts comparedwith the other two treatment groups; however, of the embryos remaining, therewas no

significant difference in morphokinetic development between the three groups.

limitations and reasons for caution: This was a small study using time-lapse analysis of embryo development as the primary

end-point. Larger, randomized, clinical trials are required to clarify the implications of time-lapse incubation of IVM embryos and the effects on

implantation and ongoing pregnancy.

wider implications of the findings: This is the first study to compare the time-lapse analysis of IVM with standard ICSI for

patients with and without PCOS. This allows for a more detailed and specific timeline of events from embryos generated using this approach
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for patients diagnosed with PCOS and shows that embryos generated from IVM have an increased rate of early embryo arrest, however; mor-

phokinetic development is not impaired in embryos that progress to the useable blastocyst stage.

study funding/competing interest(s): The study was supported by the Women’s and Infant’s Research Foundation of

Western Australia. R.H. is the Medical Director of Fertility Specialists of Western Australia and a shareholder in Western IVF. He has received

educational sponsorship from MSD, Merck-Serono and Ferring Pharmaceuticals. The other authors have no competing interests.
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Introduction

Morphokinetics is the study of embryo cleavage kinetics according

to the annotation of time-lapse sequences (Meseguer et al., 2011;

Montag et al., 2011). The recent availability and uptake of time-lapse

embryomicroscopy/incubation systems have enabled the identification

of specific morphokinetic time points and development events asso-

ciated with embryo viability and arrest. Traditional morphological

grading systems are unable to detect abnormal phenotypic events and

lack the ability to precisely time specific events. Time-lapse incubation

technology facilitates the identification of aspects of embryo develop-

ment such as early cleavage or abnormal phenotypic events, which

have either a negative or positive impact on embryo development.

These can be used as an embryo selection or deselection tool after in-

corporation into predictionmodels that have been associatedwith an in-

crease in successful reproductive outcomes (Rubio et al., 2014).

Morphokinetic analysis is now also being used as an outcome variable

to compare results from different patient groups (Wissing et al., 2014)

and assess environmental contributors to infertility (Fréour et al.,

2013). These methods could also be employed to compare the effects

of different treatments across patient groups.

Polycystic ovarian syndrome (PCOS) is a significant cause of infertility

forpatients seeking assisted reproductiveprocedures andoccurs in�4–

12% of the general population (Costello et al., 2012). A range of treat-

ment options including administration of gonadotrophin-releasing

hormone (GnRH) antagonists (Kolibianakis et al., 2006; Al-Inany

Hesham et al., 2011), metformin (Costello et al., 2006) and dopamine

agonists (Cabergoline) (Tang et al., 2012); ‘freeze all’ precautions are

recommended for these patients to minimize the risk of ovarian hyper-

stimulation syndrome (OHSS) or to eliminate the risk completely by

using in vitro maturation (IVM) (Lindenberg, 2013; Walls et al., 2014).

A recent morphokinetic analysis comparing hyperandrogenic PCOS,

normoandrogenic PCOS and non-PCOS patients (controls) found that

the differences in embryo developmental timings were primarily asso-

ciated with hyperandrogenemia (Wissing et al., 2014).

Embryo development kinetics may be influenced by a variety of

culture conditions such as oxygen concentration (Kirkegaard et al.,

2013); these may result in differences in embryo development

characteristics between laboratories. There is currently no literature

that reports embryo cleavage kinetics or the rates of abnormal pheno-

typic events following IVM treatment. We hypothesized that in

embryos developing to the blastocyst stage, the morphokinetic time

points and/or occurrence of abnormal early cleavage/phenotypic

events of PCOS-IVM versus standard intra cytoplasmic sperm injection

(PCOS-ICSI) embryoswould be similar, whereas differences inmorpho-

kinetics between embryos from patients with or without PCOS would

be more significant.

Materials andMethods

Patient diagnosis and recruitment

Participantswere recruited for the studyat Fertility Specialists ofWAandFer-

tility Specialists South, Perth, Western Australia between January 2013 and

July 2014. All PCOS patients, defined according to the Rotterdam criteria

(Rotterdam, 2004), whowere referred by their clinician for IVM or standard

IVF with ICSI treatment were assessed for inclusion into the study. Patients

were deemed eligible for inclusion if the following criteria weremet: patients

about to embarkon their first cycle of IVMor ICSI treatmentwhowereunder

37 years of age at the initiation of their treatment cycle and who had a body

mass index (BMI) of ,35 kg/m2. Patients were then attributed to one of

three groups: IVM (PCOS-IVM), ICSI patients diagnosed with PCOS

(PCOS-ICSI) and age equivalent, non-PCOS-ICSI patients were recruited

as the control group (control-ICSI).

Stimulation, oocyte collection and

endometrial preparation

The protocol for PCOS-IVM or PCOS-ICSI stimulation, oocyte collection

and endometrial preparation has been previously described (Walls et al.,

2014). Briefly, the PCOS-IVM patients received 3–5 days of recombinant

follicle-stimulating hormone (rFSH) priming without a human chorionic go-

nadotrophin (hCG) trigger, and immature oocytes were cultured for 24 h

in G-2 Plus culturemedium (Vitrolife, Sweden), supplementedwith 10%ma-

ternal serum, 0.1 IU/mL rFSH (Puregon, Merck Sharp and Dohme, South

Granville, NSW, Australia) and 0.5 IU/mL hCG (Pregnyl, Merck Sharp and

Dohme, South Granville, NSW, Australia). In the PCOS-ICSI group, 21

patients underwent a GnRH antagonist treatment cycle and 2 underwent a

GnRH agonist protocol. In the control-ICSI group, 35 patients underwent

a GnRH antagonist treatment cycle and 3 underwent a GnRH agonist proto-

col. Mature oocytes were collected 36 h after ovulation trigger.

Fertilization and embryo culture

Forpatients in all treatment groups, inseminationwas performedusing ICSI in

G-IVF medium (Vitrolife, Sweden). After the ICSI procedure, all oocytes

were placed individually in a culture slide (Unisense Fertilitech, Vitrolife,

Sweden) containing pre-equilibrated G-1 media (Vitrolife, Sweden)

covered with sterile mineral oil and cultured in the Embryoscope time-lapse

incubation system (Unisense Fertilitech, Vitrolife, Sweden) in an atmosphere

of 5.0% O2, 6.0% CO2 and 89% N2. Media change was performed on the

third day of culture, whereby embryos were moved into pre-equilibrated

G2PlusMedia (Vitrolife, Sweden), reinserted into the incubator and cultured

continuously until transfer or vitrification.

Time-lapse analysis

For each embryo, imageswere taken in seven focal planes, every 10 min after

insemination and insertion into the incubator. Only embryos displaying

normal fertilization (presence of two pronuclei) were included in the study.

PCOS-IVM effects on embryo developmental events 1843
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Embryo transfer or vitrificationwas performed at the blastocyst stage onDay

5 or 6 depending on embryo development, after which time the embryowas

removed from the incubator. Embryoviewer software (Unisense Fertilitech,

Vitrolife, Sweden) was used to analyse all images. All annotations were per-

formed by one individual (MW) to avoid user bias and were recorded in the

first image frame atwhich theyoccurred. Annotations included the extrusion

of the secondpolar body (tPB2), the appearanceof twopronuclei (tPNa), the

disappearanceof the twopronuclei (tPNf), cell cleavage timepoints two cells

(t2), three cells (t3), four cells (t4), five cells (t5), six cells (t6), seven cells (t7),

eight cells (t8) and nine cells (t9+), time to formation of a morula (tm), start

of blastulation (tSB) and the formation of a blastocyst (tB). Cell cycle dura-

tions were calculated for the second cell cycle, cc2 (t3–t2), third cell cycle,

cc3 (t5–t3), ss2: synchrony of the second cell cycle (t4–t3) and ss3:

synchronyof the third cell cycle (t8–t5). Additionally, the following abnormal

cleavage and phenotypic events were recorded: irregular division, no div-

ision, direct cleavage from one to three cells, other direct cleavage and

reverse cleavage.

Analysis of embryo arrest

Embryosweregrouped intofivestagesofdevelopment according to themor-

phokinetic time point at which they were arrested (Fig. 1). These groups

included the following morphokinetic events: first cytokinesis (Days 0–2)

tPB2, tPNa, tPNf and t2; second cytokinesis (Days 2 and 3) t3 and t4; third

cytokinesis (Days 3 and 4) t5, t6, t7 and t8; compaction (Days 4 and 5)

t9+ and tM; and blastulation (Days 5 and 6) tSB and tB.

Statistics

All statistical analysiswasperformedusing the statistical packageSPSS version

20 (SPSS, Inc., Chicago, USA). Patient demographics and embryology

outcomes were analysed using ANOVA procedures. Analysis of the rates

of abnormal phenotypic and early embryo cleavage events as well as rates

of embryo arrest were tested using generalized estimating equations (GEE)

for binomial data to include an adjustment for repeated measures as each

patient contributed multiple embryos. This was also true for analysis of the

morphokinetic time points of useable embryos using generalized linear

mixed modelling (GLMM) to account for the interaction effect of patient

ID and treatment group. All tests were two tailed, and P-values ,0.05

were considered statistically significant.

Ethics approval

This study received ethics approval from theUniversity ofWestern Australia

Human Research Ethics Committee (reference: RA/4/1/5629) and the

Western Australia Reproductive Technology Council (RTC) committee in

linewith the guidelines established at Fertility Specialists ofWesternAustralia

(FSWA). All patients gave written, informed consent.

Results

Patient demographics and embryology outcomes are displayed in

Table I. Therewere no significant differences in themean age or BMI bet-

ween patients in different treatment groups. The PCOS-IVM group had

significantly higher mean serum anti-Mullerian hormone (AMH) levels

(P ¼ 0.15, P, 0.001), fewer days of stimulation required (P, 0.001,

P ¼ 0.037), lower mean consumption of gonadotrophins (P, 0.001)

and lower peak serum estradiol concentrations (P , 0.001) than

either the PCOS-ICSI or control-ICSI group, respectively. Additionally,

the PCOS-ICSI group had a significantly higher mean serum AMH level

(P, 0.001) and fewer days of stimulation required (P ¼ 0.037) than

the control-ICSI group. The PCOS-ICSI group had a significantly higher

incidence of moderate OHSS (P, 0.001) compared with the PCOS-

IVM and control-ICSI groups (Table I). The PCOS-ICSI group also had

four cases of mild OHSS, and the control-ICSI group had one case of

mild OHSS that required a precautionary freeze all embryo protocol.

The PCOS-IVM group had no cases of mild OHSS, and there were no

cases of severe OHSS in any of the treatment groups.

The PCOS-IVM group had significantly greater mean oocytes col-

lected per patient than the control-ICSI group (P ¼ 0.031), but not the

PCOS-ICSI group (Table I). There were no differences in the mean

number of mature or normally fertilized oocytes per patient between

any of the treatment groups (Table I). However, the PCOS-IVM group

had significantly fewer useable (P ¼ 0.045) and total blastocysts (P ¼

0.029) per patient compared with the PCOS-ICSI group. Overall, the

PCOS-IVM group had significantly fewer oocytes mature (P, 0.001),

fertilize normally (P ¼ 0.024), useable blastocysts (P, 0.001) and

total blastocysts (P, 0.001) compared with both the PCOS-ICSI and

control-ICSI groups.

Therewere no differences between groups in the rates of direct cleav-

age of one to three, or three to five cells or reverse cleavage (Table II).

However, the PCOS-IVM group showed significantly more cases of mul-

tinucleated two cells (P ¼ 0.041), multinucleated four cells (P ¼ 0.001)

and uneven two cells (P ¼ 0.033) compared with the control-ICSI

group, but not the PCOS- ICSI group. There were no significant differ-

ences in the rates of any abnormal events between the PCOS-ICSI and

control-ICSI groups.

Figure1 Timeline of stage-specific events for embryo development. Images represent the first and last images for specificmorphokinetic events of cyto-

kinesis, compaction and blastulation. tPB2–t2: The second polar body extrusion to the two cell stage. t3–t4: Three cells to four cells. t5–t8: Five cells to

eight cells. t9+–tM: Nine cells to formation of a morula. tSB–tB: Start of blastulation to the formation of a blastocyst.
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The data in Table III show that there were no significant differences

in the incidence of embryo arrest rates across the three groups from

fertilization to Day 2 during the first cytokinesis. The PCOS-IVM and

PCOS-ICSI groups showed significantly higher rates of embryo arrest

between Days 2 and 3, during the second cytokinesis, compared with

the control-ICSI group (P, 0.001 and P ¼ 0.001). The PCOS-IVM

group also showed significantly higher rates of embryo arrest at the

third cytokinesis stage fromDays 3 to4, comparedwith bothother treat-

ment groups (P, 0.001). There was no difference in the number of

embryos arresting at the third cytokinesis stage between the PCOS-ICSI

and the control-ICSI groups, and there was no difference in embryo

arrest rates across all three groups at the compaction or blastulation

stages. Figure 2 shows the cumulative rate of embryo arrest, from time

tPB2 to time tB, demonstrating an overall reduction in the proportion

.............................................................................................................................................................................................

Table I Patient demographics and embryology outcomes.

PCOS-IVM, n 5 32 PCOS-ICSI, n5 23 Control-ICSI, n5 38 P-value

Mean age (years) (95% CI) 31.9 (30.9–32.9) 32.0 (30.4–33.7) 32.9 (32.1–33.8) NS

BMI (95% CI) 27.2 (20.8–33.6) 22.9 (21.6–24.3) 23.6 (22.5–24.8) NS

AMH (pmol/L) (95% CI) 75.5 (61–90.1)a,b 50.1 (39.4–60.8)a,b 18.9 (15.6–22.1)b 0.015a

,0.001b

Duration of stimulation (days) (95% CI) 5.3 (4.5–6)a 11 (9.9–12.1)a,b 9.9 (9.3–10.4)a,b ,0.001a

0.037b

Mean gonadotrophin intake (IU) (95% CI) 697 (605–789)a,b 1535 (1250–1820)a 1892 (1600–2184)b ,0.001a,b

Mean peak estradiol (E2) (pmol/L) (95% CI) 1144 (857–1432)a,b 6528 (4841–8215)a 5860 (5027–6694)b ,0.001a,b

Moderate OHSS, n (%) 0 (0)a 4 (17.4)a,b 0 (0)b ,0.001a,b

Number of oocytes collected

Total 498 338 438

Mean p/p 15.6 (13–18)a 14.7 (11–18) 11.5 (10–13)a 0.031a

Number of oocytes matured/inseminated 308 265 351

Total (%) (61.8)a,b (78.4)a (80.1)b ,0.001a,b

Mean p/p 9.6 (8–11) 11.5 (9–14) 9.2 (8–10) NS

Number of oocytes normally fertilized

Total (%) 195 (63.3)a,b 195 (73.6)a 246 (70.1)b 0.024a,b

Mean p/p 6.1 (5–8) 8.5 (6–11) 6.5 (6–7) NS

Number of useable blastocysts developed

Total (%) 76 (39)a,b 110 (56.4)a 137 (55.7)b ,0.001a,b

Mean p/p 2.4 (1–3)a 4.8 (3–7)a 3.6 (3–4) 0.045a

Total number of blastocysts developed

Total (%) 94 (48.2)a,b 132 (67.7)a 167 (67.9)b ,0.001a,b

Mean p/p 2.9 (2–4)a 5.7 (4–8)a 4.4 (4–5) 0.029a

Values represent themean per patient (p/p) (95% confidence interval) and total % (across all patients).Differenceswere calculated usingANOVA. Superscript letters represent significant

differences (correlating to P-value). NS represents P . 0.05.

AMH, anti-mullerian hormone; BMI, body mass index; OHSS, ovarian hyperstimulation syndrome.

.............................................................................................................................................................................................

Table II The frequency of abnormal early cleavage events (all embryos).

Abnormal event PCOS-IVM5 194 PCOS-ICSI5 183 Control-ICSI5 243 P-value

Direct cleavage 1–3 cells (%) 57 (29) 35 (19) 55 (23) NS

Direct cleavage 3–5 cells (%) 30 (15) 31 (17) 32 (13) NS

Multinucleated two cells (%) 62 (32)a 35 (19) 48 (20)a 0.041a

Multinucleated four cells (%) 49 (26)a 28 (15) 28 (12)a 0.001a

Uneven two cells (%) 36 (19)a 24 (13) 24 (10)a 0.033a

Reverse cleavage (%) 4 (2) 3 (2) 11 (5) NS

No division (%) 20 (10) 26 (14) 32 (13) NS

Data represent the numberof events and the incidence as %of total embryos.Differences in rateswere calculated usingGEE for binomial datawith an adjustment formultiple comparisons.

Superscript letters represent significant differences (correlating to P-value). NS represents P . 0.05.
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of useable PCOS-IVM blastocysts compared with both other treatment

groups.

After analysing the data fromonly those top/good quality blastocysts,

which were deemed suitable for transfer or vitrification, we found that

there were no significant difference in embryo development between

any of the groups according to the morphokinetic time points at which

specific events occurred (Supplementary Table SI). Poor-quality blasto-

cysts, which were unsuitable for transfer or vitrification, were not

included in this analysis. Additionally, there were no significant differ-

ences between any of the groups in the timing of the second or third

cell cycles, synchrony of the second or third cell cycles, or the time for

completion of blastulation. Combined fresh and frozen embryo transfers

resulted in 15 clinical pregnancies from 43 embryo transfers in the

PCOS-IVM group (35%), 16 clinical pregnancies from 38 embryo trans-

fers in the PCOS-ICSI group (42%) and 28 clinical pregnancies from 53

embryo transfers in the control-ICSI group (53%).

Discussion

The emergence of time-lapse systems for embryo culture has revolutio-

nized the ART laboratory as embryos can now bemonitored at all times

throughout their development. The main focus for this technology has

been to develop embryo selectionmodels (Wong et al., 2010;Meseguer

et al., 2011; Campbell et al., 2013). However, time-lapse incubation can

provide other benefits to IVF culture and research to potentially increase

success. Morphokinetic analysis has been used to assess patient groups

of normalweight andobese infertile patients (Bellveret al., 2013) and de-

termine the impacts of PCOS on morphokinetic development (Wissing

et al., 2014). The technology has also been used to assess stimulation

protocols (Gryshchenko et al., 2014) as well as culture conditions such

as oxygen concentration (Kirkegaard et al., 2013) and culture media

(Desai et al., 2014). In this study, we have incorporated the use of mor-

phokinetics as an outcome variable to compare both patient groups and

treatment types.

ThePCOS-IVMtreatment group showeda significantly shorter duration

of stimulation, less total gonadotrophin consumption and lower mean

peak serum estradiol levels, compared with both other treatment

groups. Additionally, there were no cases of moderate OHSS in the

PCOS-IVM and control-ICSI groups, which was significantly lower than

thePCOS-ICSI group(P, 0.001).Theseresultsare thesameaspreviously

reported in a retrospective analysis by our group (Walls et al., 2014)

and prospectively confirms IVM treatment as a more patient-friendly

treatment, in terms of stimulation. OHSS remains a significant adverse

outcome of standard IVF treatment, which can result in a range of

adverseoutcomes frommild abdominal discomfort to significantmorbidity

and even mortality in rare and extreme cases (Delvigne and Rozenberg,

2002). IVM remains the only treatment method to completely eliminate

this risk (Lindenberg, 2013). While we did not have a case of OHSS in

this study, some embryological outcomes in the PCOS-IVM group were

less successful than thePCOS-ICSI andcontrol-ICSI groups, andbyutilizing

time-lapse incubation,wewereable tomonitor individualembryodevelop-

ment more closely.

Total maturation, fertilization and blastocyst development were

significantly lower in the PCOS-IVM group compared with the other

two treatment groups. Blastocyst development rates after time-lapse in-

cubation vary considerably in the literature, and it has suggested

that time-lapse systems, such as the embryoscope, may be contributing

to improved development (Meseguer et al., 2012; Rubio et al., 2014).

A large, multicentre, randomized control trial recently reported 20.9%

optimal and 52.3% total blastocyst formation (Rubio et al., 2014), and

.............................................................................................................................................................................................

Table III Percentage incidence of embryo arrest according to embryo development events.

Cell stage PCOS-IVM (N) PCOS-ICSI (N) Control-ICSI (N) P-value

First cytokinesis (Days 0–2) (%) 8/195 (4.1) 7/195 (3.6) 3/246 (1.2) NS

Second cytokinesis (Days 2 and 3) (%) 11/187 (5.9)a 8/188 (4.3)b 0/243 (0)a,b ,0.001a, 0.001b

Third cytokinesis (Days 3 and 4) (%) 48/176 (27.3)a,b 16/180 (8.9)a 21/243 (8.6)b ,0.001a,b

Compaction (Days 4 and 5) (%) 15/128 (11.7) 9/164 (5.5) 20/222 (9.0) NS

Blastulation (Days 5 and 6) (%) 19/113 (16.8) 23/155 (14.8) 34/202 (16.8) NS

Data represent the number of events and the incidence as %of total embryos. P-valueswere obtained fromGEE for binomial datawith an adjustment formultiple comparisons. Superscript

letters represent significant differences (correlating to P-value). NS represents P . 0.05.

Figure 2 Cumulative rates of stage-specific embryo arrest of normally

fertilized oocytes. Percentage of embryos remaining represents the

number of embryos not arrested after each morphokinetic time point.

tPB2: Extrusion of the second polar body. tPNa: The appearance

of two pronuclei. tPNf: The disappearance of the two pronuclei.

t2: Two cells. t3: Three cells. t4: Four cells. t5: Five cells. t6: Six cells.

t7: Seven cells. t8: Eight cells. t9+: Nine cells. tM: Time to formation

of a morula. tSB: Start of blastulation. tB: Formation of a blastocyst.
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Wissing et al. (2014) reported total blastocyst development at 34–35%

for their PCOSpatients and43% for their controls. In this study, useable

and total blastocyst development in PCOS-IVM embryos is compara-

tively high (39 and 48.2%), while still being significantly lower than the

PCOS-ICSI (56.4 and 67.7%) and control-ICSI (55.7 and 67.9%)

groups. Therefore, while blastocyst development rates were accept-

able in the PCOS-IVM group, this treatment group was less successful

in terms of embryological outcomes. The cause of this observation is

unclear but may be related to the inadequate cytoplasmic maturation

of a proportion of the PCOS-IVM oocytes. Alternatively, it may be

attributed to deficiencies in the treatment regime ormay be associated

with inherent poorer quality of oocytes that otherwise would not have

been collected as part of a standard IVF/ICSI treatment regime. Fur-

thermore, our data demonstrate significantly higher levels of AMH

and BMI in the PCOS-IVM group in comparison with the PCOS-ICSI

group, suggesting the possibility that a more pronounced PCOS condi-

tionmay be affecting embryonic outcomes rather than the IVMproced-

ure itself.

We also found no difference in the rates of any abnormal events

between the PCOS-ICSI and the control-ICSI groups. Wissing and col-

leagues did not include an analysis of any abnormal events, and so as

far as we are aware it is the first time this has been reported for this

patient group and also for PCOS-IVM. The literature is still limited on

thediagnostic potential of theseevents, as theyarenot readilymonitored

using traditional incubation systems, and most are missed altogether

when applying standard morphological assessment. A recent character-

izationof atypical embryo phenotypes showed that someevents occur in

up to 30% of embryos (Athayde Wirka et al., 2014). In our study, we

found that PCOS-IVM embryos showed significantly higher rates of

uneven two cells as well as multinucleation at the two and four cell

stages, comparedwith the control group. Some studies not utilizing time-

lapse incubation have suggested that multinucleation may contribute to

embryo arrest (VanRoyen et al., 2003; Ambroggio et al., 2011). This evi-

dence may indicate that higher rates of these events in PCOS-IVM

embryos are contributing to an increase in embryo arrest. Further re-

search into the exact implications and diagnostic significance of these

events is necessary to provide additional clarity.

Embryo arrest occurs at an increased rate in the PCOS-IVM and the

PCOS-ICSI groups compared with the control-ICSI group during the

second cytokinesis or the Day 2–3 stage. Additionally, PCOS-IVM

embryos have amuch higher rate of embryo arrest during the third cyto-

kinesis compared with both other treatment groups, indicating that the

PCOS-IVM procedure is impacting on development at the Day 3–4

stage. The early stages of embryo development are driven by themater-

nal genome, and embryonic genome activation (EGA) is essential for

mammalian embryo development (Latham, 1999). A proposed model

for human embryo development based on time-lapse observations sug-

gested that degradation of maternal RNAs begins after fertilization, with

transition to EGA beginning towards the end of the second cytokinesis

and dominating during the third (Wong et al., 2010). Therefore, in this

context, PCOS embryos may have a reduced capacity to complete

earlier stages of development compared with non-PCOS embryos,

and IVM treatment is impacting on embryonic development during the

stages of transition and completion of EGA.

For those embryos that did progress past the third cytokinesis stage,

therewas no difference in the rates of embryo arrest during the compac-

tion andblastulation stages.Anumberof improvements to IVMculture in

animal models have been suggested to overcome the process of spon-

taneous maturation that effects ongoing development. These include

the addition of recombinant oocyte-secreted factors (Gilchrist et al.,

2008; Mester et al., 2014), epidermal growth factor (EGF)-like peptides

and cyclic adenosinemonophosphate (cAMP)modulators (Richani et al.,

2014) to the culture media. Additionally, it has been suggested that

adjusting the oxygen concentration during culture may have an effect

on embryo development (Banwell et al., 2007; Salavati et al., 2012).

Further research into the improvement in early development of

PCOS-IVM embryos may help to improve overall blastocyst and subse-

quent implantation rates.

Wissing and colleagues found that embryos from normoandro-

genic PCOS patients took longer to reach the four cell stage than

control patients, and embryos from hyperandrogenic PCOS patients

took significantly longer to achieve a number of events compared

with the normoandrogenic PCOS patients (Wissing et al., 2014).

However, in their study, all fertilized embryos were included in

their analysis, even though only 43% of them made it to the blastocyst

stage. Additionally, embryo transfer was performed on Day 2, effect-

ively removing the best morphological grade embryo from the cohort

of embryos for analysis. We only included embryos that made it to

the top/good quality blastocyst stage that were suitable for transfer

or vitrification as poor-quality blastocysts and non-blastulating em-

bryos take significantly longer time to reach almost all stages of devel-

opment (Desai et al., 2014), and including these embryos in the

analysis will affect morphokinetic outcomes. We acknowledge that

there is the potential limitation in our results due to our patient

cohort not being assessed according to their androgenic status, and

this may require future investigation. However, in removing arrested

embryos from the analysed cohort, we believe that we have shown a

more accurate account of embryo morphokinetic development, ef-

fectively demonstrating the similarities between patient and treat-

ment groups.

For those blastocysts that were deemed suitable for transfer or vit-

rification, the results of this study show that there is no difference in

morphokinetic development to the blastocyst stage between the

three groups. There is increasing evidence of improved success rates

after IVF by incorporating embryo selection models, developed

from time-lapse analysis, to choose a particular embryo for transfer

(Meseguer et al., 2012; Conaghan et al., 2013; Rubio et al., 2014).

It has been suggested to combine traditional morphological scoring

systems with these newly developed time-lapse algorithms to

maximize the potential of selecting the best embryo for transfer

(Conaghan et al., 2013; Thornhill, 2014). So far, clinical outcomes in

this study are similar to those previously reported by our group

(Walls et al., 2014). However, data analysis on these results was not

performed as this study was not powered to include pregnancy and im-

plantation success as an outcome. The primary end-point was useable

blastocyst development as blastocyst culture is widely accepted to

improve implantation and ongoing pregnancy (Gardner et al., 1998;

Blake et al., 2007). Therefore, IVM-derived embryos developing to

the useable blastocyst stage should have the same implantation poten-

tial according to their morphokinetic development as embryos from

standard ICSI, regardless of PCOS status. This study has shown that

IVM can be safely and easily incorporated into a laboratory time-lapse

incubation protocol, in an attempt to maximize successful outcomes

while minimizing risks to the patients.
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Appendix 8: IVM Procedure Information Sheet 

In vitro Maturation of Immature Oocytes in Women with Polycystic 

Ovaries 

INTRODUCTION 

The following information describes an innovative clinical treatment at our centre and 

your role in it, should you to decide to participate. Please read this carefully and do not 

hesitate to ask any questions at any time prior or during treatment. Your participation 

should be entirely voluntary.  

If you decide to take part in this treatment you will receive a copy of this Patient 

Information Sheet and consent form. 

BACKGROUND INFORMATION  

Polycystic ovary disease/syndrome 

This condition, commonly termed PCO, or PCOS is diagnosed in a high percentage of 

women presenting to an infertility clinic. It may be as high as 70% of all cases in some 

instances. It has a number of symptoms, including: 

Many small cysts (2 – 8mm in diameter) being observed on ultrasound, when the ovary 

is at the ‘resting’ phase 

Elevated luteinizing hormone (LH) levels 

Elevated androgen hormone levels 

Cyclic disturbances, ranging from slightly irregular cycles through to a complete lack of 

menstruation 

Elevated weight, and problems with weight loss 

Increase in bodily hair 

Women may present with one or more of the above conditions.  

Infertility treatment options 

A number of treatments have been offered to women with PCOS, including ovulation 

induction (to induce cycling and ovulation), drug therapy (to reduce LH and androgen 

levels and possibly also weight loss), weight loss programmes and In vitro Fertilisation 

(IVF).  

There are problems in treating women with fertility enhancing drugs for ovulation 

induction or IVF, as the PCOS ovary can be highly sensitive. As a result, the drugs may 

have little effect on follicle (and therefore egg) development, or conversely the ovary 
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may over-respond producing far too may follicles. The second of these two scenarios 

often culminates in a condition known as ovary hyperstimulation syndrome (OHSS). 

This condition is very serious and can result in long levels of hospitalisation and in 

severe cases, deaths have been reported. 

Due to the problems in stimulation of the PCOS ovary, and in particular in causing 

OHSS, treatment for this group of women has remained difficult. 

IN VITRO OOCYTE MATURATION, FERTILISATION AND EMBRYO DEVELOPMENT 

This new form of treatment, or IVM has recently been offered to women at a number 

of centres throughout the world. With this procedure, the woman receives minimal 

fertility enhancing drugs. The menstrual cycle is monitored, and at an appropriate time 

the immature eggs are collected under sedation in the operating theatre, as for normal 

IVF. As the eggs are immature, they are placed in culture in the laboratory in 

combination with two hormones, Follicle Stimulating Hormone (FSH) and Human 

Chorionic Gonadotrophin (HCG) to help the eggs mature.  

After 24 hours, the eggs are viewed under the microscope for signs of maturation. The 

mature eggs are then inseminated using either the Intracytoplasmic Sperm Injection 

(ICSI) procedure or by traditional IVF, using sperm prepared from the husband or male 

partner (or donor, where indicated).  

The inseminated eggs are then viewed the following day for fertilisation. All fertilised 

eggs (embryos) will then be cultured for five d. Those embryos reaching the blastocyst 

stage after five days will then be either transferred to the uterus or frozen for future 

attempts. 

Hormone replacement therapy (HRT) 

As the immature eggs will be collected earlier in a woman’s cycle than would be 

normal, her womb (endometrium) is likely to be unreceptive to the transferred 

embryo(s), thus preventing implantation. Therefore, all women will be administered 

with HRT, consisting of oestrogen and progesterone. These hormones are naturally 

involved in priming the endometrium, ready for the implanting embryo. The HRT 

regime is as follows: 

Day of egg collection: you will be given oestradiol valerate (Progynova) tablets. One of 

these is to be taken three times per day. 

24 hours after egg collection: you will be given progesterone pessaries. One of these is 

to be inserted into the vagina (or alternatively, the rectum) three times per day. 

The above regime is continued until the day of pregnancy test. If pregnant, they are 

continued until 12 weeks of pregnancy. 
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INNOVATIVE PROCEDURE 

As this is a new form of treatment, it is classified as an innovative procedure. Our aim 

is to collect eggs, mature them, fertilise them using two insemination techniques, and 

grow them through to the blastocyst stage to be transferred back to the patient (or 

frozen for later use). Providing a fertilisation and pregnancy are rate similar to “normal 

IVF” is achieved, and there are no side-effects from this procedure, this treatment will 

be extended to a larger group of patients.  

Whilst IVM has been conducted for a number of years in overseas centres, it is not 

widely used in Australia. The reasons for this are largely unknown. The only difference 

in technique that we will be using compared with overseas centres is that we will allow 

the fertilised embryo to mature to the blastocyst stage. Allowing the embryo to grow 

to the blastocyst stage is already practised in conventional IVF procedures and may 

increase the chance of a successful implantation of an embryo in the womb. 

There is increasing concern that there is an association between assisted reproductive 

technology (ART) and low birth weight, as well as certain forms of childhood cancers. 

These may be due in part to what are determined ‘epigenetic’ disorders. Epigenetic 

disorders result not from alterations in the genes themselves, but in the way they are 

expressed. Epigenetic alterations cause changes in the gene expression that are 

heritable during cell division. They do not involve the DNA (the basic biological building 

blocks of heredity and of the control of cellular functions) sequence per se. It is no 

clear whether any errors associated with ART are inherent to the culture method or 

whether they reflect the genetic background of the population requiring treatment. 

However, as similar problems in certain domestic animals can be traced to culture 

conditions, it is possible that IVM may pose a similar risk due to the requirement of 

extended culture. 

It must be pointed out that there have been no such disorders reported to date 

following IVM and that any possible risks are small. 

Being an innovative procedure, you need to be aware that: 

Chances of success/benefits: 

This is a new technique. It has been performed at a number of centres worldwide, with 

varying degrees of success. At other centres the chance of a pregnancy following this 

procedure has varied from as low as 1% to as high as 30%. 

The expected benefit of this procedure is that women with PCOS will be able to have 

eggs collected, matured, fertilised and transferred without the risk of OHSS. 

Blood sampling: 

Blood samples will be taken during the IVM cycle. This will normally consist of up to 

five blood tests of 2ml each, which will be sent for analysis. As with all blood sampling, 

you may receive some pain and bruising at the site of needle puncture. 
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Confidentiality/law: 

All identifying information regarding patients participating in this research will be kept 

strictly confidential. The clinic staff will have access to the information, along with 

authorised personnel from the Reproductive Technology Unit in the Health 

Department of WA) 

The rights of patients participating in the treatment under Australian law do not 

change upon signing of the consent. 

Withdrawal from the treatment: 

Your participation in this treatment is voluntary. You may refuse to participate or 

discontinue your participation in this treatment at any time prior to insemination of 

the eggs. If at any time you withdraw from the treatment, you are free to do so 

without prejudice or affecting your current or future medical care. 

RISKS and SIDE EFFECTS 

The side-effects to this procedure are less than those of normal IVF. As drug therapy is 

not involved in recruiting follicles (and the containing eggs), the normal side-effects 

associated with this, such as nausea, rashes, pain and itchiness at site of injection, 

bloating and OHSS will not be encountered. The side-effects associated with sedation 

(anaesthetic drugs) and egg collection is the same as normal IVF procedures; 

Risks involved include: failed egg collection, failure of the eggs to mature in the 

laboratory, failure of the eggs to fertilise and failure of the embryos to reach the 

blastocyst stage. Particularly, as we are attempting to assess two different 

insemination techniques it may be that traditional IVF insemination techniques do not 

have fertilisation within “normal” limits. Also, it is possible that the HRT therapy may 

not prime the endometrium to an optimum state. In all of these instances the 

treatment will be cancelled at the time of the specific failure.  

There are several possible side effects of HRT. These include blood clots 

(thromboembolic disorders), exacerbation of existing tumours (particularly those of 

the womb, breast and liver), breast tenderness, depression, constipation, nausea, 

dizziness and joint pain. It is doubtful whether long-term side effects that may be 

linked with causing various cancers are relevant in this study, as the duration of HRT is 

only for a short period of time. We will test you prior to any form of treatment to see 

whether you are at a high risk of developing this form of side-effect. If this is the case, 

we will not go ahead with treatment. 

In vitro maturation has been used as treatment for over 20 years worldwide. In the 

scientific literature, there have been 150 babies born following IVM treatment. There 

has only been one congenital abnormality reported, this being a cleft palate. Though 

the rate of congenital abnormality would appear to be no higher than the general 

population or for normal IVF, you need to realise that this is a new procedure and 

therefore the true abnormality rate is not yet known.  
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ALTERNATIVES TO PARTICIPATING IN THIS TREATMENT 

You do not have to participate in this treatment. Other forms of treatment are 

mentioned above. You may wish to discuss these treatment options with your doctor 

at Fertility Specialists WA. 

In the event that you have any concerns about the treatment, you may contact the 

Chief Investigator: 

Dr John Ryan 

Scientific Director 

Fertility Specialists WA 

Bethesda Hospital 

25 Queenslea Drive 

Claremont 6010 

Ph: (08) 93406419 

Email: JohnRyan@fertilitywa.com.au 
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Appendix 9: Research Participation IVM Information Sheet 

 

 

 

 

Participant Information Form 

Research Project: Predictive markers of oocyte maturation and their relationship to 

oocyte quality and embryonic development 

 

Chief Investigator: Professor Roger Hart  

Medical Director, Fertility Specialists of WA 

Professor of Reproductive Medicine, School of Women’s and Infants Health, University 

of Western Australia 

 

Additional Investigators:  

Melanie Walls 

Embryologist, Fertility Specialists of WA 

PhD Candidate, School of Women’s and Infants Health, University of Western Australia 

 

Dr. John Ryan 

Scientific Director, Fertility Specialists of WA  

Adjunct Senior Lecturer, School of Women’s and Infants Health, University of Western 

Australia 

 

Professor Jeffrey Keelan 

Director, Women's and Infants' Health Research Laboratories, School of Women’s and 

Infants Health, University of Western Australia 

Here at FSWA we are undertaking a non-invasive, primarily observational study into 

the factors which improve oocyte quality and embryo development. Your decision to 

participate in this research will in no way influence the treatment you receive. If you 

wish to participate, the research will not involve any additional costs or invasive 

procedures and will involve the following aspects: 

 

Observational assessment of oocytes and embryos  

This will be conducted using the Embryoscope© incubator which uses regular image 

capture technology to provide time-lapse assessment of embryo development, 

without removing embryos from the incubator. The aim is to use the images created to 

develop a future model of embryo selection for transfer. 

 

Analysis of blood serum contents and culture media 

We will be testing the blood serum for any biological markers which may affect egg 

and embryo development. We will take a blood sample for this analysis at the time of 

School of Women’s and Infants’ Health 

M550 

The University of Western Australia 

35 Stirling Highway 

Crawley WA 6009 

T +61 8 9340 1220 

F +61 8 9381 3031 

E @uwa.edu.au 

CRICOS Provider Code: 00126G 
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your egg collection to avoid any additional discomfort. We will also be testing the 

culture media itself, once the mature eggs have been removed, for any factors 

produced by the egg which may affect developmental outcomes. These testing 

procedures will involve the storage of your serum for a period of time until the 

contents can be analysed.  

 

Analysis of the cumulus cells 

The cumulus cells are the cells which surround the egg and assist in its maturation and 

development. They are routinely removed from the egg prior to insemination to allow 

assessment of maturity and injection of the sperm. We will be collecting these cells 

rather than discarding them and analysing their genetic material (RNA) for any 

indicators corresponding to egg/embryo quality. These testing procedures will involve 

the storage of cumulus cell genetic material for a period of time until the contents can 

be analysed. 

 

Participation in this study is voluntary and you are free to withdraw from the research 

at any time. Your participation in this study does not prejudice any right to 

compensation, which you may have under statute or common law. In the event that 

you have any concerns about participating in the study, you may contact the Chief 

Investigator. 

 

Approval to conduct this research has been provided by the University of Western 

Australia, in accordance with its ethics review and approval procedures. Any person 

considering participation in this research project, or agreeing to participate, may raise 

any questions or issues with the researchers at any time. 

In addition, any person not satisfied with the response of researchers may raise ethics 

issues or concerns, and may make any complaints about this research project by 

contacting the Human Research Ethics Office at the University of Western Australia on 

(08) 6488 3703 or by emailing to hreo-research@uwa.edu.au 

All research participants are entitles to retain a copy of any Participant Information For 

and/or Participant Consent Form relating to this research project. 

 

Professor Roger Hart 

Medical Director 

Fertility Specialists of WA 

Bethesda Hospital 

25 Queenslea Drive 

Claremont, 6010 

Phone: (08) 92842333 

Email: rogerhart@fertilitywa.com.au 
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Appendix 10: Research Participation ICSI Information Sheet 

 

 

 

Participant Information Form 

 

Research Project: Predictive markers of oocyte maturation and their relationship to 

oocyte quality and embryonic development 

 

Chief Investigator: Professor Roger Hart  

Medical Director, Fertility Specialists of WA 

Professor of Reproductive Medicine, School of Women’s and Infants Health, University 

of Western Australia 

 

Additional Investigators:  

 

Melanie Walls 

Embryologist, Fertility Specialists of WA 

PhD Candidate, School of Women’s and Infants Health, University of Western Australia 

 

Dr. John Ryan 

Scientific Director, Fertility Specialists of WA  

Adjunct Lecturer, School of Women’s and Infants Health, University of Western 

Australia 

 

Professor Jeffrey Keelan 

Director, Women's and Infants' Health Research Laboratories, School of Women’s and 

Infants Health, University of Western Australia 

 

Here at Fertility Specialists we are undertaking a non-invasive, primarily observational 

study into the factors which improve oocyte quality and embryo development. Your 

decision to participate in this research will in no way influence the treatment you 

receive. If you wish to participate, the research will not involve any additional costs or 

invasive procedures and will involve the following aspects: 

 

Observational assessment of oocytes and embryos  

This will be conducted using the Embryoscope© incubator which uses regular image 

capture technology to provide time-lapse assessment of embryo development, 

without removing embryos from the incubator. The aim is to use the images created to 

develop a future model of embryo selection for transfer. 

 

 

School of Women’s and Infants’ Health 

M550 

The University of Western Australia 

35 Stirling Highway 

Crawley WA 6009 

T +61 8 9340 1220 

F +61 8 9381 3031 

E @uwa.edu.au 

CRICOS Provider Code: 00126G 
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Analysis of blood serum contents 

We will be testing the blood serum for any biological markers which may affect egg 

and embryo development. We will take a blood sample for this analysis at the time of 

your egg collection to avoid any additional discomfort. These testing procedures will 

involve the storage of your serum for a period of time until the contents can be 

analysed.  

 

Analysis of the cumulus cells 

The cumulus cells are the cells which surround the egg and assist in its maturation and 

development. They are routinely removed from the egg prior to insemination to allow 

assessment of maturity and injection of the sperm. We will be collecting these cells 

rather than discarding them and analysing their genetic material (RNA) for any 

indicators corresponding to egg/embryo quality. These testing procedures will involve 

the storage of cumulus cell genetic material for a period of time until the contents can 

be analysed. 

 

The results and data obtained from this study will be used to investigate any potential 

improvements in the treatments options for patients undergoing assisted reproductive 

technology procedures with the intention to publish our results in the scientific 

literature.  

 

Participation in this study is voluntary and you are free to withdraw from the research 

at any time. Your participation in this study does not prejudice any right to 

compensation, which you may have under statute or common law. In the event that 

you have any concerns about participating in the study, you may contact the Chief 

Investigator. 

 

Approval to conduct this research has been provided by the University of Western 

Australia, in accordance with its ethics review and approval procedures. Any person 

considering participation in this research project, or agreeing to participate, may raise 

any questions or issues with the researchers at any time. 

In addition, any person not satisfied with the response of researchers may raise ethics 

issues or concerns, and may make any complaints about this research project by 

contacting the Human Research Ethics Office at the University of Western Australia on 

(08) 6488 3703 or by emailing to hreo-research@uwa.edu.au 

All research participants are entitles to retain a copy of any Participant Information For 

and/or Participant Consent Form relating to this research project. 

 

Professor Roger Hart 

Medical Director 

Fertility Specialists of WA 

Bethesda Hospital 

25 Queenslea Drive 

Claremont, 6010 

Phone: (08) 92842333 

Email: rogerhart@fertilitywa.com.au 
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Appendix 11: Research Participation Consent Form 

 

 

 

 

 

Participant Consent Form 
 

Research Project: Predictive markers of oocyte maturation and their relationship to 

oocyte quality and embryonic development 

 

Chief Investigator: Professor Roger Hart 

 

Additional Investigators: Melanie Walls, Dr John Ryan, Dr Jeffrey Keelan 

 

To be completed by the participants to be included in the study 

I acknowledge the following: 

 

1. I have received enough information about this study, have had ample 

opportunity to ask questions and have received satisfactory answers to all 

questions. 

 

2. Investigator    has spoken to me about this study.  

 

3. I understand that I am free to withdraw from this study at any time without 

giving a reason and without affecting my current or future medical care. 

 

4. I agree to the collection, storage and analysis of serum samples as part of this 

study 

 

5. I agree to the images of eggs/embryos created in my treatment to be included 

in this study 

 

6. I agree to the storage and analysis of genetic materials from discarded cells as 

part of this study.  

 

7. I have received a copy of the information sheet and signed consent form. 

 

8. I have been offered a copy of this signed consent. 

 

9. I understand that all identifiable (attributable) information that I provide is 

treated as strictly confidential and will not be released by the investigator in 

any form that may identify me. The only exception to this principle of 

confidentiality is if documents are required by law. 

School of Women’s and Infants’ Health 

M550 

The University of Western Australia 

35 Stirling Highway 

Crawley WA 6009 

T +61 8 9340 1220 

F +61 8 9381 3031 

E @uwa.edu.au 

CRICOS Provider Code: 00126G 
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10. I have been advised as to what data is being collected, the purpose for 

collecting the data, and what will be done with the data upon completion of 

the research. 

 

11. I agree that research data gathered for the study may be published provided 

my name or other identifying information is not used. 

 

Approval to conduct this research has been provided by the University of Western 

Australia, in accordance with its ethics review and approval procedures. Any person 

considering participation in this research project, or agreeing to participate, may raise 

any questions or issues with the researchers at any time. 

 

In addition, any person not satisfied with the response of researchers may raise ethics 

issues or concerns, and may make any complaints about this research project by 

contacting the Human Research Ethics Office at the University of Western Australia on 

(08) 6488 3703 or by emailing to hreo-research@uwa.edu.au 

 

All research participants are entitles to retain a copy of any Participant Information For 

and/or Participant Consent Form relating to this research project. 

 

 

 

________________________  ______________________    

Participant’s Name   Participant’s Signature  Date 

 

 

________________________  ______________________    

Participant’s Name   Participant’s Signature  Date 

 

 

________________________  ______________________    

Person Obtaining Consent  Signature                 Date 

 

 

________________________  ______________________    

Witness Name                 Signature                Date 
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