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Preface

Infertility affects approximately 15% of couples of reproductive ages, and this 
percentage keeps increasing. Current infertility treatment through in vitro fertiliza-
tion (IVF) can achieve approximately 80% of accumulated live birth rates, with 
even greater rates in young patients and patients who use donor egg IVF. High live 
birth rates rely on many advanced technologies in infertility treatment, including 
more accurate clinical diagnosis and patient management as well as state-of-the-
art IVF technologies. Even though new treatment options are available, there are 
still many unknown factors affecting laboratory and clinical outcomes and thus 
improvements are still needed. This book focuses on such topics as recurrent failed 
embryo implantation, non-invasive preimplantation genetic diagnosis (PGT), 
oocyte cryopreservation, cryopreservation of small numbers of sperm, and embryo 
culture technologies. 

This book contains thirteen chapters on five topics. The first section includes 
Chapters 1–5 and discusses recurrent failed implantation. The chapters review 
the general reasons and mechanisms of recurrent failed implantation, the 
effects of anatomy abnormalities in the uterus (e.g., fibroids) on infertility, 
endometrial receptivity in patients with polycystic ovary syndrome (PCOS), 
and current PGT technologies, emphasizing non-invasive PGT and its benefits 
to IVF patients. 

The second topic includes two chapters related to oocyte cryopreservation. 
During the past decade, oocyte cryopreservation has been added to human-
assisted reproduction technologies and has benefited many women. Chapter 6 
reviews and discusses the ethical issues of oocyte cryopreservation, while 
Chapter 7 reports clinical outcomes of oocyte cryopreservation in different 
categories of patients. 

The third topic includes four chapters. Chapter 8 discusses male infertility and 
Chapter 9 examines the molecular mechanisms of heavy metals on male infertility, 
with a focus on sperm capacitation and fertilization. Chapter 10 reviews literature 
on rare sperm cryopreservation and Chapter 11 presents a very efficient method of 
cryopreservation of small numbers of spermatozoa.

The fourth topic includes Chapter 12, which discusses the potential role of kis-
speptins in human reproduction. 

The final topic includes Chapter 13, which reports the authors’ research results on 
different incubators for embryo development and their effectiveness to maintain 
temperature and pH during embryo culture. 

Although this book does not cover all interesting topics in infertility and assisted 
reproduction, the collected chapters certainly deliver new information and data 
valuable to clinicians, embryologists, and others in infertility treatment. 



I would like to thank the contributors who shared their intellectual and practical 
laboratory expertise and experiences with infertility treatment and with those who 
will enter the field in the future. I also want to thank Ms. Jasna Bozic at IntechOpen 
for her assistance, without which publication of this book would not have been 
possible. 

Wei-Hua Wang
Prelude Fertility,

Houston, USA
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Chapter 1

Reasons and Mechanisms of 
Recurrent Failed Implantation  
in IVF
Violeta Fodina, Alesja Dudorova and Juris Erenpreiss

Abstract

Recurrent pregnancy loss (RPL) and recurrent implantation failure (RIF) are 
serious problems in IVF and ICSI cycles. Different factors are showed to be respon-
sible for these clinical challenges – such as paternal, maternal, embryonic, immuno-
logical, infectious, hormonal, and others. In this chapter we have tried to review the 
available data on reasons for the RIF, and systematize them into: 1) uterine factors; 
2) embryo factors; 3) immunological factors; 4) other factors. Interplay between 
all these factors play a role in RIF, and further investigations are needed to elucidate 
their significance and interactions – in order to elaborate more definite suggestions 
or guidelines for the clinicians dealing with artificial reproductive techniques and 
facing RPL and RIF.

Keywords: IVF, failed implantation, embryo loss, pregnancy loss

1. Introduction

1978 was the year when the first IVF baby Louise Brown was born. From that 
time reproductive technology progress grew exponentially as well as the experience 
in current field. In the next years after Louise Brown birth initial implantation rates 
were < 5% per embryo [1]. As ART technology progressed, many clinics replaced 
cleavage-stage embryos to blastocyst-stage embryos, and switched from multiple 
embryo transfers to double- or single-embryo transfers. Each of those achievements 
led to the point where modern reproductology stands.

Despite the accumulated experience and knowledge, there are many medical 
questions that need to be answered, because recurrent pregnancy loss (RPL) and 
recurrent implantation failure (RIF) still exist.

RPL is a disorder defined by the American Society for Reproductive Medicine 
(ASRM) as the loss of two or more consecutive clinical pregnancies until 20 weeks 
of gestation [2]. It is known that around 5% of all women are experiencing two 
consecutive pregnancy losses, 75% of which are implantation failures [3]. In the 
case of RIF, because of rapidly changing field of ART there has been always a lack of 
consensus on the definition of RIF, and up till today the definition of RIF is still not 
unanimous.

One of the first attempts to define RIF was done by Coulam twenty years ago. 
He defined RIF as a failure to achieve pregnancy with more than 12 embryos 
transferred in several procedures [4]. During the consecutive 20 years, more and 
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criteria have been added. A parameter of the blastocyst in the definition of RIF was 
introduced in 2007: it has been stated that for RIF to be diagnosed, in the patients 
history there should be the transfer of ≥8 of the 8-cell embryos, the transfer or ≥ 5 
blastocysts without achieving the pregnancy [5]. After that the researchers started 
to specify that good-quality embryos is also a significant factor that should be 
taken into account [6]. Good-quality embryo was defined as having the correct 
number of cells corresponding to the day of its development and day-5 embryos 
(blastocysts) were graded according to expansion and quality of the inner cell 
mass and trophectoderm [7]. Coughlan with colleagues in 2014 proposed defini-
tion in which they also added the age of women [8]. About the same time, Lukasz 
with co-workers stated that RIF should be defined as the absence of implantation 
defined by a negative serum hCG 14 days after oocyte collection, after two consecu-
tive cycles of IVF, ICSI or frozen embryo transfer, where the cumulative number of 
transferred embryos was no less than four for cleavage-stage embryos and no less 
than two for blastocysts, with all embryos being of good quality and of appropriate 
developmental stage [9]. The PGD Consortium, a specialized group of European 
Society of Human Reproduction and Embryology, suggested one of the last defini-
tions of RIF: it is a failure to achieve pregnancy after ≥3 embryo transfers (ET) of 
high-quality embryos in women <40 years, or transfers of ≥10 embryos in total in 
multiple transfers. Presence or absence of pregnancy is diagnosed by an ultrasound 
examination after the 5th week [8, 10, 11]. Implantation failure can depend on 
different factors. Successful embryo implantation is an interactive process between 
the blastocyst and the uterus. Synchronized development of embryos with uterine 
differentiation to a receptive state is necessary to complete pregnancy. Implantation 
failure may occur even on early stages during the embryo attachment or migra-
tion. As a result, there will be no objective evidence of a pregnancy, i.e. negative 
urine or blood pregnancy tests (negative hCG) [12]. Another scenario - embryo 
can migrate through the luminal surface of the endometrium and start to produce 
hCG, which may be detected in the blood or urine. But even on this stage the 
process could be disrupted before the formation of an intrauterine gestational sac. 
In general, implantation failure is usually distinguished into two groups. The first 
group included women who never shown quantifiable signs of implantation, such 
as increased levels of hCG. The second group include women who have an evidence 
of implantation (detectable hCG production) but it did not proceed beyond the 
formation of a gestational sac visible on ultrasonography 2 weeks later [8]. From 
the clinical point of view, as defined by the ASRM, implantation is considered 
successful when there is ultrasonographic evidence of an intrauterine gestational 
sac or by histopathological examination [2]. With vast numbers of potential causes 
to consider, to diagnose an etiology of implantation failure is still a complex task for 
every reproductologist. Some researchers attempted to present summarized reasons 
of RIF. For example, Timeva et al. have divided RIF causes in three main groups:  
1) multifactorial RIF with the subgroups of maternal or paternal factors, hormonal 
or metabolic disorders, infections and thrombophilias; 2) endometrial RIF that is 
caused due to thin (≤6 mm) endometrium, with or without variations in vascular-
ity; 3) idiopathic RIF, which is unexplained failure to achieve pregnancy after 
transfer of good quality embryos, without any anatomical and histological changes 
in uterine cavity and endometrium, without any other disturbances in patient, 
patient-partner and embryos [13]. Some other authors, in turn, have distinguished 
etiologic groups such as decreased endometrial receptivity, defective embryonic 
development and also multifactorial effectors, including into the multifactorial 
group endometriosis, hydrosalpinges and suboptimal ovarian stimulation [6]. 
However, there are two main causes of implantation failure that are always present 
in the majority of all the classifications: uterine and embryo factors. Therefore, we 
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will shortly review these two, and will also add some data on the immunological 
and other factors of interest in the context of RIF.

2. Uterine factors

2.1 Endometrial receptivity

Endometrial environment plays a crucial role in embryo implantation and early 
placental development. There is a certain period of endometrial maturation during 
which the trophectoderm of the blastocyst can attach to the endometrial epithelial 
cells and subsequently proceed to invade the endometrial stroma, which is called 
endometrial receptivity [14]. This complex process provides the embryo with the 
opportunity to normally attach, implant and develop.

There is a short period of time during the menstrual cycle, when the endometrial 
receptivity is optimal and embryo implantation is possible. This period is called “win-
dow of implantation” (WOI). Studies with donor embryos in humans have shown that 
this receptive period starts at day 6 post ovulation and continues 4–5 days (or 3–6 days) 
within the secretory phase (day 20–24 of the menstrual cycle) in most healthy women 
[15, 16]. Endometrium is unique in its ability to block embryos from implanting, except 
during this narrow window of receptivity, where endometrium undergoes morphologi-
cal, cytoskeletal, biochemical, and genetic changes [17]. As shown in the mouse models 
(and is also true in the other species), WOI is regulated by ovarian steroid hormones. 
In the receptive endometrium, crucial hormones are progesterone and 17β-estradiol 
[18, 19]. In certain pathologic conditions, this window is narrowed or shifted, which 
disrupts normal implantation, leading to infertility or pregnancy loss [15, 16].

2.2 Human endometrium transcriptomics

The transcriptome reflects the genes that are actively expressed at any given 
time within a specific cell population or tissue [20]. Human endometrial receptivity 
transcriptome is a rather complex issue because the quantity of crucial genes that 
plays a main role in receptivity is still a debatable question. Despite so many publi-
cations that revealed hundreds of simultaneously up- and down-regulated genes, 
the number of selected genes usually differs from one publication to another.

The early search using mouse models started with a few identified genes of 
receptivity, such as leukemia inhibitory factor-LIF, Homeobox protein X3, genes 
of embryo response- Cyclooxygenase 2-COX 2; and decidualization -Interleukin 11 
Receptor-IL-11R [20]. In 2003 from comparing the gene expression pattern of 375 
human cytokines, chemokines, and related factors in receptive and prereceptive 
human endometrium identified IGF-1 (insulin-like growth factor-binding protein) 
as a new endometrial receptivity gene [21]. Furthermore, Zhang et al. proposed 148 
receptivity biomarkers [22]. Tapia et al. suggested a list of 61 receptivity biomarkers 
[23]. Bhagwat et al. found 179 genes that have the potential to be called Receptivity 
Associated Genes [24]. In an enrichment analysis used to identify a meta-signature 
of highly presumed biomarkers of endometrial receptivity, a statistically significant 
meta-signature of 52 up-regulated and five down-regulated genes was identified 
[25]. The highest scores in receptive-phase endometrium reserved 5 up-regulated 
transcripts - GADD45A, SPP1, PAEP, GPX3 and MAOA. The five down-regulated 
transcripts receptivity-associated genes were SFRP4, EDN3, OLFM1, CRABP2 and 
MMP7 [22–24, 26, 27]. Interestingly, commercial Endometrial receptivity array 
(ERA test) by Igenomix [28, 29] shares 47 genes in common with the identified 57 
putative receptivity biomarkers.
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As the potential biomarkers for endometrial receptivity, many other molecules 
have been also studied - like mucin (MUC-1), trophinin, L-selectin, Wingless 
(Wnt) family members, etc. [30].

2.3 Endometrial receptivity Array

Endometrial receptivity array was developed and patented in 2009. The group 
of Garrido Gomez from Igenomix have developed a clinical algorithm with a 
computational predictor which test results are based on the expression analysis of 
248 genes [29]. Expression profiling is accomplished by assaying mRNA levels with 
microarrays or next-generation sequencing technologies (RNA-seq), that allowed 
identification of the transcriptomic signature of the window of implantation [31]. 
The idea is to detect a specific point in time of endometrial cycle in which the 
WOI starts, allowing physicians to perform personalized embryo transfer (pET). 
The accuracy and consistency of the ERA test had been demonstrated in several 
trials, that showed that the ERA test is a reliable and reproducible method for 
determination of the exact time of the WOI that can be used with better results in 
comparison to histological dating of endometrial receptivity [32]. A pilot study was 
conducted by Igenomix of 17 RIF patients, who underwent oocyte donation and 
routine embryo transfer (ET) but were then treated with pET after the personalized 
diagnosis of their WOI. This study demonstrated that embryo-endometrial syn-
chronization within an optimal time-frame increases the chances of success in an 
assisted reproductive treatment [33]. The same group showed that patients with at 
least three previous failed oocyte donation cycles, and IVF patients aged <40 years, 
with at least three failed IVF cycles with a receptive ERA diagnosis resulted in a 
62.8% pregnancy rate [20]. Other groups also showed increased probability of 
having successful implantation and pregnancy after performed pET in accordance 
to the ERA result. Results in the Indian population revealed an endometrial factor in 
27.5% of the RIF patients, which was significantly greater than 15% in the non-RIF 
group [17]. Increased percentages of non-receptive ERA test in women with RIF 
have been also demonstrated [17, 28, 34]. However, the data on the ability of the 
ERA test to improve the implantation chances in RIF patients are conflicting, with 
some studies showing no beneficial effect of the test [35, 36]. Also, some studies 
failed to demonstrated concordance between the ERA test and histological dating of 
the endometrial biopsies [37].

2.4 Uterine microbiome

Normal microbiome in healthy women primarily consists of hydrogen peroxide-
producing Lactobacilli species [38]. During infancy the vaginal flora consists 
of aerobic and anaerobic bacterial populations, including Streptococcus and 
Staphylococcus, Prevotella and Enterobacteria species [39]. When puberty comes, 
the estrogen production causes glycogen to rise and pH to decrease with subsequent 
domination by Lactobacilli species. Microbiomes of all reproductive organs (vagina, 
cervix, Fallopian tubes, and ovaries) are significantly correlated [40]. It has been 
suggested that instead of a single most frequent microbiome, there are multiple core 
microbiomes: either dominated by variety of Lactobacillus species, or with a lower 
percentage of Lactobacilli and dominance of anaerobic bacteria [38].

Studies indicate that lower diversity in the microbiome show better outcomes 
[41–43]. It seems that gravid vaginal microbiome tends to be more stable and less 
diverse through all the period of pregnancy [44] with major change such as an 
increase in the dominance of four Lactobacillus spp. (L. crispatus, L. jensenii, L. 
gasseri, and L. vaginalis) and a decrease in the amount of anaerobic species [45].
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Regarding the endometrial microbiome of women with RIF, Bacteroides and 
Proteobacteria seem to be the most represented [46]. Meta-analysis that was done 
in 2013 also proved that dysbiotic shifts are more frequent in subfertile population 
[47]. Also, a contamination from the transfer catheter tip by Enterobacteriaceae, 
Streptococcus, Staphylococcus, Escherichia coli and Gram-negative bacteria has a 
negative effect on implantation and pregnancy rates [48–52].

3. Embryo factors

3.1 Embryo quality

Blastocysts (day-5 embryos) are graded according to expansion and quality of 
the inner cell mass and trophectoderm. Other criteria include blastomeres of equal 
size and regular in distribution, distribution of cytoplasm without granularity and 
less than 10% fragmentation [7]. Good-quality embryo needs to have the correct 
number of cells corresponding to the day of its development. To make this state-
ment and describe all the pathological elements in development, at least 4 decades 
of research was needed to achieve the modern stage of embryo evaluation such as 
time-lapse imaging.

At early stages a morphological evaluation of the embryo was the only criteria 
for estimating developmental potential of embryo and predicting the probability 
of achieving pregnancy [53]. The history behind the science of current time-lapse 
embryo imaging goes back to 1997 when Payne et al. documented the use of time-
lapse video cinematography in order to observe the initial events in 38 normally 
fertilized human oocytes and compare these events with the day 3 embryo develop-
ment [54]. After ten years based on Payne et al. work, Mio and Maeda extended the 
analysis period to blastocyst stage and obtained 286 images of human oocytes and 
embryos [55]. At the same year, Lemmen and colleagues analyzed the events that 
occur during the first day of the development after fertilization of 102 oocytes by 
using a microscope with an enclosed camera system [56]. They were the first group 
that paid attention to embryo kinetic properties, by establishing a link between the 
early disappearance of pronuclei after fertilization, early first cleavage, and many 
blastomeres on day 2 of the development. After some period of time many authors 
started suggesting that kinetic properties need to be added to the morphological 
evaluation, like timing of embryonic cell divisions [57, 58].

At first the main focus was on time of first embryonic division or early cell 
division after which embryo becomes 2-cell organism. Correlation between preg-
nancy rate and time of early cell division was first studied by Edwards group [59]. 
They concluded that the transfer of embryos that cleaved 24–26 h after fertilization 
results in higher implantation and pregnancy rates compared to embryos with 
delayed division. Later many other publications showed that to fast or to slow 
cleavage has a negative impact on embryo development [60–62].

Modern time-lapse observation systems are developed for more optimized and 
accurate selection of viable embryos that includes morphological grading with 
the possibility to register kinetic parameters [60]. Time-lapse imaging has its own 
benefits, like low light exposure in relation to traditional morphology observation 
methods [63] and possibility of observing embryo inside incubator without moving 
it, which provides stable and uninterrupted conditions that could be beneficial for 
the final result [64].

Several statistical models were created to predict parameters like blastocyst stage 
development and quality. Morphokinetic algorithms that could predict successful 
implantation, biochemical or clinical pregnancy were described [60, 65, 66].
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3.2 Embryo aneuploidy

Throughout the life a human body and their cells are affected by many nega-
tive life-style and external environment factors. Adding the aging and cellular 
senescence, it results in errors in chromosome segregation during meiosis I and II 
[67]. Due to the aging of the oocytes, these errors lead to increase of embryos with 
abnormal chromosome number. The reasons behind these chromosome segregation 
errors are due to many factors, like incorrect formation of bivalents, derogation of 
cohesins, sister kinetochores separation by large distances and incorrect attachment 
of spindle microtubules to kinetochores during meiosis. Despite the well-known 
fact of decreasing quality of oocytes with aging, many women in the modern age 
delay having their first child until later in their life [68].

One of the largest studies on the impact of age on the aneuploidy rates was 
performed in 2011. More than 20 000 oocytes were obtained from 2830 patients 
with an average age of 38.8 years, and their polar bodies were examined using 
FISH method. A study detected 20% of aneuploidies in women at the age of 35 that 
increased to the nearly 60% aneuploidy oocytes in women over 43 years of age. Of 
all the tested oocytes, almost half of them (46.8%) were aneuploid [69].

Detection and management of embryo anomalies that occur due to the age, 
poor quality oocytes or sperm abnormalities may be accomplished by performing 
preimplantation genetic testing (PGT) that allows to pick up and transfer blasto-
cysts with normal genetic constitution.

The history of PGT goes back to 1989 when Handyside performed first pre-
implantation genetic diagnostic (PGD) cases detecting a Y chromosome-specific 
region with PCR in case of X-linked adrenoleukodystrophy and X-linked mental 
retardation [70]. Defining embryo gender can complement to genetic testing of 
monogenic disorders linked to the sex chromosomes.

With time PGT underwent significant methodological changes, starting from 
the polar body testing and blastomere analysis to adapting trophectoderm biopsy 
with subsequent blastocyst freezing [71]. In early days the blastomeres were ana-
lyzed using FISH method for chromosomes X, Y, 18, 13, and 21 [72]. The analysis of 
more than a single cell has led to a more robust downstream molecular investigation 
[73]. Molecular genetic testing started as analysis of single loci by PCR method and 
grew to sophisticated single cell whole genome amplification [74]. Also, instead of 
PGT many groups have tried to develop algorithms to detect ploidy based on mor-
phokinetic properties. There were several attempts to create such algorithms using 
time-lapse monitoring. The idea was based on assumption, that embryos display 
different cleavage dynamics depending on their genetic material, but this have not 
been fully proved [75, 76].

PGT consists of two main tests: PGT-M and PGT-A. PGT-M is a pre-implantation 
genetic testing of embryos for monogenic (or single gene) diseases. PGT-M is used 
on as a part of IVF process in couples with hereditary genetic disorders.

PGT-A (preimplantation genetic testing for aneuploidy) is a procedure that 
allows determining the chromosomal status of IVF embryos by screening all 23 
pairs of human chromosomes including sex chromosomes. Many different methods 
are used, which includes array comparative genomic hybridization (aCGH), quanti-
tative PCR (qPCR), single nucleotide polymorphism array (SNP array) and next-
generation sequencing (high and low resolution) (NGS). The difference between 
those methods is in quantity of genomic amplification, ability to detect balanced 
or unbalanced translocations, partial aneuploidies, polyploidy, and mosaicism. For 
example, Array CGH, SNP array, and high resolution NGS utilize whole genome 
amplification of genomic DNA but at the same time can introduce an artifact. 
Quantitative PCR and low resolution NGS are not able to amplify the whole genome 
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and because of their low genomic coverage small deletions or duplications could not 
be detected [72].

In the PGT-A results embryos can be diagnosed three ways: as euploid with 
the normal number of chromosomes; as aneuploid with abnormal number of 
chromosomes, or mosaic - where 2 different cell lines are present within the same 
embryo (often one euploid cell line and one aneuploid cell line). Regarding mosaic 
embryos, it has been shown that mosaicism rates decrease with extended embryo 
culture. This could happen due to embryos ability to self-correct or because euploid 
cell lines predominate at later developmental stages [77].

However, the data on the ability of the PGT-A to improve the implantation and 
live birth rates in RIF patients is also still a controversial issue [36, 78–80].

4. Immunologic factors

4.1 Lymphocytes Th1/Th2 profile and Th17

T lymphocytes are types of immune cells that originate from bone marrow and 
mature in thymus cortex. One of those mature populations of lymphocytes are 
T-helpers, which express antigens CD4. CD4+ T cells are divided into two major 
types: T helper 1 (Th1) and T helper 2 (Th2) cells. Th1and Th2 are characterized 
by cytokines that they secrete and are important in cellular and humoral immunity 
function. Th1 in general tends to be proinflammatory and secrete such cytokines 
as interferon-γ, TNF-α and interleukins (ILs) 1, 2, 6, 12, 15 providing help to other 
T cells and macrophages. Th2 on the other hand, cancel out the Th1 subpopulation 
and serve as anti-inflammatory agents that secrete ILs 4, 5, 10 and provide help to B 
cells, in the production of antibodies [81, 82].

During pregnancy, the milieu of Th cells in normal circumstances shifts towards 
the prevalence of Th2 subpopulation. It happens due to rise of Progesterone, which 
inhibits the secretion of Th1 cytokines. In immunologic profiles the levels of IL-4 
and IL-10 goes up and levels of IL-2, TNF-α and interferon-γ goes down. When 
the child is born, he/she also has a Th2-dominant cytokine milieu, which quickly 
changes because of the microbial colonization [83]. If the milieu reverses towards 
the Th1 cell dominance, it could impact pregnancy by causing cytokine-triggered 
abortion due to thrombotic/inflammatory processes in maternal uteroplacental 
blood vessels.

It has been demonstrated on mice that injection of Th1 cytokines, i.e., TNF-a 
or IFN-gamma mediates abortion, while the administration of TNF-a antagonists 
reduces the fetal loss [84]. However, Th1 prevalence in the peripheral blood during 
peri-implantation period is normal in healthy women, also, there is no correlation 
between cytokine expression and serum hormone levels, which makes screening 
tests difficult to use in predicting imbalance in future pregnancies [85, 86].

Liang et al. compared the ratios of pro- and anti-inflammatory cytokines 
IFN-c/IL-4, IFN-c/IL-10, IFN-c/TGF-b1, TNF-a/TGF- b1 in the RIF patients and 
women with successful pregnancies. They discovered the shift towards pro-
inflammation in RIF group [87]. Another group also indicated that without any 
difference in gestational age, the pro-inflammatory cytokine levels such as TNFα, 
IFNγ, are significantly higher in euploid miscarriages, than in healthy pregnant 
women at 10–14 weeks of pregnancy [88].

As the role of Th1/Th2 population gain more and more evidence of their 
relevance in fertility, the role of third population of cells like Th17 also gained 
attention. Th17 cells are types of T-helper lymphocytes that are characterized 
by pro-inflammatory cytokine IL-17 production. Signals such as transforming 
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growth factor beta (TGF-β), interleukin 6 (IL-6), interleukin 21 (IL-21) and 
interleukin 23 (IL-23) cause the Th17 formation in mice and humans while at 
the same time these signals inhibit regulatory T cell differentiation [89, 90]. 
IL-17 is a cytokine which promotes the expression of various mediators of 
inflammation while playing an important role in maintaining mucosal surfaces 
pathogen free. The loss of Th17 cell populations at mucosal surfaces is related 
to chronic inflammation and microbial translocation. It has been demonstrated 
that the levels of Th17 cells in peripheral blood lymphocytes do not change in 
women with normal pregnancy [91] but proportion of Th17 cells in the periph-
eral blood and decidua significantly increases in unexplained recurrent sponta-
neous abortion patients [92, 93].

4.2 TNF-a

Overproduction of TNF-a could have toxic effect of pregnancy despite its 
necessity to assure endometrial receptivity. By analyzing cytokine profile of 210 
women undergoing IVF with the endometrial secretion analysis technique, higher 
TNF-a and IL-1b levels have been detected in patients with the previous history of 
implantation failure that achieved clinical pregnancy [94]. This could emphasize, 
that proinflammatory cytokines are also needed for successful transfer, pregnancy 
to occur.

4.3 Regulatory T cells

Regulatory T cells, formally known as suppressor T cells or Tregs express 
the CD4, FOXP3, and CD25 biomarkers and develop from the same lineage 
as T-helpers [95]. These cells are best known for their function to generally 
suppress Th1- and Th17-mediated immunity, or in other words - to suppress 
autoreactive and alloreactive immune responses, thereby preventing autoim-
mune diseases and allograft rejection [96]. These cells also modulate the 
immune system and downregulate induction and proliferation of effector T 
cells (CD8+). Tregs are involved in the regulation of local maternal tolerance 
towards the fetus, their concentration increases within 2 days of conception in 
normal human pregnancy [97]. Expression of IL-10 and TGF-b by Tregs and 
its suppression potential is significantly reduced in patients with unexplained 
recurrent spontaneous miscarriage in comparison to fertile patients [98]. Tregs 
also regulate the CD8(+) T cell differentiation by significantly reducing the 
expression of perforin and granzyme B in the decidua compared to peripheral 
blood EM CD8(+) T cells, which may also play a crucial role in establishing the 
maternal immune tolerance cells [99]. It has been demonstrated that patients 
with recurrent miscarriages and cellular immune imbalance could be treated 
with intravenous immunoglobulin G given it increases the of Th17 and Foxp3(+) 
Treg cell numbers [100].

4.4 Natural killers (NK) and uterine NK (uNK)

Parents wishing for a pregnancy are not tissue-matched, therefore, a mother’s 
immune system has to be suppressed. NK cells seem to play an important role in this 
process [101].

Natural killer cells, or NK cells, are a type of cytotoxic lymphocytes. In the 
uterus there are a special type of Natural Killers that consists of two main subsets: 
CD56 + CD16+ cells (10% of uNK) with dim phenotype, and CD56 + CD16-cells 
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(90% of uNK) with bright phenotype [102]. The bright type that should be domi-
nant cell subset, has low cytotoxic ability and are potent in secreting the cyto-
kines [101].

IL-15 and IL-18 are involved in the maturation of uNK. As the potential mark-
ers of uNK activity, levels of IL-15 and IL-18 are positively correlated with uNK 
levels in patients with implantation failure [103]. uNK cells increase in numbers 
from about 70% up to 83.2% of the uterine leukocytes during the mid- to late 
luteal phase, and first trimester of pregnancy [104, 105]. In some studies, it has 
been established that uterine NK play a role in decidual vascularization. This 
elevation of uNK CD56 cells density could contribute to increased angiogenesis in 
pre-implantation period leading to reduced uterine artery resistance to blood flow, 
endometrial oedema and as a result to implantation failure [106, 107]. Abnormal 
decidual vascularization and the increase in angiogenic factors contribute to the 
development of miscarriages and implantation failures.

4.5 Altered expression of associated molecules

4.5.1 Prostaglandins

Prostaglandins are group of physiologically active lipid compounds called 
eicosanoids. Prostaglandins are synthetized from Arachidonic acid by the action 
of cyclooxygenase (COX) isoenzymes [108]. Their function is to sustain homeo-
stasis, mediate pathogenic mechanisms by stimulating a reaction in one tissue 
(inflammatory response) and inhibiting the same reaction in another tissue. 
The type of the receptor to which the prostaglandins bind determines these 
reactions.

Decidual cells also secrete prostaglandins that latter interacts in complex 
reactions with other cytokines, growth factors and hormones like progesterone, 
prolactin, relaxin.

Achache et al. suggested that decreased prostaglandin synthesis might be a key 
factor in altered endometrial receptivity, therefore plays a role in implantation 
failure. Levels of cytosolic phospholipase A2 (cPLA2a) and COX-2 that was mea-
sured by PCR and Western blot tests were found to be decreased in patients with 
RIF in comparison to the fertile group. It was suggested that it might be detrimental 
to implantation only when both enzymes are missing. Interestingly, in response to 
the decreased function and presence of these enzymes, secretory phospholipase 
A2 (sPLA2-IIA) was overexpressed. This overexpression most likely is a form of 
compensation to maintain release of arachidonic acid [109].

Another data on RIF patients show that they express defective endometrial PG 
on the days 21–24 of the cycle. It has been estimated at both mRNA and protein 
level that already mentioned enzymes such as cyclooxygenase-2 (COX-2), secretory 
phospholipase A2 group (sPLA2-IIA, sPLA2-V, sPLA2-IB), and other molecules like 
glypican-1, PG-E synthase, PG-E receptors, and lysophosphatidic acid receptor 3 
(LPA3), play an important role in PG synthesis and are found in very low concen-
trations in 85% of RIF patients [109].

4.5.2 HOX-a and E-cadherin

Certain type of transcription factors, such as HOXA-10 and E-Cadherin, could 
also play the potential role in the implantation process. HOXA-10 and E-Cadherin 
are localized in the glandular epithelium cells of endometrium. Specifically, 
HOXA-10 in the nuclei of stroma cells and E-Cadherin the cytoplasm of glandular 
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epithelium cells. Regarding HOXA-10 and E-cadherin expression, positive cor-
relation was established between significantly reduced levels of HOXA-10 and 
E-cadherin expression in women with the history RIF, as compared with a control 
group [110].

4.5.3 Leukemia inhibitory factor (LIF)

LIF primarily was identified as macrophage differentiation inductor of the 
myeloid leukemia M1 cell line [111]. Later LIF started to be considered as the first 
cytokine that is shown to play critical role in mice blastocyst development and 
implantation [112]. The other functions of LIF included proliferation, differentia-
tion and cell survival [113]. Given the fact that LIFs mRNA is expressed during 
days 18–28 of the menstrual cycle in the endometrium of the fertile women, it also 
suggests it has a role in human implantation [114]. LIF expression is regulated by 
Progesterone. Treating women with the progesterone receptor antagonist imme-
diately after ovulation, it reduces immunoreactivity of LIF at the expected time of 
implantation [115].

Evidence for LIF role in human fertility was described several authors showing 
that low concentrations of LIF in the uterine flushing fluid at day 26 may be a good 
predictor of successful implantation, while at the same time endometrial explants 
from infertile women and women with recurrent miscarriages secrete less LIF than 
those from fertile women [116–119].

4.5.4 Apolipoprotein A-I

From the proteomic analysis of the endometrial biopsies, a new molecule was 
found that could be a potential predictor of the endometriosis and even of the RIF 
patients.

Apolipoprotein A-I (Apo A-I) was identified as an anti-implantation protein, 
that is secreted by differentiating endometrium. It seems that higher expression 
of Apo A-I can be found in ectopic secretory endometrium in patients with endo-
metriosis. This statement implies that dysregulation of certain molecule secretion 
might be a significant factor in pathogenesis of endometriosis and a crucial point 
for RIF [120]. But more date on this “fingerprint” is needed to apply it to the 
diagnostics.

4.6 Antiphospholipid antibodies (APL)

Antiphospholipid syndrome (APS) is an autoimmune condition that is associ-
ated with thrombosis and morbidity in pregnancy [121]. The pathogenic pathway 
by which whose conditions occur are not yet fully understood but it is known that 
mechanisms may be heterogeneous. The main Antiphospholipid Antibodies (aPLs) 
that is found in APS are lupus anticoagulant (LA), anticardiolipin antibodies 
(aCLs) and anti-β2glycoprotein I antibodies (aβ2GPI) [122].

APS is diagnosed if at least one of three antiphospholipid antibodies are detected 
on two or more occasions within a 12-weeks interval, and is associated with a 
clinical condition such as thrombosis or morbidity in pregnancy. Morbidity in 
pregnancy includes preterm delivery due to eclampsia, preeclampsia, unexplained 
stillbirths at≥10 weeks of gestation, or placental insufficiency, and three or more 
consecutive miscarriages [123]. Recurrent early miscarriage is one of antiphospho-
lipid syndrome (APS) obstetrical features with the incidence of aPLs in 15–20% of 
the patients with recurrent miscarriages [122]. However, the link between APS and 
RIF should be further investigated.
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5. Other factors

5.1 Body mass index (BMI)

Obesity is defined as BMI equal to or more than 30. According to the WHO, 
more than 1.9 billion adults of the world population are suffering from the extra 
body mass (BMI >25), and more than 650 million are obese [124].

A significantly lower ongoing pregnancy rate and implantation rate in obese 
women have been reported [125, 126]. The implantation rate, pregnancy and live 
birth rate are shown to be lower in obese women with the tendency to progressively 
go down with each unit of BMI (kilograms per square meter) [127]. It has been also 
found that higher BMI is associated with lower clinical pregnancy rates especially in 
women under age 35 using their own oocytes [128].

5.2 Ovarian response to stimulation

The goal of ovarian stimulation is the collection of multiple dominant follicles in an 
effort to compensate for the inefficiencies of embryology culture, embryo selection, 
thus improving chances for successful conception in IVF [129]. The definition of poor 
ovarian response (POR) should be understood as an essential inability of woman’s 
ovaries to properly react to the selected stimulation [130]. At least two of the following 
three features must be present for the POR to be diagnosed: 1) advanced maternal age 
(≥40 years), or any other risk factor for POR; 2) a previous POR (≤3 oocytes with a 
conventional stimulation protocol); 3) an abnormal ovarian reserve test (antral follicle 
count: 5–7 follicles, or Anti-Mullerian hormone 0.5–1.1 ng/ml) [131–133].

There are many risk factors that may cause poor ovarian response: short men-
strual cycle, single ovary, ovarian cystectomy, smoking, unexplained infertility, 
previous chemotherapy and/or radiotherapy treatment, family history of premature 
menopause, pelvic infection, etc. Further studies are needed to elucidate the role of 
these factors in RIF.

5.3 Male factor

Many studies have emphasized the role of sperm DNA integrity on the fertility 
of a couple, also reporting the relationship of the increased sperm DNA damage 
and pregnancy loss after IVF and ICSI [134]. However, some studies have failed to 
support a hypothesis that sperm DNA integrity is an important factor in RIF [135], 
therefore, also this important question needs to be further investigated.

6. Conclusion

We have described that recurrent implantation failure in IVF cycles depends 
on the interplay of many factors - female factors (different aspects of the uterine 
health), embryo factors (embryo quality and aneuploidy), possibly male factors 
(sperm DNA integrity), immunological factors, and probably many more. More 
investigations are needed before the clinicians can be clearly advised what diagnos-
tic and treatment approaches must be implemented in the cases of RIF.
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Abstract

Recurrent implantation failure (RIF) is one of the great challenges of current 
reproductive medicine. The term refers to the failure of repeated transfers of 
embryos of good morphological quality. Embryo implantation is a crucial moment 
in in vitro fertilization (IVF) treatments. A successful pregnancy depends on a 
synchronized interaction between a good quality embryo and a receptive endome-
trium. Its failure may be a consequence of embryo quality, anatomical or immuno-
logical factors. The anatomic causes constitute an important factor for RIF, although 
they are usually manageable. Fibroids, polyps and adhesions that develop after a 
surgical procedure or infection can hamper the embryo - endometrium attachment 
process. In addition, Mullerian abnormalities and hydrosalpinx can cause a negative 
impact on implantation rates and should also be taken into account in patients with 
RIF. In this chapter, we will address the main anatomical causes that may impact 
the implantation rates of patients undergoing IVF, as well as recommendations on 
management and its treatment.

Keywords: implantation failure, fibroids, endometrial polyps, adhesions,  
uterine septum, mullerian abnormalities, hydrosalpinx

1. Introduction

Recurrent implantation failure (RIF) is one of the biggest challenges of the 
current reproductive medicine. Firstly, it is difficult to find its clinical standard-
ized definition, despite the various articles on the topic. There is no agreement on 
issues, such as the number of embryo transfer failures, the embryo development 
stage, its morphology and aneuploidy, in order to define RIF [1]. There are also 
inconsistencies on the definition of implantation. Some authors consider it a failure 
when the gestational sac is not seen after the embryo transfer. Others claim that it 
happens when the β-hCG test is negative [1]. In 2014, some researchers proposed 
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the following definition: it is the transfer of at least four good morphologic qual-
ity embryos, with at least three fresh or frozen transfers to women below 40 years 
old. This is the most accepted definition up to date [2]. However, an international 
common understanding is necessary to standardize the definition in order to create 
more consistent scientific studies.

The embryo implantation is a key stage during in vitro fertilization (IVF) treat-
ment. A successful pregnancy relies on a synchronized interaction between a good 
quality embryo and a receptive endometrium for implantation. Its failure can be a 
consequence of embryonic, anatomic or immunologic factors.

The anatomic causes constitute an important factor for RIF, although they are 
usually manageable. Fibroids and polyps can cause endometrial cavity distortion. 
Adhesions that form after surgery or infection can hinder the process of embryo 
implantation. Besides that, mullerian abnormalities such as septate or bicornuate 
uterus should be considered in patients with RIF.

According to the American Society of Reproductive Medicine (ASRM), the pres-
ence of hydrosalpinx can negatively affect implantation rates, either by alteration 
on the fluid nutrients or even by mechanically affecting embryo implantation.

In this chapter, we will address the main anatomic causes that can affect the 
implantation rates in patients undergoing to IVF as well as recommendations on the 
management and treatment.

2. Uterine fibroids

Submucosal fibroids can affect embryo implantation due to different mecha-
nisms, resulting in subsequent increased uterine contractility, abnormal endome-
trial vascularity, chronic endometrial inflammatory response and changes in local 
cytokines profile.

Fibroids which distort the endometrial cavity are associated with lower implan-
tation and pregnancy rates among women who tried a natural pregnancy as well as 
among those who are undergoing IVF treatment [2].

2.1 Diagnosis

Uterine fibroids investigation among women with RIF can be done through the 
following methods:

• Transvaginal ultrasound scan: non-invasive method performed routinely in 
women undergoing IVF treatment [2, 3].

• Hysteroscopy procedure: it is considered a gold standard method in the 
diagnosis and treatment of intrauterine pathologies which cannot be seen 
during a transvaginal ultrasound scan, such as for example submucosal 
fibroids. A guideline published recently shows that the incidence of abnormal 
hysteroscopic findings in women with RIF ranges from 14–51%, including the 
submucosal fibroids. The author mentions a large and well conducted multi-
center randomized clinical trial (RCT) - the TROPHY study - which discusses 
the role of hysteroscopy in RIF investigation among women with normal basal 
transvaginal ultrasound scan results. He found uterine alterations in 24% of 
women in the hysteroscopy group. However, only 4% showed an incidence of 
surgically treated alterations. Besides that, there was no statistical difference 
in live births rate among the two groups after surgical correction. Therefore, 
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the above-mentioned guideline states that the routine hysteroscopy among RIF 
patients with normal basal transvaginal ultrasound scan is not recommended 
(recommendation strength: strong; evidence level: high) [1, 4]. Hysteroscopy 
must be considered before a new treatment cycle if the basal transvaginal 
ultrasound scan shows uterine pathology.

• Hysterosonography: although studies about cavity evaluation in RIF patients 
refer mainly to hysteroscopy, hysterosonography is a recommended and 
acceptable choice [1].

• Hysterosalpingography: it has a limited value for detection of intrauterine 
pathology and should not be used routinely for this purpose [2].

2.2 Treatment

Regarding the management of submucosal fibroids in women with RIF, one 
advocates their surgical removal, regardless the size, since evidence shows that their 
removal can improve clinical pregnancy rates [2, 3].

Prior to the surgery, the size and number of fibroids and the depth of intramural 
extension should be carefully assessed. Resection of a solitary submucous fibroid 
less than 5 cm in diameter and with little intramural extension should not pose sig-
nificant difficulties. However, a submucous fibroid more than 5 cm in diameter or 
more than 50% embedded in the intramural part of the uterus may require removal 
in two stages. In the case of multiple submucosal fibroids, there is an increased risk 
of intrauterine adhesion formation after the procedure. Some surgeons advocate 
the removal of the anterior wall and posterior wall fibroids on separate occasions to 
reduce the risk of intrauterine adhesions [2, 3].

Unlike what happens to fibroids that distort the uterine cavity, there is no 
consensus regarding the removal of intramural fibroids in women with RIF. Some 
authors suggest adverse effects of intramural fibroids on implantation and preg-
nancy rates in women undergoing to IVF, particularly those larger than 4 cm, while 
other authors could not demonstrate such association [2].

The meta-analysis papers on the topic agree that women with intramural 
fibroids seem to have decreased implantation rates compared to those without 
intramural fibroids. However, the myomectomy did not seem to significantly 
increase clinical pregnancy and live births rates [3]. Therefore, the pros and cons 
of the myomectomy must be individually assessed. The patients must be aware 
of the possible complications caused by the procedure such as bladder and bowel 
injury, hemorrhage, risk of blood transfusion and hysterectomy that occurs in 1% 
of cases. Other consequences would be the formation of pelvic adhesions lead-
ing to infertility due to peritoneal tube factor, and the risk of uterine rupture in 
subsequent pregnancies. However, one must acknowledge that intramural fibroids 
can cause not only implantation failure but also some obstetric complications, 
such as increased risk of premature delivery, premature placental abruption, 
intrauterine growth restriction, abnormal fetal presentation and intrapartum 
hemorrhage. The decision-making must be individualized, and it is strongly 
recommended that an experienced surgeon takes part in the definition of the 
treatment [2].

In RIF cases with no determinant factors, the surgical removal of large or 
multiples fibroids is a choice [5]. After all explanations, the decision about the 
procedure to be taken - expectant conduct or myomectomy – is shared with the 
patient.
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3. Endometrial polyps

Endometrial polyps are common, affecting more than 25% of women. They 
can be found within all ages [6, 7], and are common among infertile women with a 
prevalence up to 32% [8].

The potential mechanisms in which endometrial polyps can adversely affect 
fertility comprise mechanical interference and the release of molecules which 
adversely affect the spermatozoid transportation or the embryo implantation. 
Evidence shows increased levels of aromatase and glycodelin, a glycoprotein which 
inhibits the Natural Killer (NK) cells activity, resulting in a less receptive endome-
trium to implantation, inflammatory markers and decreased levels of HOXA-10 and 
11 messenger RNA, which are known markers for endometrial receptivity [8, 9].

3.1 Diagnosis

The investigation of polyps in women with RIF can be done through some of the 
following methods:

• Transvaginal ultrasound scan: An endometrial polyp normally shows as a 
hyperechoic endometrial mass with regular borders partially or completely 
occupying the uterine cavity [1]. The ultrasound scan performed in the prolif-
erative phase of the menstrual cycle generally shows more accurate results [10].

• Hysterosonography: The addition of intrauterine contrast agent (saline solu-
tion or ultrasound gel) increases transvaginal ultrasound diagnostic  
accuracy [11].

• Hysteroscopy: The hysteroscopy is gold standard for the diagnosis of endome-
trial polyps. They can be identified by hysteroscopy in 16–26% women with 
unexplained infertility. Hysteroscopy can also facilitate the assessment of 
several endometrial polyps features, such as size, number and vascular  
characteristics [11].

3.2 Treatment

Endometrial polyps surgical approach is controversial. The polyp size seems 
not to significantly affect pregnancy rates [12, 13]. Therefore, some studies have 
demonstrated that the resection of recently diagnosed polyps during ovarian 
stimulation cycle can decrease miscarriage rates and increase clinical pregnancy 
and live births rates, while others do not show such benefits. Lass et al. [14] 
showed that polyps smaller than 20 mm emerging during IVF can be expectantly 
managed without compromising clinical gestation and live births rates. However, 
in patients with RIF there is a recommendation for polypectomy prior to embryo 
transfer [3].

4. Congenital uterine anomalies

Congenital uterine anomalies come from failures along any step of the mullerian 
duct development process during embryo development, either in the formation, 
fusion or reabsorption. While an arcuate uterus shows a mild form of anomaly, a 
bicornuate uterus represents total failure. The actual uterine malformation preva-
lence is difficult to be determined since many of them are asymptomatic although 
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they reach approximately 5.5% of the general population; 8% among infertile 
women and 13.5% among women with history of recurrent fetal loss [15]. A pro-
spective observational study evaluated the prevalence of congenital uterine anoma-
lies, including arcuate uterus, and their effect on the reproductive outcome among 
sub fertile women undergoing assisted reproduction. Clinical pregnancy and live 
births rates were similar among those with congenital uterine anomalies and the 
control group. There were no differences in the type of delivery, newborn gender 
or birthweight between the two groups. However, women with congenital uterine 
anomalies had more chance of premature delivery. After analysis of the anomalies 
subtypes, pregnancy and live birth rates were similar between arcuate and normal 
uterus groups. But the group with larger uterine anomalies showed worse reproduc-
tive outcomes [16].

Among the congenital uterine anomalies, the septate uterus is the most common 
and comprises 35% of the malformations. Its prevalence among infertile women 
(3%) seems to be comparable with the general population (2.3%) [15].

Women with septate uterus show increased risk of spontaneous abortion 
(2.9 relative risk [RR]; 95% confidence interval [95% CI] 2.0–4.1), premature 
delivery (2.1 RR; 95% CI 1.5–3.1) and abnormal fetal presentation (6.24 RR; 
4.05–9.96 CI). They also have the lowest clinical pregnancy rates (0.86 RR; 95% CI 
0.77–0.96) [17].

Little is known about the physiopathology responsible for the negative repro-
ductive outcomes in women with septate uterus. According to a recent systematic 
literature review, all the eight studies which histologically investigated the septum 
showed that it consists of endometrial and myometrial tissue, and that most 
intrauterine septa are vascularized. One explanation for jeopardized reproductive 
outcomes of embryos implanted in the intrauterine septum could be the different 
histologic composition of the endometrial septum tissue. The glandular cells and 
the stroma have different morphologic characteristics: a smaller number of glandu-
lar cells and cilium, and incomplete cilium genesis.

Besides that, the endometrial septum contains the lowest levels of vascular 
endothelial growth fator (VEGF) receptors. It is believed that they have an impor-
tant role in the early embryo implantation and placentation. In two studies, the 
HOXA10 gene expression, which is important for the early embryo implantation, 
seems to be altered in women with septate uterus. These findings can explain the 
disruptive development of the embryo implanted in the septum. However, since the 
studies’ results on the issue are conflictive, a more detailed investigation is sug-
gested [18].

4.1 Diagnosis

The definition of septate uterus has been discussed for a long time. Nowadays, 
there are three classification systems which are used worldwide. It’s important 
to have a standardized classification system in order to prevent inappropri-
ate or unnecessary surgical procedures and to compare reproductive results. 
The original classification system of the ASRM was modified and adapted. It 
currently uses morphometric criteria, such as the uterus internal indentation 
angle and internal midline cutout measurements to make a distinction between 
arcuated and septate uterus. It also uses the depth of uterus external surface to 
make a distinction between those and the bicornuate uterus. The uterus with 
indentation angle < 90°, length of midline internal cutout > 1.5 cm and uterine 
external cutout with less than 1 cm is defined as a septate uterus by the ASRM 
[19]. In 2012, the European Society of Human Reproduction and Embryology and 
the European Society for Gynecological Endoscopy (ESHRE/ESGE) published a 
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classification system to replace the subjective criteria of the ASRM classification 
system by absolute morphometric criteria. Contrary to the American classifica-
tion, the arcuate uterus is not mentioned and is considered a variant from normal-
ity. Septum is defined when the internal indentation is > 50% of the uterine wall 
thickness and the depth of the external fissure is < 50% of the wall thickness [20]. 
Women with previous diagnosis of arcuate uterus made by the ASRM (around 
58%) would be classified as having a septate uterus when using the ESHRE/ESGE 
new classification. Thus, there would be an increase on the number of surgical 
procedures to fix uterine anomalies, with no evidence showing that this practice is 
beneficial to these women [21]. Recently, a simplified classification was proposed 
by the Congenital Uterine Malformations Experts (CUME), where the septum is 
defined as the depth of the internal indentation ≥ 10 mm [22]. It demonstrates the 
heterogeneity in the classification of mullerian malformations, making it difficult 
to produce scientific papers on these alterations in a homogeneous way.

4.2 Treatment

The uterine septum is the only malformation that can be corrected. There are 
many discussions about the impact of the septum resection on the reproductive 
results and if it improves natural conception rates and implantation rates after 
embryo transfer. Nowadays, the ASRM guidelines for septate uterus manage-
ment recommend the hysteroscopic resection [18]. In contrast, the ESHRE, the 
National Institute for Health and Care Excellence (NICE) and the Royal College 
of Obstetricians and Gynecologists (RCOG) guidelines for recurrent fetal loss 
associated to septate uterus do not support this procedure until further studies 
can demonstrate its effectiveness [23–25]. Lavergne et al. found a retrospective 
multicentric study which shows that implantation rates after IVF cycle were 
significantly lower in patients with malformed uterus (septate, bicornuate or 
unicornuate) in comparison with patients with a normal uterus (6% vs. 12%, 
p < 0.01). There was significant improvement when the uterine anomaly was 
corrected (septate uterus) [26]. One study compared gestation and abortion 
rates after embryo transfer on an IVF cycle in patients with septate uterus before 
and after septum resection. They were compared to a control group, showing 
that pregnancy rates before hysteroscopic resection (both in women with septate 
or subseptate and arcuate uterus) were significantly lower in comparison to the 
patients in the normal control group [OR 2.9 (P < 0.002) and 2.2 (P < 0.001)], 
respectively. After surgery, pregnancy rate was comparable to the women with 
a normal uterus (OR 1.2 and 1.1). The uterine septum size did not influence 
pregnancy rate. The study conclusion recommends the hysteroscopic resection 
in order to improve the reproductive outcome, not limited to women with recur-
rent early fetal loss or premature labor, but it is also recommended to infertile 
women in order to improve pregnancy and live birth rates, especially if IVF is a 
choice [27]. Ozgur et al. showed that a history of abortion and IVF failure was 
frequent among women with untreated incomplete septate uterus in comparison 
to the infertile general population. After surgical correction of the septum, 
pregnancy rates in IVF cycle were similar to the group with normal uterine cav-
ity [28]. In a recent article by the SWOT infertility group in Spain, the research-
ers stated that a septate uterus has been associated to a high prevalence of 
repeated implantation failure in assisted reproduction and abortion after IVF. In 
these cases, septum resection seems to be useful to improve IVF pregnancy rates 
[29]. These studies suggest that the correction of anatomical alterations which 
distort the uterine cavity, especially the septate uterus, can improve reproduc-
tive results.
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In other studies, we saw that the septate uterus correction may not bring ben-
efits. In an international multicentric cohort study with women with septate uterus 
and showing desire for pregnancy (which opted for septum resection or expectant 
approach), Rikken et al. showed that the septum resection did not increase the 
chance of live births nor reduced the risk of abortion or premature birth [30]. The 
only controlled randomized trial assessing the reproductive outcome after uterine 
septum resection was recently published. Women in reproductive age with a septate 
uterus and the wish to get pregnant and a history of subfertility, fetal loss or prema-
ture birth were selected. The results of this randomized clinical trial showed that 
the hysteroscopic resection of the septum did not improve live birth rates or other 
reproductive outcomes in women with septate uterus. In this study, one patient 
undergoing septum resection had a perioperative uterine perforation. The authors 
concluded that if there is no proven efficacy, they do not recommend septum resec-
tion as a routine procedure in clinical practice. Women with septate uterus need to 
be informed about this study data. After counseling and according to the principles 
of shared decision-making, an informed consent must be provided [31].

In relation to other malformations, except septate uterus, surgical correction 
seems not to bring benefits. Surrey et al. demonstrated that the arcuate uterus 
does not have an impact on the results of IVF cycle after euploid embryos transfer. 
Women undergoing IVF with indentation between 4 and 10 mm experience excel-
lent results which are similar to those of women with internal indentation < 4 mm 
(live birth rate; 68.7% vs. 68.7%). Besides that, there were no differences in the 
reproductive outcome among those with arcuate or normal uterus, according to 
Salim et al. Criteria [32]. Chen et al. compared the reproductive outcome between 
unicornuate and morphologically normal uterus. There were no significant differ-
ences in the pregnancy, clinical pregnancy or live births rates. The abortion rates 
were similar. In single pregnancies, there were no differences in the preterm birth, 
birthweight or birth size rates. However, prematurity rates, lower birthweight 
and lower birth size rates as well as higher very low birth rates were found in twin 
pregnancies with unicornuate uterus. A single embryo transfer is recommended 
for unicornuate uterus [33].

The difficulty of having an agreement on the scientific studies is due to the 
impediments to unite mullerian malformations classification, differences on the 
definition of recurrent embryo implantation failure and a low prevalence of these 
events. Thus, we suggest the individualization of the cases in which mullerian 
malformations and recurrent implantation failure appear. Among all the malforma-
tions, the septate uterus is the one whose correction is possible in order to improve 
the reproductive outcome. Nevertheless, further studies are necessary to confirm 
this statement.

5. Intrauterine synechiae

Intrauterine synechiae, intrauterine adhesions or Asherman syndrome are 
names that define lesions on the endometrial tissue caused after aggressive curet-
tage or any other intrauterine procedure that destroys the endometrium.

It is known that gestational complications such as missed or incomplete abortion 
and afterbirth bleeding are responsible for approximately 90% of the cases [34]. 
Nonetheless, infections in a non-pregnant uterus and surgeries such as myomecto-
mies or septoplasty, for example, can lead to synechiae formation [35], causing or 
not secondary amenorrhea.

In terms of physiopathology, the assessment by electronic microscopy shows 
that the glandular cells have severe alterations in women with Asherman syndrome. 
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It is mainly due to ribosome metabolism which culminates in ATP depletion and 
subsequent tissue hypoxia. There is an abnormal expression of different growth 
factors which leads to the activation of cytokines related to the adhesion and a pro-
inflammatory cascade [36]. There are also theories that associate the occurrence, 
severity and recurrence of intrauterine adhesions to an alteration of the endometrial 
microbiome, but they lack strong scientific evidence.

The presence of adhesions in the uterine walls can interfere in the embryo 
implantation impeding the embryo cellular fixation on the endometrial luminal 
layer. Demirol and Gurgaon found a prevalence of 8.5% of intrauterine synechiae 
in women with embryo implantation failure, which confirms the importance of a 
clinical investigation [37].

5.1 Diagnosis

For 20 years, the hysterosalpingography was the first line exam for the diagnosis 
of intrauterine synechiae. Today it is still used by many gynecologists for the evalu-
ation of the uterine cavity, since it is a low-cost analysis showing 75% sensitivity 
[38]. It is similar to the hysterosonography whose sensitivity is of 82% [39]. The 
transvaginal ultrasound scan is also used to confirm a thin endometrium, but it has 
low accuracy for the diagnosis of synechiae [40], so that it is not considered the 
best method of investigation. The 3D hysterosonography has 91.1% sensitivity and 
98.8% specificity, which makes it a good examination for the diagnosis of intra-
uterine adhesions [41]. However, despite the data forementioned, the hysteroscopy 
is certainly a golden standard for the diagnosis of synechiae, once it allows direct 
visualization of the uterine cavity [42] and enables treatment. There is concrete 
evidence that the synechiae lysis during hysteroscopy improves the reproductive 
outcomes [43].

5.2 Treatment

Before hysteroscopy, cervix dilation and curettage associated with estrogenic 
therapy and use of IUD ensured 84% success rate in the treatment of Asherman 
syndrome. However, today we have the hysteroscopy as a golden standard in the 
diagnosis and treatment of this endometrial complication. It became necessary to 
define the site and severity of intrauterine adhesions. Classifying the disease pro-
cess can be important once the severity imposes the prognosis after treatment [44]. 
The hysteroscopy enables the amplification and general observation of adhesions 
allowing the viewing of all structures, which decreases the risk of uterine perfora-
tion. However, there should be maximum care when using mechanic and electronic 
section since errors can bring undesirable repercussions [45].

The surgical treatment shows success rate after adhesiolysis ranging between 
75 to 100% [46]. This rate can be evaluated by the return of menstrual periods, 
rates and pregnancy outcome. After a hysteroscopic surgery, around 92 to 96% 
of women returned to their bleeding pattern prior to the syndrome showing 63% 
pregnancy rate and 75% live births rate [44]. The most frequent complication in 
pregnancies after hysteroscopic treatment for uterine adhesions is the abnormal 
placentation [44].

The intraoperative fluoroscopy and transabdominal ultrasound scan or the 
laparoscopy are also efficient alternatives [45]. The fluoroscopic guidance enables 
the surgeon to see endometrium islands behind the scar tissue in an obliterated 
uterine cavity. The radio opaque dye is injected into a dense scar area in the place 
where the cavity is obliterated. Some endometrial adhesions can be identified using 
fluoroscopy. The area can be opened through acute dissection under hysteroscopy. 
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However, this technique is considered limited by the high cost, by technical difficul-
ties or by the requirement for ionizing radiation [46].

The laparoscopic guidance for severe cases of intrauterine adhesiolysis has been 
advocated for the immediate recognition and treatment of uterine perforation, thus 
minimizing the extrauterine trauma. The intraoperative ultrasound scan, fluoros-
copy or laparoscopy together with the hysteroscopy have been used as guidance 
to reduce the risk of perforation. Nevertheless, nowadays it is known that these 
interventions do not prevent uterine perforation or improve the outcome [46].

The stem cell therapy approach is much more efficient due to the potential for 
multiplication of a single cell and its transformation into undifferentiated forms 
(self-renovation) and into mature cells. Besides that, it can produce other types of 
cells, such as totipotent, pluripotent and multipotent cells [35].

In 2016, Tan et al. [47] investigated mesenchymal stem cells derived from bone 
marrow and stromal cells coming from the menstrual bleeding through transmiom-
etral administration in the subendothelial area, direct installation of stromal cells in 
the uterine cavity and infusion of cells in spiral arteries through a catheter. Five out 
of six women with Asherman syndrome recovered their menstrual periods. Others 
reached adequate endometrial thickness and regular menstruation cycles and were 
able to get pregnant right after that. In this study, the authors compared some types 
of stem cells and could observe endometrial regeneration in most of the cases.

Thus, stem cells therapy has become a new method of treatment for the regener-
ative medicine, and more specifically, for the regeneration of endometrial diseases 
with Asherman syndrome and thin endometrium. However, stem cells transplant 
for Asherman syndrome is far from being common [46].

The biggest challenge for the treatment of Asherman syndrome is to prevent 
the recurrence of adhesions after the early treatment, which reaches 66% [46]. The 
treatment is defined by time. There are studies that evaluated the post-operative 
period comparing the use of intrauterine device (IUD) with intrauterine balloon 
catheter, Foley catheter, hormonal treatment and barriers such as amniotic mem-
branes. The results are conflicting.

For instance, the copper IUD can provoke inflammation and is contraindicated 
[44]. Similarly, the hormone IUD have a small surface that limits its capacity to keep 
the endometrial cavity walls separated during healing [39]. The risk of infection 
after the insertion of an IUD after surgical resection of intrauterine adhesions is 
about 8% [44].

The placement of a Foley catheter with an IUD was assessed as a possible 
adjuvant treatment to prevent the formation of synechiae after hysteroscopy. 
The authors concluded that the Foley catheter placed one week and a half after 
adhesiolysis showed 81% success rate while the group which placed an IUD 
twelve weeks after the adhesiolysis showed 62% success rate [48]. The use of 
intrauterine hyaluronic gel after hysteroscopic treatment reduces adhesions 
recurrence [48], but further studies are needed for its incorporation into the 
treatment [44, 45].

Platelet-rich plasma (PRP) is a form of treatment for intrauterine adhesions 
after operative hysteroscopy and may be a substitute for the intrauterine balloon. 
However, randomized controlled trials with large sample sizes are warranted to 
further confirm the conclusions to compare the efficacy of intrauterine infusions of 
PRP with intrauterine balloons applied immediately after transcervical resection of 
the adhesions by hysteroscopy [49].

Clinical treatment with drugs such as aspirin, sildenafil and nitroglycerin have 
been done to increase endometrial blood flow in an attempt of stimulate cell regen-
eration. Successful pregnancies were reported after using them. However, more 
robust and well designed studies are required to confirm it [44].
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Hormonal therapy with post-operative estrogen was not standardized in terms 
of dose, duration, route of administration or a combination with progesterone, 
Data about its efficacy are limited [44]. The American Association of Gynecologic 
Laparoscopists (AAGL) guidelines recommend hormonal therapy with estrogen 
after adhesiolysis, but there is no definition for dose or standard regimen [46]. The 
combination of this and adjuvant treatments is necessary for a maximum effect on 
patients with mild to severe adhesions.

As for the therapy with antibiotics, there is a lack of studies addressing the 
risks and benefits of those before, during and after surgical lysis of intrauterine 
adhesions. The American College of Obstetrics and Gynecology (ACOG) does not 
recommend the routine use of antibiotics with this objective [44, 46].

Hysteroscopic adhesiolysis cure infertility in mild, moderate and severe IUA 
in around 90, 70 and 30%, respectively [50]. Gestational surrogacy remains an 
alternative for those patients with intrauterine adhesions that stay infertile [51].

6. Adenomyosis

Adenomyosis is a benign uterine pathology known by the invasion of glandular 
endometrial tissue and myometrial stromal tissue which leads to disorders in the 
myometrial natural architecture [52].

There are some theories explaining the emergence of adenomyosis. The theory 
of tissue injury and repair (TIAR) as the main mechanism of myometrial invasion 
has been the most accepted hypothesis. Chronic peristaltic myometrial contrac-
tions can lead to micro lesions close to the endometrial-myometrial junction 
causing inflammation which in turn leads to an increase in local production of 
estrogen inducing a vicious cycle. Thus, the TIAR theory highlights the importance 
of tissue damages to the endometrial-myometrial interface supporting the com-
mon knowledge that the adenomyosis is associated with multiple births, previous 
cesarean section and previous uterine surgery [53]. However, it is known that there 
is a considerable number of macrophages in the ectopic endometrium of patients 
with endometriosis, fibroids and adenomyosis. Therefore, the potential for embryo 
implantation can be affected by adenomyosis [54]. This increase in the number of 
macrophages induced by adenomyosis can cause a hostile immunologic environ-
ment for embryos transferred during the implantation process. The interleukin-1 
alpha tumor necrosis factor as well as reactive oxygen and nitrogen species are 
potentially toxic for embryos. It was demonstrated that an increased level of 
nitric oxygen is related to an adverse development of embryos and low pregnancy 
rates in the endometrial environment in patients with adenomyosis. Besides that, 
endometrial biopsies taken from adenomyosis showed that this tissue is composed 
of a high quantity of antioxidant enzymes as superoxide dismutase, catalase and 
glutathione peroxidase which are clear signs of oxidative stress caused by excessive 
ROS production [55].

Other risk factors are age over 40 years, multiple births, previous cesarean 
sections or other uterine surgeries. The disease is often diagnosed in young and 
infertile women or those with pain or abnormal uterine bleeding, or both [56].

Adenomyosis is associated with a great variety of symptoms. The common 
symptoms include pelvic pain (as dysmenorrhea, dyspareunia or chronic pelvic 
pain), abnormal uterine bleeding and impaired reproductive potential or even 
infertility itself. However, it is important to observe that 30% of women with 
adenomyosis have no symptoms [57]. In infertile women with adenomyosis, the 
topic endometrium shows a great variety of molecular alterations causing altered 
receptivity. That includes the alteration in the sexual steroid hormone via, increase 
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of inflammatory markers and oxidative stress, decrease on the implantation mark-
ers expression, lack of adhesion molecular expression and altered gene function 
for the embryo development. Not only fertility outcomes are affected, but also 
pregnancy outcomes [58]. These include premature birth, premature rupture of 
membranes, postpartum hemorrhage, abnormal fetal presentation, increase on the 
risk of abortion in the second trimester and abnormal placental position [57].

6.1 Diagnosis

The diagnosis can be done after case history, clinical evaluation and image 
assessment with 2D/3D transvaginal ultrasound or magnetic resonance [52]. The 
transvaginal ultrasound for its facility of access and low cost in relation to other 
types of screenings has become a very useful tool to the diagnosis. Several ultra-
sographic criteria have been used to the adenomyosis diagnosis, including uterine 
size increase, anterior and posterior uterine walls thickness asymmetry, presence of 
heterogeneous myometrial areas, presence of myometrial anechoic areas, pres-
ence of sub endometrial echogenic striations, sub endometrial echogenic nodules, 
irregular endometrial-myometrial interface, poor definition and thickness of the 
junctional zone [57].

A meta-analysis about ultrasound accuracy in the diagnosis of adenomyosis 
demonstrated 82.5% sensitivity (95% CI), 77.5–87.9) and 84.6% specificity (95% CI, 
79.8–89.8) with 4.7 positive likelihood ratio (3.1–7.0) and 0.26 negative likelihood 
ratio (0.18–0.39) which is comparable to the magnetic resonance [59].

The magnetic resonance is a precise and non-invasive technique used to the 
diagnostic of adenomyosis [60]. Its sensitivity and specificity in this diagnostic 
range from 88–93% and 67–91%, respectively [57]. The diagnosis of adenomyosis 
by magnetic resonance is essentially related to junctional zone characteristics, but 
can also include direct and indirect signs of endometrial glands inside the myome-
trium and smooth muscle cells hypertrophy [61, 62].

6.2 Treatment

Clinical pregnancy, implantation, and ongoing pregnancy rates were signifi-
cantly higher in women undergoing frozen embryo transfer after long-term GnRH-
analog therapy compared to those not pretreated with GnRH-analog [63].

Tremellen et al. reported that hypothalamic–pituitary- ovarian axis suppres-
sion therapy with GnRH agonist can produce a significant decrease in the number 
of endometrial macrophages, presumably interfering with the estradiol-mediated 
recruitment of macrophages to the endometrium and a subsequent normalization 
of embryo implantation rates [64]. Wang et al. showed that patients with normal 
ovarian reserve who underwent IVF/ICSI, adenomyosis seemed to negatively affect 
IVF/ICSI outcomes after a long GnRH agonist protocol (subcutaneous administra-
tion of short acting GnRH agonist on the dosage of 0.1 mg/day, for 10 days followed 
by 0.05 mg/day until the day of hCG injection which was started in the mid-luteal 
phase of the previous cycle), but patients with adenomyosis following an ultra-long 
GnRH-agonist protocol could experience stronger pituitary inhibition and lower 
ovarian responses but still could have a better IVF/ICSI outcomes. Ultra-long GnRH 
agonist protocol was considered the use of a depot injection of the long-acting 
GnRH agonist, triptorelin acetate (triptorelin) 3.75 mg, intramuscularly, every 
28 days for at least 3 months before starting ovarian stimulation [65]. This therapy 
may produce a window of time with improved implantation rates [66].

The use of a levonorgestrel-releasing intrauterine device, danazol, or aromatase 
inhibitors may temporarily induce regression of adenomyosis and oral contraceptive 
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pills, high-dose progestins, and selective progesterone receptor modulators can tem-
porarily improve its symptoms, but these are not used in fertility treatments [66].

Patients with adenomyosis present a higher number of uterine contractions. 
Oxytocin (OT), a nonapeptide synthesized by neurons of the supraoptic nucleus 
and released from the posterior pituitary gland, has diverse effects on the female 
reproductive system. It is known to be a factor causing uterine contractions. It has 
also been shown in animal models that endometrial cells contain oxytocin receptors 
(OTRs) and that OT has the capacity to trigger the production of prostaglandin 
(PG) F2a from these cells. Atosiban, an OTR antagonist, treatment before ET in 
endometriosis is effective in the priming of the uterus, suitable for embryo implan-
tation [67]. Since uterine contractions in IVF cycles are significantly increased 
following ovarian stimulation and women with frequent uterine contractions have 
a lower pregnancy rate, the use of atosiban around embryo transfer may resulted in 
higher pregnancy rates in women with RIF and adenomyosis. According to Hung Yu 
et al., the use of atosiban around embryo transfer did not improve the live birth rate 
in a general population of IVF patients [68].

7. Hydrosalpinx

Hydrosalpinx refers to a condition in which the fallopian tube is filled with fluids 
following infundibulum obstruction. It is a common condition among infertile 
women with 10–13% diagnosis rate after ultrasound scan. These numbers can be 
increased when other diagnostic methods such as hysterosalpingography or laparos-
copy are used [69].

Perhaps the real cause for the implantation failure is not known, but studies 
suggest a decrease in live births rates in patients with hydrosalpinx [70].

The theories regarding hydrosalpinx and implantation failure are about a pos-
sible embryo toxicity, changes in the endometrium quality or even embryos wash-
out mechanical effect [71].

The endometrial involvement secondary to hydrosalpinx is related to the pres-
ence of fluid inside the uterine cavity, altered endometrial flow, altered in inhibiting 
factors and increase in the inflammatory response. Besides the endometrial changes 
and a possible embryo toxicity, the implantation failure can be related to a negative 
effect on sperm motility and survival.

7.1 Diagnosis

A history of ectopic pregnancy, pelvic inflammatory disease, endometriosis or 
previous pelvic surgery increase the suspect of infertility by tubal factors [72]. For 
patients without risk factors, a negative antibody test for chlamydia indicates that 
there is less than 15% chance of tubal pathologies [73]. For an accurate diagnosis and 
an effective treatment of the tubal blockage it is necessary to do exams as the hys-
terosalpingography (HSG) which uses water or lipids soluble contrast medium. It is a 
golden standard method to evaluate tubal permeability and can bring some therapeu-
tic benefits. The HSG can document tubal blockage in proximal and distal sites, show 
salpingitis isthmic nodosa, reveal fimbrial phimosis or peri tubal adhesions [74]. The 
HSG positive and negative predictive factors are 38% and 94%, respectively [75].

The laparoscopy with chromotubation with methylene blue test (dye test) 
injected thorough the cervix can demonstrate tubal permeability, proximal or distal 
tubal occlusion. This surgical route can also identify and correct peritoneal and 
tubal factors such as fimbriae or peri tubal adhesions which cannot be seen with less 
invasive methods as the HSG [74].
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7.2 Treatment

The techniques used for the treatment of hydrosalpinx are many: laparos-
copy or laparotomy for salpingectomy, salpingostomy or even uterine proximal 
occlusion.

A meta-analysis published in 2020 evaluated the effect of hydrosalpinx on the 
pregnancy rates, compared different types of treatment and the impact on the 
ovarian reserve after treatment for hydrosalpinx [70]. They reviewed 17 studies 
and observed that the hydrosalpinx was associated with a significant decrease in 
the implantation rate with embryo transfer with 0.41 OR [0.32–0.53]. Besides that, 
the clinical pregnancy rate per subject and per transference significantly decreased 
in women with hydrosalpinx (OR = 0.54; [0.32–0.89] and 0.44 [0.27–0.73], 
respectively) [70].

The hydrosalpinx removal with salpingectomy leads to an improvement of in 
vitro fertilization outcomes in comparison with no treatment, which turns it into a 
golden standard management before IVF. This evidence is replicated in other stud-
ies, such as Palagiano et al., where the pregnancy rates in patients with hydrosalpinx 
is lower than the control group [69]. There were negative effects either in fresh or 
frozen embryo transfers. An increase of two or threefold in abortions in women 
with hydrosalpinx was observed.

The hydrosalpinx mechanism action is still uncertain. Studies show a negative 
impact in IVF treatment outcomes, including a decrease in implantation rates, 
clinical pregnancy and in course pregnancies. Besides that, they show a risk of mis-
carriages (1.68 OR) and ectopic pregnancy (3.48 OR), according to Capmas et al. 
[70]. The salpingectomy is the treatment that increases success rate and prevents 
secondary aggressive factors. According to some authors, it is considered a golden 
standard. But it can be related to a decrease in the Anti-Mullerian Hormone average 
of 0.99 ng/ml, as shown the meta-analysis by Capmas et al. [70].

8. Conclusion

The recurrent implantation failure is a complex clinical condition with a wide 
variety of etiologies. Its criteria are not still well defined. Despite the lack of con-
sensus, studies strongly show that anatomical factors affecting the uterine cavity 
contribute to implantation failure. Most of these factors are treatable, though.

Each patient approach must be individualized and offered to women with 
adequate RIF investigations to eliminate the possibility of all structural causes. The 
lack of success of an IVF can be devastating for some couples.

Uterine pathologies such as fibroids, adenomyosis, endometrial polyp, congeni-
tal abnormalities and synechiae must be considered in the diagnosis of RIF and 
must be excluded using image exams. Hydrosalpinx is known as a factor for implan-
tation failure and a laparoscopy with salpingectomy or uterine proximal occlusion 
must be offered as a therapy option.

Even after more than 40 years of IVF procedures worldwide, the causes of RIF 
remain challenging and controversial. It is necessary to establish a consensus about 
diagnosis and therapeutic approaches to reduce expensive treatments which are not 
efficient and are time-consuming for infertile patients.
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Fibroids and Infertility
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Abstract

Uterine fibroids (also known as leiomyomas or myomas) are the most  common 
pelvic tumors, affecting more than 70% of women over 70 years of age and although 
most are asymptomatic, some women may experience symptoms, depending 
on their location and size, which can alter your quality of life, such as abnormal 
uterine bleeding, anemia, pelvic pain and pressure, dyspareunia, increased urinary 
frequency and constipation. Its relationship with infertility has been controversial 
and, although insignificant for subserous fibroids, it appears that submucosal and 
intramural fibroids that distort the endometrial cavity can affect embryo implanta-
tion and are associated with an increased risk of early pregnancy loss. Its treatment 
will depend on the patient’s symptoms, size, location, whether it is one or multiple, 
and whether or not she suffers from infertility. It is clear that submucosal fibroids 
have a negative impact on fertility and with respect to intramural fibroids it is 
known that fibroids larger than 4 cm alter the probability of pregnancy, however 
there are studies that show that even smaller or multiple fibroids could affect 
pregnancy rates. There are multiple options for the treatment of fibroids; however, 
patients who are candidates for expectant, medical or surgical management should 
be individualized, and especially if they are going to be taken to surgery, an excel-
lent mapping of fibroids prior to surgical intervention is recommended. Minimally 
invasive surgery continues to be the approach of choice, it should be left for the 
open approach in cases in which Laparoscopy is contraindicated or the patient with 
multiple myomatosis.

Keywords: Fibroids, leiomyoma, myomas, infertility, myomectomy, pregnancy

1. Introduction

Uterine fibroids are the most common benign tumors in women of reproductive 
age. They are monoclonal tumors of the myometrium or uterine smooth muscle 
and are composed of large amounts of extracellular matrix, containing fibro-
nectin, collagen and proteoglycans [1]. Myomas are estrogen dependent tumors, 
which growth is clearly associated with exposure to circulating estrogen. They 
predictably decrease in size during menopause and under other hypoestrogenic 
conditions [2].

Fibroid’s prevalence is variable and age dependent. They can be detected in 
up to 70% of white and 80% of black women by 50 years of age [2, 3]. Compared 
with Caucasian women with symptomatic myomas, women of African descent 
frequently present to their provider at a younger age and with a significantly 
worse myoma burden (larger size and number) and have a threefold higher risk of 
 hysterectomy [4].
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Fibroids can have a negative impact on the reproductive system and can be 
single, but are more often multiple, causing significant morbidity and deterioration 
of quality of life [5].

2. Risk factors

2.1 Race

Race constitutes an important risk factor for fibroid development, studies 
conducted using ultrasound have confirmed that the myoma prevalence is lower 
in Europe than in the United States, probably due to racial differences (Figure 1). 
In addition to a having greater lifetime incidence of fibroids, black women have 
fibroids diagnosed at earlier ages, are more likely to be symptomatic and are likely 
to have different responses to medical treatment than white women [5, 6].

2.2 Age

Age is a significant risk factor for fibroid development. The incidence of patho-
logically diagnosed fibroids increases with age, reaching its maximum peak at age 
50, is negligible before puberty, and also decreases with menopause [7].

2.3 Parity

Published evidence suggests that pregnancy is a protective factor against fibroid 
development, due to events that occur at the end of the pregnancy, at delivery or in 
the postpartum process [8]. Although a direct protective effect of pregnancy has been 
demonstrated, little is known of the mechanism. It has been suggested that fibroid 
tissue might be highly susceptible to ischemia during parturition and remodeling [9].

2.4 Genetic factors

Genetic factors can play an important role in myomas development, the growth 
of multiple myomas in the same uterus implies that heritage can cause some women 
to be more predisposed than others [5]. Leiomyomas are monoclonal in origin and 
40% of the tumors have karyotypic abnormalities including deletions in chromo-
some 7, trisomy of chromosome 12 and rearrangements the HMGA1 (6p21) and 
HGMA2 (12q14) involving genes. Whole exome approaches have identified het-
erozygous somatic mutations in the mediator complex subunit 12 (MED12) [10]. 
Alterations of several genes, protooncogenes, signaling pathways and epigenetic 
mechanisms have been associated with its etiology, some of them are HOXA10, 
HOXA11, BMP2, among others [7].

Figure 1. 
Risk factors.
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Other factors: early menarche, late age for menopause, caffeine and alcohol, 
family history of uterine fibroids, obesity [1].

3. Clinical features

The majority of uterine myomas are asymptomatic. When symptomatic, uterine 
fibroids commonly present with abnormal uterine bleeding (heavy or irregular 
menstrual bleeding) which is the main reason for gynecologic consultations of 
women aged 40 to 50 years [11]. The mechanism of leiomyoma associated exces-
sive menstrual bleeding is unknown. Increased endometrial surface area, vascular 
dysregulation, and interference with endometrial hemostasis have been offered 
as possible explanations [12]. Other less common symptoms include pelvic pres-
sure, bowel dysfunction, urinary frequency and urgency, urinary retention, low 
back pain, constipation and dyspareunia [10]. This latest situations are generally 
determined by large fibroids; Urinary symptoms associated with anterior fibroids, 
constipation with posterior ones [13]. Pain as a symptom is relatively infrequent. 
It’s usually associated with torsion of a pedunculated myoma, cervical dilatation 
by a submucous myoma protruding through the uterine segment or degeneration 
associated with pregnancy. This conditions cause acute pain and require immediate 
attention [2]. With respect to reproductive prognosis, the degree to which fibroids 
contribute to infertility is controversial, but they seem to be implicated as the sole 
factor during diagnostic workup in less than 10% of infertile couples [14].

3.1 Classification

There are many fibroid classifications in the literature. Many issues have been 
considered among these, including the leiomyoma’s relationship with the endo-
metrium and the serosa, their location within the uterus (upper segment, lower 
segment, cervix, anterior, posterior, lateral), the size and the number of lesions 
[15]. The primary classification system reflects only the presence of one or more 
leiomyomas; In the secondary system, focus on differentiation of fibroids that 
involve the endometrial cavity (submucosal or SM) from others is the main point 
because it’s known that submucosal myomas are those that most likely contribute to 
the genesis of abnormal uterine bleeding [16].

The international Federation of Gynecology and Obstetrics (FIGO) classifica-
tion system for abnormal uterine bleeding [17] is intended to help better categorize 
the causes of bleeding and treatment planning [18]. They describe eight types of 
fibroids as well as a hybrid presentation (a myoma that fulfills criteria for 2 differ-
ent types among the classification). This classification offers a more representative 
“map” of fibroid distribution [19] and also includes the categorization of intramu-
ral and subserosal leiomyomas [20].

A myoma FIGO type 0 is pedunculated and 100% intracavitary, type 1 is 
submucosal with less than 50% intramural extension; type 2 is submucosal with 
50% or more intramural extension, type 3 is intramural but in contact with the 
endometrium without disrupting it, type 4 is 100% intramural not in contact with 
the endometrium, type 5 is subserosal with 50% or more intramural extension, 
type 6 is subserosal with less than 50% intramural extension, type 7 is subserosal 
and pedunculated, type 8 are other types of myomas including cervical and para-
sitic fibroids. Hybrid fibroids are given two numbers, the first number refers to 
the relationship with the endometrium and the other with the serosa, e.g. 2–5 has 
submucosal and subserosal component (Figure 2) [19].
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4. Association of uterine fibroids and infertility

Uterine leiomyomas are associated as sole factor for infertility in <10% of 
infertility cases [14]. Many theories have been proposed to explain how myomas 
may cause infertility. They can cause clear anatomical disruption of the uterine 
architecture, also abnormal uterine contractility, hinder sperm transport [21], 
elongation of the uterine cavity and distortion of the vascularization [22]. In 
particular, submucosal leiomyomas may impact the endometrial cavity, altering 
embryo implantation and development [23]. Others have suggested that aber-
rant endometrial growth factors expression may also play a role [21] One of the 
sequences of signaling events in implantation has been defined with Hoxa-10, 
those genes are essential in the mouse for endometrial development and implanta-
tion, Matsuzai et al. reported Hoxa-10 mRNA and protein expression levels in 
endometrial stroma cells were significantly lower in infertile patients with endo-
metriosis and in those with myomas and unexplained infertility compared with 
that in healthy fertile controls [24]. Hoxa-10 and Hoxa-11 are known factors to be 
necessary to the endometrial receptivity and are decreased in women with submu-
cosal myomas [25].

Bone morphogenetic protein type II (BMP2) mediates HOXA10 expression 
and if there exists an increase endometrial resistance to BMP2, it may add up to a 
decreased expression of HOXA 10 in the endometrium of this patients [26].

In fertile women, glycodelin and glutathione peroxidasa3 genes expression rises 
during the luteal phase, more often during de implantation window and the expres-
sion of these genes decreased in women with myomas [27].

Many types of cytokines such as leukemia inhibitory factor (LIF), interleukin 1 
and 11 are necessary for embryo implantation in mice. In humans LIF is expressed 
in the endometrial epithelium, and its maximum expression is observed in the 
middle late secretory phase of the menstrual cycle [28]. Pier et al. demonstrated 
decreased LIF in patients with non-cavity distorting leiomyomas greater than 3 cm 
compared to patients with a normal uterus [29].

The literature regarding uterine leiomyomas and their impact on reproduc-
tive outcome can be confusing. High heterogeneity of patient characteristics and 
clinical presentation of fibroids, as well as randomization difficulties related to 
remarkable emotional and economic considerations of fertility related treatments, 
have made evidence-based conclusions difficult to achieve. Current consensus is 

Figure 2. 
Leimyoma subclassification system (FIGO). Image taken and edited from ref. [20].
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that submucosal leiomyomas and intramural/submucosal (intramural fibroids 
encroaching the endometrial cavity) affect implantation and diminish pregnancy 
rates. Besides, it’s clear that subserosal fibroids have no effect on fertility prognosis. 
Controversy lies on the effect of exclusively intramural fibroids that do not distort 
the endometrial cavity, on reproductive outcome. Evidence suggests that in this 
issue, size is the determining factor, with intramural fibroids larger than 4 to 5 cm 
being associated with impaired embryo implantation and diminished pregnancy 
rates. There is fair evidence that myomectomy for cavity-distorting myomas (sub-
mucosal or intramural with submucosal component) improves pregnancy rates and 
reduces the risk of early pregnancy loss [22, 30–32].

In a systematic review published on 2009 in Fertility and Sterility by Pritts 
et al. with 23 studies included in the data analysis, when evaluating the outcomes 
of women with any location of fibroid, the relative risks of clinical pregnancy, 
implantation, and ongoing pregnancy/live birth were all significantly lower in 
women with myomas than in control subjects; When the effect of the fibroid 
was evaluated by location, the women with SM fibroids, compared with infertile 
women without fibroids, demonstrated a significantly lower clinical pregnancy 
rate (CPR), implantation rate, and ongoing pregnancy rate (OPR)/Live birth rate 
(LBR) and a significantly higher spontaneous abortion rate. No difference was 
seen in rate of preterm delivery. According to Pritts systematic review removal 
of submucosal fibroids appears likely to improve fertility. Although intramural 
fibroids appeared to be associated with decreased fertility and increased pregnancy 
loss risk, it’s surgical treatment failed to show an increase in pregnancy and live 
birth rates [33].

Casini et al. reported a tendency to have a higher pregnancy rate among the 
women who underwent a surgical treatment for fibroid removal compared with 
those who were not treated, although the results were not statistically significant in 
the IM and submucosal-intramural fibroids [34].

Bulleti et al. reported laparoscopic myomectomy improved pregnancy rates over 
non-surgical management of fibroids [35].

The diversity of myomas and patient characteristics also hinders the ability to 
determine whether size and location impact reproductive outcomes. Some studies 
have demonstrated conflicting reproductive outcomes related to fibroid size, for 
example some data support the notion that myomas larger than 3 cm negatively 
impact reproduction, nevertheless other studies suggest that leiomyomas less than 
5 cm do not [23].

4.1 Fibroids and likelihood of achieving spontaneous pregnancy

There are few data assessing the impact of myomas on the likelihood of 
spontaneous pregnancy. Johnson et al. published in 2012 one retrospective 
study where a cohort of 3000 women in early pregnancy were enrolled, patients 
retrospectively report time to conception, and leiomyomas characteristics were 
determined by the first trimester ultrasound. Of the 3000 patients, 89% did 
not have leiomyomas and 11% had one or more, the most common fibroids were 
intramural and subserous. They found no significant association between myo-
mas and time to pregnancy, in this study of women who were able to conceive 
without medical intervention; The presence of leiomyomata did not alter the 
length of time to conception [36]. Although this is the only evidence available 
of likelihood of achieving a spontaneous pregnancy on untreated patients with 
fibroids, it has an important bias since patients with previous fertility treatments 
were excluded.
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4.2 Fibroids and likelihood of achieving pregnancy in IVF treatments

4.2.1 Intramural fibroids

Sunkara et al. Published in 2010 a systematic review and meta-analysis with 
19 articles included and 6087 cycles, they found that the presence of non-cavity 
distorting intramural fibroids on average reduces the LBR 21% and the CPR by 15% 
per IVF cycle compared with no fibroids. The relatively lower chance of achieving a 
live birth compared with clinical pregnancy probably reflects the adverse influence 
of intramural fibroids on the course of pregnancy. With respect to implantation rate 
(IR) it showed a statistically non-significant 13% reduction in IR in women with 
non-cavity distorting intramural fibroids. They also did not find statistically differ-
ence in miscarriage rate [37].

Xiaodan Wang et al. published in 2018 an updated meta-analysis about the 
impact of non-cavity distorting intramural fibroids on the efficacy of In Vitro fertil-
ization, they included a total of 28 studies involving 9189 IVF cycles, and showed a 
significant reduction in LBR, CPR and implantation rate, and also have a significant 
increase in miscarriage rate compared with control group [38].

Eric et al. published a retrospective case controlled analysis in 2001 and they 
found that LBR was not affected by the presence of intramural leiomyomas in IVF 
patients with normal endometrial cavity visualized in the hysteroscopic [21].

Somigliana et al. concluded in their critical analysis of the evidence that evi-
dence support the vision that myomas may alter fertility, from the detrimental 
effect on implantation in IVF, delivery rate is also reduced in patients with fibroids, 
and second even if a randomized studies are lacking, surgical treatment appears to 
increase the pregnancy rate [13].

Hart et al. did the large prospective controlled study of the effect of the fibroids 
on the outcome of assisted reproduction. Their results showed that small IM 
fibroids reduces the chance of an embryo implanting by half., the presence or 
absence of an intramural fibroid was a significant factor influencing a woman’s 
chance of having an ongoing pregnancy after ART [39].

Raikhraj et al. found in the systematic review that patients with noncavity-
distorting intramural fibroids undergoing IVF had 44% lower odds of live birth and 
32% lower odds of clinical pregnancy than patients without fibroids. A trend was 
also found toward lower implantation rates and higher miscarriage rates.

4.2.2 Type 3 fibroid

FIGO type 3 fibroids are intramural extra cavitary lesions that abut the endo-
metrium without distorting the uterine cavity [20]. Lei Yan et al. in a retrospective 
study with 228 women with type 3 fibroid undergoing IVF-ICSI cycles, reported 
that those myomas affect implantation, clinical pregnancy and live birth rates but 
do not significantly increase the clinical miscarriage rate, the deleterious impact of 
this type of fibroid was remarkable in women with single fibroid diameter or total 
reported fibroid diameter >2 mm [40].

Xi Bai et al. published in 2020 a retrospective case–control study about the 
impact of FIGO type 3 fibroids on the outcome of IVF cycles. They reported that 
type 3 fibroids ≥30 mm might exert deleterious impact on implantation, clinical 
pregnancy and live birth rates of IVF cycles [41].

Available evidence suggests that FIGO type 3 fibroids are a transition between 
submucosal and intramural fibroids, that are intramural location wise but 
behave as submucosal in terms of reproductive outcome, even when they are 
of limited size.
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4.2.3 Intracavitary fibroids

Submucosal leiomyomas and intramural fibroids distorting the uterine cavity 
negatively impact assisted reproduction outcomes. Many retrospective and small 
prospective studies indicated that these tumors disrupt implantation by 33–70% 
and decrease clinical pregnancy by up to 67% [31].

Somigliana et al. reported in their meta-analysis that myomas negatively affect 
pregnancy rate, specially submucosal lesions appear to strongly interfere with the 
chance of pregnancy OR(95% IC) of conception and delivery is 0.3 (0.1–0.7) and 
0.3 (0.1–0.8) respectively (Table 1) [13].

Klatsky et al. in their systematic review stated that patients with submucosal 
fibroids had the strongest association with lower ongoing pregnancy rates primarily 
through decreased implantation [42].

Pritts et al. investigated the effect of fibroids on fertility and published a sys-
tematic literature review and meta-analysis reporting that women with submucosal 
component led to decreased clinical pregnancy and implantation rates compared 
with infertile control subjects [33].

Many studies are focused on association between fibroids and IVF outcomes. The 
most extensively investigated factor is myoma location. There is a consensus that 
submucous uterine fibroids or intramural fibroids with submucosal component that 
distorts the uterine cavity are associated with lower clinical pregnancy and delivery 
rates and higher spontaneous miscarriage rate after IVF/ICSI treatment [26].

5. Treatment

The ideal treatment should satisfy three goals: relief of symptoms, sustained 
reduction of fibroid size, and maintenance or improvement of fertility [43]. Having 
into account the heterogeneity of the fibroid presenting patient population, the con-
founding evidence about fibroid effect on reproductive outcome and its relationship 

Localization Number of 
studies included

Breslow-Day test 
(P-value)

Common OR(95% CI)

Clinical

Pregnancy rate

Submucosal 2 0.92 0.3 (0.1–0.7)

Intramural 7 0.38 0.8 (0.6–0.9)

Subserosal 3 0.92 1.2 (0.8–1.7)

Intramural and/or subserosal 11 0.30 1.0 (0.8–1.2)

All types 16 0.24 0.8 (0.7–1.0)

Delivery rate

Submucosal 2 0.79 0.3 (0.1–0.8)

Intramural 7 0.09 0.7 (0.5–0.8)

Subserosal 3 0.94 1.0 (0.7–1.5)

Intramural and/or subserosal 11 0.68 0.9 (0.7–1.1)

All types 16 0.43 0.8 (0.6–0.9)

Table taken and edited from ref. [13].

Table 1. 
Meta-analyses on the influence of fibroids on IVF outcome according to the localization of the lesion.
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with assisted reproductive techniques for infertility treatment, the therapeutic 
decisions should be based on personalized and patient specific considerations.

5.1 Hormonal therapy

5.1.1 Ulipristal acetate

Ulipristal acetate (UPA) is the first selective progesterone receptor modula-
tor (SPRM) to be approved for the treatment of uterine fibroids. It was initially 
allowed for preoperative treatment of moderate to severe uterine fibroid symptoms 
in women of reproductive age. Afterwards, the indication was extended in United 
States to include the intermittent treatment of moderate to severe symptoms [44]. 
UPA has shown to be effective in controlling uterine bleeding related to myomas, 
to reduce the size and to have a good safety profile [45]. The PEARL studies have 
shown that ulipristal acetate offers a good alternative treatment option for long 
term management of uterine fibroids associated with heavy uterine bleeding, it has 
been shown to be effective in reducing pain and fibroid volume [46].

Mathieu et al. reported a retrospective analysis of a series of 52 patients, 21 of 
them wished to conceived upon treatment with UPA completion with variable 
periods of time (from 3 to 12 months). Of these 21 patients, 19 (90.5%) underwent 
myomectomy at the end of therapy, according to the protocol; 2 patients did not 
require surgery because an almost complete disappearance of their fibroids. Fifteen 
women (71%) became pregnant, resulting in 18 pregnancies, 12 resulted in the 
delivery of 13 healthy babies, and 6 ended in early miscarriage. Of those 18 preg-
nancies, 12 were spontaneous and 6 by IVF [47].

Despite the good results that UPA has in the treatment of fibroids, it has been 
linked to some cases of liver damage, on 2018 European Medicine Agency (EMA) 
recommended that several measures should be put in place to minimize the risk of 
rare but serious liver injury with UPA and that UPA should only be used for treat-
ment in patients who are not candidates for surgical fibroid resection.

Detailed review of the latest phase III trials showed isolated transient increases 
in several liver function tests before, during and/or after treatment in a very small 
number of patients, some individuals exposed to a therapeutic dose of UPA may 
go on develop idiosyncratic drug-induced liver injury (DILI), and there are no 
biomarkers to identify the individuals susceptible, nevertheless UPA is not recom-
mended in patients with moderate or severe hepatic impairment [48].

In conclusion for patients with moderate to severe symptoms due to uterine 
fibroids who are to undergo surgery, treatment with UPA allows to have rapid relief 
from heavy bleeding with improvement in quality of life. The reduction of fibroid 
size and uterine volume may allow for an easier or less invasive surgery, and in some 
cases to avoid it [49].

5.1.2 GnRH agonists

Preoperative administration of aGnRH boosts hemoglobin levels and signifi-
cantly reduces fibroid volume, but long term treatment is contraindicated because 
bone mineral density [50]. A rationale for the use of preoperative medical therapy 
before surgery for fibroids is to make surgery easier [51].

5.2 Surgical treatment

Women with infertility or pregnancy loss and myomas present a challenge because, 
in absence of symptoms, treatment recommendations are less clear given the quality 
of evidence regarding the impact of myomectomy on infertility outcomes [23].
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Minimally invasive techniques allow careful dissection of tissues, causing 
minimal damage, while still removing the entirety of fibroid tumor [52].

5.2.1 Hysteroscopic myomectomy

This has been the standard minimally invasive surgical procedure for submucous 
myomas. Small fibroids less than 2 cm are routinely removed in outpatient setting, 
depending on personal experience and available equipment, the gynecologist has a 
choice of several alternative procedures [1]. Casini et al. reported in a prospective 
controlled study that women who underwent surgery of submucous fibroids had 
statistically significant higher pregnancy rates than women who were not treated 
surgically [34].

In a Cochrane review updated on 2018 they reported that in women with 
otherwise unexplained subfertility and submucous fibroids, it remains uncertain 
whether hysteroscopic myomectomy improves the clinical pregnancy rate com-
pared to expectant management [53].

The ASRM reported in their guide published in 2017 there is fair evidence that 
hysteroscopic myomectomy for submucosal fibroids improves clinical pregnancy 
rate, and that there is insufficient evidence to conclude that hysteroscopic myomec-
tomy reduces the likelihood of early pregnancy loss in women with infertility and 
submucous fibroid [23].

5.2.2 Surgical techniques

Hysteroscopic myomectomy is usually performed with a progressive slicing 
of the intracavitary portion of the submucosal fibroid, a subsequent cold loop 
pushing of the intramural part and finally a slicing resection of it [54]. The two 
steps resectoscopic surgery is the most widely performed surgical technique for 
submucosal fibroids with a difficult approach due to the deep or size of intramyo-
metrial location, it consists of a partial myomectomy to resect the intracavitary 
portion of the myoma, followed by a second surgery to remove the remaining 
portion.

Hysteroscopic resection is the most popular technique to remove intrauterine 
abnormalities [55]. This technique can be performed only with a nonconduct-
ing electrolyte-free fluid to irrigate and distend the uterine cavity [56]. Another 
technique used for the intracavitary fibroids are the hysteroscopic tissue removal 
systems (HTRs), they opened a new scenario for hysteroscopic myomectomy, data 
suggest that morcellator is safe and does not increase the complication rate and 
postoperative adhesions with respect to resectoscopy [54].

Comparison between the resectoscope and the morcellator: The extent of success-
ful myoma resection depends more on the type and size of the fibroid rather than the 
technique used, data remain unclear on which technique is truly superior [55].

Another technique is the blunt dissection with the tip of the hysteroscope under 
direct visualization. After complete enucleation cervical dilation must be per-
formed and a new designed bilumen intracervical cannula is inserted at the dilated 
cervix. This device has two lumens through which the Bettochi’s hysteroscope and a 
laparoscopic tenaculum forceps can be introduced into the uterine cavity simultane-
ously avoiding the retrograde fluid loss and allowing comfortable maneuvering 
with both instruments to perform previously enucleated fibroid removal under 
direct visualization. Absence of thermal damage to neighboring myometrium and 
the use of isotonic fluid distention media diminishes risks of surgical complications, 
offers a rapid recovery and efficiently restores the intrauterine microenvironment 
necessary to allow embryo implantation [57]. Besides, the need for second look 
hysteroscopy or additional surgical steps is less frequent.
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Ideal hysteroscopic myomectomy should be done in one surgical session regard-
less of the intramural development of the myoma, Mazzon et al. reported 87% of 
completely resected fibroid in a single step procedure, and 12.3% needed multiple 
step procedures, the grading and the size of the myoma play a crucial role in com-
pleting the procedure in a single step, only the diameter greater than 3 cm in type 2 
fibroids is correlated to a higher risk of multiple steps procedure [58].

Although complications from hysteroscopy are rare, they can be potentially life 
threatening. The most common complication are uterine perforation, fluid intrava-
sation, metabolic complications and adhesion formation [53].

5.2.3 Open vs. laparoscopic myomectomy

Open myomectomy was frequently performed, however laparoscopic myomec-
tomy has recently become more common because it’s less invasive. Open surgery is 
used only in cases in which laparoscopy is contraindicated, including patients with 
multiple fibroids [59].

In infertile population, cumulative pregnancy rates by the laparoscopic and 
minilaparotomy approaches are similar, but laparoscopic approach is associated 
with a quicker recovery, less postoperative pain and less febrile morbidity [12].

Laparoscopic myomectomy is the gold standard treatment for the majority of 
myomas, with advantages over open myomectomy as reduced postoperative pain, 
faster return to activity, improved cosmetic results and less adhesion formation 
[12, 60]. The incidence of uterine rupture after laparoscopic myomectomy is not 
well defined. Although some report an incidence close to 1%, a clear publication 
bias probably makes this complication to be overestimated [61].

With respect to recurrence rate, Kotani et al. reported lower recurrence after 
open surgery, concluding that it was the result of manual fibroid removal with a 
more exhaustive extraction of smaller myomas as performed during laparoscopy. 
Fewer residual myomas left after open surgery contribute to a lower postsurgical 
recurrence rate [59].

Chelsea et al. determined the effects of fibroids and their removal on assisted 
reproductive treatment outcomes with a retrospective cohort study on infertility 
patients who underwent myomectomy prior IVF or IUI (intrauterine insemina-
tion). They found that among women undergoing IVF, the cumulative incidence of 
clinical pregnancy was significantly higher in the myomectomy group than in the in 
situ fibroid group [62].

Bulleti et al. reported in 1999 higher delivery rates (42%) in infertile women 
underwent myomectomy than women who did not (11%), p < 0.001 [35]. Then 
in 2004, this same group reported the beneficial role of laparoscopic surgery for 
myomas performed before attempting IVF programs, when intramural myomas 
were larger than 5 cm. They found statistically significant increase in cumulative 
pregnancy and delivery rates among patients who underwent surgery than in the 
group that underwent IVF without surgical removal of their myomas [63].

Oliveira et al. reported in their retrospective study that patients with subserosal 
or intramural fibroids <4 cm had IVF-ICSI outcomes similar to their controls, but 
patients with intramural fibroids >4 cm had lower pregnancy rates than patients 
with intramural fibroids <4 cm; Whether or not women with fibroids >4 cm could 
benefit from fibroid treatment remains to be determined [64].

In our center InSer Medellín we perform laparoscopic myomectomy on those 
patients undergoing IVF who have intramural fibroids larger than 4 cm. Smaller 
intramural myomas might also be considered for surgical treatment in patients with 
previous failed IVF attempts [65].

Robot assisted laparoscopic myomectomy (RALM).
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The use of RALM has several advantages which allows the articulation of instru-
ments by 540° as well as easier intracorporeal suturing. It also may considered in 
complex surgical cases for which traditional laparoscopy is not indicated [66]. It 
should be clearly stated that RALM constitutes the minimally invasive alternative 
to open myomectomy in those cases that cannot be adequately and consistently 
addressed with conventional minimally invasive surgery [52].

5.3 Other methods

Uterine artery embolization (UAE) technique has been studied as an alternative 
to myomectomy and hysterectomy mainly in women who no longer desire children, 
one of the contraindication is infertility or desire for future pregnancy because of 
lower pregnancy rates and higher miscarriage rates following UAE [12].

Magnetic resonance guided focused ultrasound (MRgFUS) was approved in 
2004 by the FDA for leiomyoma treatment. Initial fertility studies were encouraging 
but randomized controlled trials need to be done [67]. This technique involves the 
destruction of uterine fibroid tissue through coagulative necrosis by heating tissue 
to over 70°C, focusing high frequency ultrasound beams on the target tissue [12].

Cryomyolisis is a variation on the laparoscopic technique in which the myoma 
tissue is coagulated rather than removed. It has the advantage of being minimally 
invasive and easier to perform than laparoscopic myomectomy and for this reason 
may present an alternative to myomectomy and hysterectomy for selected women 
with symptomatic intramural or subserous fibroids who wish to preserve their 
uterus but do not desire future fertility [68].

6. Conclusion

Myomatosis in infertility remains to be a challenge for clinician. It’s management 
will depend on the symptoms and for infertile women, on fibroid location, number 
and size. A good ultrasound mapping of the fibroids determining the location, size 
and especially the degree of the endometrial involvement are essential to determine 
the treatment modality required. It’s clear that intracavitary and intramural fibroids 
that deform the cavity have negative impact on ART.

The presence of intramural fibroids not distorting the endometrial cavity and 
their impact on fertility outcome is less clear, however there is also evidence of 
diminished clinical pregnancy and live birth rates in women who undergo IVF 
especially with intramural fibroids larger than 4 cm.

Treatment must be individualized according to the symptoms and whether 
or not there is infertility. Minimally invasive surgery continues to be the therapy 
of choice.

7. Take home points

When we talk about fibroids and infertility, we must take into account the age of 
the patient and the fibroid number, size and localization.

Type 0,1,2 fibroids can affect implantation and embryo development and 
hysteroscopic myomectomy may be considered.

Myomectomy should be considered for infertile patients with intramural 
fibroids that are larger than 4 cm, multiple or that distort the endometrial cavity. 
Previous failed IVF cycles should be taken into account when making a decision 
about surgical treatment.
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Cumulative pregnancy rates are similar with laparoscopic and abdominal 
myomectomy approaches; however laparoscopy is associated with quicker recovery, 
less pain and less adhesion formation.

Subserosal fibroids do not appear to affect fertility outcome and do not require 
surgery to improve pregnancy rates.

Clinicians should wait 3 months after surgery prior to IVF, but in older women 
with low ovarian reserve, embryo cryopreservation and cryopreserved embryo 
transfer after appropriate uterine scarring should be considered.
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Abstract

Polycystic ovary syndrome (PCOS) is a frequent disorder affecting women of 
reproductive age characterized by infertility. Affected endometrial receptivity 
seems to contribute to decreased fertility of these patients as suggested by several 
studies. Understanding the mechanism behind this reduced endometrial receptivity 
could contribute to discovery of new therapeutic targets for infertility of PCOS. The 
aim of the paper is to review the current data regarding endometrial receptivity in 
PCOS patients, the potential mechanisms involved with particular focus on recent 
findings as the impact of gut microbiota on endometrium, the relationship between 
vitamin D and endometrial receptivity and the different impact of letrozole and 
clomiphene citrate on endometrial receptivity in infertile PCOS women.

Keywords: polycystic ovary syndrome, endometrial receptivity, endometrium, 
implantation, pregnancy

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in 
women of reproductive age, having a prevalence of 8 to 13% and of 21% in high-risk 
groups [1]. Moreover, it is a leading cause of female infertility [2, 3] and the most 
common cause of anovulatory infertility [4]. A systematic review from 2020 [5] 
found that there is significant variation in prevalence probably according to ethnic 
background and design of the published studies, but also to diagnosis criteria used 
to identify the disease. Thus, they found that the reported prevalence of PCOS vary 
between 2,2% and 15–20%, with the studies using the Rotterdam criteria reporting 
the highest prevalence [5].

PCOS has significant consequences on the women health, being associated with 
infertility, menstrual irregularities, metabolic abnormalities, cardiovascular risk 
and psychological disturbances [6] and, therefore, impairing the quality of life. The 
latest guidelines [7] recommend the use of Rotterdam Consensus criteria for PCOS 
diagnosis, which assumes that two out of the following three features are present: 
oligo- or anovulation, hyperandrogenism (clinical or biochemical) and polycystic 
ovaries [8]. The use of these criteria generates several clinical phenotypes with 
variate impact on reproductive potential and metabolic profile, with some of them 
diagnosed with difficulty due to a scarce clinical picture. Therefore, PCOS can be a 
challenging disorder in the reproductive medicine practice.
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Hyperandrogenism is a key feature of PCOS, being the result of increased 
production of both ovarian and adrenal androgens. Ovarian over-secretion of 
androgens is the consequence of LH stimulation and also the action of high insulin 
levels on insulin receptors from the ovarian theca cells. Moreover, bioavailability 
of androgens is increased due to insulin effect to reduce the hepatic production of 
sex-hormone binding globulin.

2. Fertility in patients with polycystic ovary syndrome

PCOS is considered the most common cause of anovulation, being responsible 
for 70% of cases of anovulatory infertility [9]. Infertility is a significant complaint 
among women with PCOS, being reported in 72% of women with PCOS compared 
with 16% in women without PCOS. However, it seems that the number of children 
of women with PCOS is similar with those without, suggesting that treatment for 
infertility is effective [10].

It was also showed that 44% of women with unexplained infertility are prob-
able PCOS cases, underlying that the subtle clinical phenotypes in some of the 
patients can be the cause of misdiagnosis and, therefore, inappropriate diagnosis 
and treatment [11].

It seems that the criteria used for diagnosis can also impact the prevalence of 
infertility which is higher in women with polycystic ovary morphology in patients 
diagnosed according to Androgen Excess Society criteria (21,7%), while in patients 
diagnosed according to Rotterdam criteria infertility is present in only 6% of 
them [5].

Older studies report that 78% of infertile women with PCOS respond to clo-
miphene citrate (CC) administration [12], with only the remaining 22% requiring 
alternative therapies, suggesting that anovulation is not the only cause of infertility 
in PCOS patients. Indeed, even after restoration of ovulation, PCOS patients still 
have reduced cumulative pregnancy rate and higher rates of implantation failure 
[13]. Even in cycles with excellent embryos selected for transfer, the success of in 
vitro fertilization in PCOS patients remain low [14]. In animal models the transfer 
of blastocysts from normal mice to DHEA-induced PCOS mice resulted in a reduced 
implantation rate [15]. Moreover, patients with PCOS had an increased risk of 
miscarriage with reported rates between 30 and 50% of all conceptions [16, 17]. In 
addition, PCOS seems to be responsible for more than 30% of cases of recurrent 
miscarriages [18].

Since oocytes and embryo quality do not seems to be the cause of low implan-
tation and pregnancy rate in PCOS patients as demonstrated by donor oocyte 
models [19, 20], the decreased receptivity of the endometrium seems more 
probable. Indeed, accumulating data support the hypothesis that endometrium 
of PCOS patients is affected probably as a consequence of hormonal imbalance. 
Thus, unopposed estrogens, hyperinsulinemia, hyperandrogenism and the mem-
bers of insulin-like growth factor family were reported as possible contributors to 
endometrial pathology in PCOS [21]. Factors associated with unexplained recur-
rent pregnancy loss like high serum levels of free testosterone and LH, decreased 
luteal phase progesterone and delayed endometrial development [22] are also 
found in PCOS patients, suggesting their involvement in the high miscarriage rate 
in PCOS.

Several abnormalities of the endometrium were reported in PCOS women. 
Thus, endometrial gene expression and sex hormone receptors, co-receptors, 
adhesion molecules expression and endometrial markers were reported to be 
abnormal [23].
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3. Endometrial receptivity in women with polycystic ovary syndrome

Endometrial receptivity is a complex feature of the endometrium that allow the 
embryo to attach and invade the endometrium, and its further development into 
a viable fetus. For normal implantation both embryo and endometrial quality are 
important. In normal women the endometrium is receptive to embryo implantation 
for a period of 3–6 days which starts seven to ten days after ovulation known as the 
window of implantation. In pathological conditions this window can be shorten or 
shifted, resulting in infertility or pregnancy loss.

Human endometrium is a tissue whose development depends on the level of 
circulating hormones. During the follicular phase of the cycle, the increasing 
circulating estradiol levels determine the proliferation of the endometrial cells 
and increased endometrial sensitivity to estrogen through increasing the estrogen 
receptors (ER) ER-α levels [24, 25]. The ER expression is highest in the late prolif-
erative phase, decreasing in the luteal phase [25]. Following ovulation, the proges-
terone production determines inhibition of cellular proliferation, mitotic activity, 
DNA synthesis and stimulates the differentiation of the endometrial cells [26]. The 
inhibition of proliferation of the epithelial endometrial cells is the consequence of 
the progesterone-induced regulation of genes resulting in down regulation of estro-
gen receptors and the induction of the enzymes that metabolize estrogens reducing 
its cellular effects [26]. Moreover, progesterone reduces the expression of androgen 
receptor in endometrial cells and stroma [26]. As a consequence of all these changes 
the ‘window of implantation’ occur. Progesterone is also essential for decidualiza-
tion, a process that allow trophoblast invasion in case the implantation occur and 
establish a cytokine milieu and immunomodulatory network in the stroma. The 
decidualization is the consequence of endometrial stromal cells modifications of 
the cytoskeleton and up-regulation of prolactin, insulin-like growth factors, IGF 
binding proteins, insulin receptor and other factors. In the case the implantation 
does not occur, the decreasing estrogen and progesterone levels determines a shift 
from the expression of the innate immune genes to inflammatory genes expression 
in association with cellular apoptosis, increased production of metalloproteinases 
and prostaglandins, followed by endometrial desquamation and menstruation [26].

In women with PCOS, in the absence of ovulation the progesterone effects on 
the endometrium are lacking or severely decreased, affecting the decidualization 
and the window of implantation. Moreover, women with PCOS may have increased 
exposure to estrogen levels [27] as a consequence of aromatization of increased 
androgens in adipose tissue and decreased sex hormone binding globulin due to 
hyperinsulinemia [28, 29]. Several experimental studies support the alteration of 
endometrium especially in the window of implantation. Thus, Avellaira et al. [30] 
found that the tissue homeostasis in secretory endometrium of untreated women 
with PCOS is affected by an imbalance between apoptosis and cell proliferation 
which is increased as demonstrated by a study evaluating the expression of the 
proteins related with the two processes [30].

It was also suggested that some endometrial alterations in PCOS are the conse-
quence of prenatal intrauterine exposure to androgens being considered primary 
endometrial abnormalities [23]. Thus, the endometrium of PCOS women has a 
preponderance of estrogen and androgen action and decreased progesterone action 
as a consequence of hormone receptors expression and function.

3.1 Estrogen receptors (ER) expression and function

In PCOS patients the level of ER seems to be increased in all the cycle phases 
[31–35]. Moreover, some coactivators of the ER-α like TIF2 and AIB1 were also 
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found in higher levels in the proliferative endometrium of the PCOS patients 
compared with controls [32–35]. Moreover, during the proliferative phase, the 
endometrium of PCOS women showed a higher Bcl-2/Bax ratio, indicating the pre-
dominance of anti-apoptotic factors in the estrogen receptor increased environment 
[31]. The higher levels of mRNA and protein for ER-α and coactivators compared 
with normal women were reported in the mid-secretory phase endometrium of 
PCOS as well [32]. Moreover, the coactivator ARA70 was increase and epithelial 
expression of beta3-integrin, a protein involved in cell adhesion and cell surphace 
mediated signaling, was decreased in endometrium of PCOS versus control [32].

Enhanced ER-α activation was associated with rare or absent apoptosis and 
increased in cell proliferation in the endometrium in the mid luteal phase [30, 
36–38]. On the other hand, it is possible that high circulating estrogens as in 
patients performing ovarian stimulation to determine the apoptosis of the endome-
trial glandular cells, as showed by an experimental study by Chen et al. [39].

Other factors can contribute to increased exposure of endometrial cells to estro-
gens. Thus, the modified activity of the endometrial enzymes 17-β-hydroxysteroid 
dehydrogenase, which is downregulated and hydroxysteroid dehydrogenase type 
1, which is upregulated, could contribute to increased local production of estradiol 
and androstenediol with increased estrogenic activity [40–42].

3.2 Progesterone receptor (PR) expression and function

In endometrium of PCOS women progesterone receptors (PR) alpha and 
beta mRNA is overexpressed and the stromal immunostaining of PR-b and Ki67 
is higher compared with BMI-matched controls [43]. Moreover, an imbalance 
between PR-a expression and PR-b was found in proliferative endometrium of 
obese PCOS women, with the predominance of the later [43]. It was also reported 
that endometrial tissue of PCOS patients has decreased responsiveness to proges-
terone [44], also known as ‘P resistance’ [45]. This progesterone resistance might 
be due to reduced binding and activation of PR [46] or to an altered expression of 
its isoforms [46, 47]. Elevated PR isoform expression was showed to be associated 
with increased systemic levels of estrogen [48] and of androgen [49, 50]. Thus, 
hyperandrogenism modulates the expression and function of PR being associated 
with inactive or less active isoforms of PR [49–51], being probably responsible for 
progesterone resistance in PCOS women.

Mucin 1 (MUC1) is a progesterone-regulated molecule that carries selectin 
ligands recognized by the human blastocyst. Thus, Margarit et al. [52] showed that 
MUC1 expression is lower in anovulatory PCOS than in fertile patients, being a 
possible contributor to decreased implantation.

3.3 Androgen receptor

In the endometrium of PCOS women the androgen receptor (AR) mRNA and 
protein expression is increased [23] and coactivators of AR were found to be over-
expressed as well [37]. Among these coactivators, Melanoma-associated antigen 11 
(MAGEA11) was showed to bind to AR resulting in alteration of window of implan-
tation [11]. Endometrial microenvironment can also contribute to over-exposure 
to androgen. Thus, low level of SHBG can increase the bioavailable testosteron at 
endometrial level [53] and increased activity of endometrial 5a-reductase gener-
ates potent androgens such as di-hydro-testosterone [37]. The uptake of intracrine 
precursors of testosterone [38, 54] and increased activity of hydroxi-steroid-
dehydrogenase might contribute to high androgen exposure of endometrium in 
PCOS [55].
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3.4 Hyperandrogenism

During the mid-secretory phase of the menstrual cycle and the window of 
implantation the level of circulating androgens reach a nadir in normal cycles [56], 
while in PCOS patients with hyperandrogenism the level of circulating androgens 
is constantly increased. There is a significant body of evidence suggesting that 
overexposure to androgens may affect the normal development of endometrium 
and, therefore the endometrial receptivity. Thus, Cermik et al. [57] studied the 
effect of testosterone on HOXA10 expression in endometrium, a gene well known 
to be involved in endometrial receptivity. They demonstrated that, in vitro testos-
terone exposure decreases the expression on HOXA10 and prevents the increase of 
this gene in response to estrogen and progesterone [57]. They also confirmed that 
the expression of HOXA10 is decreased in the endometrium of the hyperandrogenic 
PCOS patients [57]. Homebox (HOX) are genes essential for endometrial receptiv-
ity which are maximally expressed in endometrium during the window of implan-
tation [58]. Their importance in implantation is demonstrated by experimental 
studies on female mice with disruption of HOXA10 which show infertility with 
implantation failure in spite of the presence of ovulation [59].

It was also showed that Wilms tumor suppressor (WT1) gene which is expressed 
in endometrium in the window of implantation, was downregulated in ovulatory 
women with PCOS in comparison with normal controls and that this downregula-
tion is the consequence of androgen exposure in in vitro models [60] Since high 
androgen are associated with elevated PR isoforms, it was suggested that hyperan-
dogenism could be a contributor to progesterone resistance found in PCOS women 
[50, 61]. High androgens can also affect the number and function of endometrial 
pinopodes which are associated with endometrial receptivity [62, 63]. Androgens 
can also influence the decidualization by their ability to modulate the oxidative 
stress response in decidualized endometrial cells [64] since the oxidative stress was 
showed to influence factors involved in embryo implantation like cytokeratin 8 
(CK-8) [65]. Other androgens can also act on endometrium. Thus, DHEA seems to 
block glucose utilization resulting in inhibition of decidualization [66] and modula-
tion of cell survival and apoptosis [67]. In pregnant mice treated with DHEA an 
impaired LIF-signal transducer and activator of transcription 3 (STAT3) pathway 
was observed, which was associated with implantation failure [68].

Clinical data showed that pregnant women with PCOS have lower endovascular 
trophoblast invasion in relation to circulating testosterone and the clinical pheno-
types involving hyperandrogenism [69, 70].

3.5 Hyperinsulinemia and insulin resistance

In clinical studies, in PCOS patients undergoing in vitro maturation-in vitro 
fertilization embryo transfer cycle insulin resistance was associated with decreased 
implantation, clinical pregnancy and ongoing pregnancy rates [71]. Energy metabo-
lism is vital for proper endometrial function taking into consideration the rapid 
turnover of endometrial tissue. Therefore, insulin action on endometrial tissue 
might be essential for endometrial receptivity. Insulin resistance and compensatory 
hyperinsulinemia can have detrimental effects on the implantation process as hyper-
insulinemia has been shown to impair stromal cell decidualization in vitro [72–74]. 
In PCOS endometrium several abnormalities in insulin signaling and glucose 
transport have been reported. Thus, hyperinsulinemia can reduce insulin receptor 
substrate 1 (InRS-1) activation and glucose transport in endometrial stromal cells in 
PCOS women [75–76], probably via inflammatory pathways [76, 77]. Experimental 
studies showed that in vitro exposure to dihydrotestosterone altered the expression 
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of insulin receptor and insulin receptor substrates and the phosphorylation of 
insulin receptor in endometrial stromal cells [74]. Other studies suggests that insulin 
action is decreased in endometrium of hyperinsulinemic women with PCOS, by 
showing that pAS160T642 and SLC2A4 which are substrates of insulin receptor are 
decreased in comparison with non-hyperinsulinemic PCOS and controls [75].

In vitro studies showed that insulin inhibits the production of IGFBP-1 in the 
endometrial stoma. IGFBP-1 is considered a biomarker of decidualization [73]. It 
is also possible that adiponectin, an insulin regulating molecule and regulator of 
glucose metabolism, which is decreased in PCOS patients, to be involved in endo-
metrial receptivity of these patients. Thus, adiponectin receptors were found to be 
highly expressed in the human endometrium during the window of implantation 
[78]. Moreover, decidualized mouse endometrium is able to secrete adiponectin and 
adiponectin receptors were found both in decidual cells and embryo after implanta-
tion [79]. This data supports the hypothesis that adiponectin might play a role in 
endometrial receptivity and implantation. Studies showing that metformin reduces 
the miscarriage rates in PCOS patients indirectly support the hypothesis of insulin 
resistance involvement in endometrial receptivity [80].

3.6 Vitamin D

Vitamin D deficiency is a frequent condition among women with infertility or 
PCOS. Numerous studies suggested a role of vitamin D in reproductive health at 
variate level of reproductive system, including endometrium. However, clinical 
data regarding the association between serum vitamin D level and endometrial 
pathology are divergent. A prospective controlled study [81] analyzed factors asso-
ciated with recurrent implantation failure and found higher prevalence of chronic 
endometritis, a lower vitamin D level and a borderline lower progesterone level in 
comparison with controls [81]. However, two recent systematic reviews found no 
association between serum vitamin D level and miscarriage rate in women who 
performed in vitro fertilization [82, 83], while one of these reviews reported higher 
pregnancy rates in vitamin D replete patients undergoing assisted reproduction 
treatments [82].

Experimental studies support the role of vitamin D in endometrial receptivity. 
Thus, Guo et al. [84] found that circulating level of vitamin D was positively associ-
ated with vitamin D receptor and HOXA10 protein level expression in the endo-
metrium and these were substantially elevated in pregnant women compared to 
non-pregnant women. During the window of implantation, higher serum vitamin 
D levels were associated with more mature pinopodes (84). Another study showed 
that in patients with recurrent implantation failure vitamin D treatment increases 
progesterone receptor mRNA and protein level and its phosphorylation on Ser294 
residues in the endometrial cells (85). These results suggest that vitamin D may play 
a key role in the endometrial receptivity [85].

In patients with PCOS vitamin D deficiency is frequently found [86]. However, 
specific data regarding the relationship between serum vitamin D and endo-
metrium in PCOS patients are scarce. Several studies reported that vitamin D 
treatment can improve the features associated with endometrial receptivity like 
hyperandrogenism [87], hyperinsulinism and insulin resistance [88], inflammation 
and oxidative stress [89].

In an experimental study in a rat model of PCOS it was found that immunohisto-
chemical staining of caspase-3 and Ki-67 were decreased with vitamin D treatment 
compared non-treated group [90]. Moreover, endometrial, epithelial and stromal 
thickness measurements were decreased in the vitamin D treatment group com-
pared to non-treated PCOS group [90].
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4. Strategies to improve endometrial function in PCOS

4.1 Ovulation induction agents

First-line treatment for ovulation induction in the treatment of infertility in 
PCOS are oral agents, with letrozole being superior to clomiphene citrate (CC) 
in terms of endometrial thickness and markers of endometrial receptivity  
[7, 91, 92]. Gonadotropins are the second line treatment and it seems that they 
have a less deleterious impact on endometrium [93]. However, no data today 
support the ovulation induction in infertile ovulatory PCOS for the modification 
of endometrial receptivity.

Several studies evaluated the different impact of ovarian stimulation with letro-
zole versus clomiphene citrate in patients with PCOS. Thus, Wallace et al. published 
in 2011 a randomized controlled study which reported that letrozole positively 
influenced a number of markers of endometrial receptivity like mRNA expression 
of leukemia inhibitory factor, dickkhopf homolog 1, fibroblast growth factor 22 
compared with CC [94]. Another randomized controlled study which included 160 
patients diagnosed with PCOS found that indices of endometrial receptivity like 
the volume, vascularization index, flow index and vascularization flow index of 
endometrium on the day of hCG administration and 7–9 days after ovulation were 
significantly increased in letrozole group compared with CC [95]. Moreover, the 
biochemical pregnancy rate, clinical pregnancy rate and ongoing pregnancy rate in 
letrozole group were significantly higher compared with CC group [95]. The same 
authors evaluated the indices of endometrial receptivity in treated PCOS patients 
(Letrozole or clomiphene citrate) and non-treated [96]. They noticed that, although 
the successful ovulation rate did not differ between the letrozole group and CC 
group, endometrial thickness, endometrial volume, vascularization index, flow 
index, vascularization flow index, integrin αvβ3 and VEGF concentrations in uterine 
fluid were significantly higher in the window of implantation in the letrozole group 
compared with the CC group and natural cycle group [96]. Moreover, the clinical 
pregnancy and ongoing pregnancy rates of the letrozole group were significantly 
higher than in the CC group [96]. The markers of endometrial receptivity analyzed 
were significantly higher in pregnant patients [96]. The endometrial flow index 
during the implantation window had the highest predictive value for pregnancy. The 
integrin αvβ3 in uterine fluid had better predictive value than VEGF [96].

In an experimental study on female rats it was found that the expression of inte-
grin αvβ3 in the clomiphene citrate group was lower than in the letrozole and saline 
solution groups [97]. The expression of HOXA10 was statistically significantly 
higher in the saline solution group than in the letrozole group, and the letrozole 
group showed a statistically significantly higher expression of HOXA10 compared 
with the clomiphene citrate group. The authors concluded that, in rats, letrozole 
affects the expression of HOXA10 in uterine epithelium but has no effect on the 
expression of integrin αvβ3, which suggests that clomiphene suppresses endome-
trial receptivity more than letrozole.

4.2 Antiandrogens

Antiandrogens as flutamide, finasteride and spironolactone are used in clinical 
practice to improve the signs of clinical hyperandrogenism like hirsutism, acne, 
alopecia. Animal studies demonstrated the ability of antiandrogens to improve 
endometrial function [98, 99]. However, their use in patients seeking infertility 
treatment is prohibited by their teratogenic effects, being generally recommended 
to be administrated only in association with oral contraception [100]. Another way 
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to improve hyperandrogenism is by administration of combined oral contraceptives 
which decrease ovarian androgen production and decrease androgen bioavail-
ability through stimulation of sex hormone binding globulin production. Indeed, 
oral contraceptives, administrated in a successive or unsuccessive manner before 
in vitro fertilization, were showed to increase the implantation and pregnancy rate 
and reduce the risk of pregnancy complications along with significant decrease in 
circulating androgens [101]. However, in a randomized controlled trial ovulation 
rate and live birth rate were superior in PCOS patients receiving life style modifi-
cation with or without oral contraceptive in comparison with oral contraceptive 
alone [102].

4.3 Freeze all strategy

Elective frozen embryo transfer after a freeze-all strategy was suggested for 
infertile PCOS patients undergoing IVF [103]. This approach could be particularly 
effective in PCOS due to exposure of the endometrium to high estrogen levels 
during controlled ovarian stimulation. Thus, transfer of the embryo in a subsequent 
cycle may avoid failure of implantation due to inadequate endometrium receptivity. 
This strategy was showed of particular benefit in PCOS patients and only in case 
of more than 16 oocytes or estradiol higher than 3000 pg./ml, resulting in higher 
live birth rate [104]. Regarding the preparation of endometrium, it seems that the 
pregnancy rate is higher in natural cycles over the hormone replacement cycles in 
women performing frozen embryo transfer [105]. However, specific data for PCOS 
women are lacking.

In women with PCOS, no difference in live birth/ongoing pregnancy and clinical 
pregnancy rates was detected between FET cycles stimulated with hMG and cycles 
artificially prepared with E2 valerate [106–108].

4.4 Gut microbiota and endometrial receptivity

There is accumulating evidence that gut microbiota might play a role in PCOS 
pathogenesis [109, 110]. Thus, it was showed that gut microbiota of PCOS patients 
is different from controls [111] and that variate profiles of gut microbiota are associ-
ated with features of PCOS such as hyperandrogenism [112], hyperinsulinemia and 
insulin resistance [113] and obesity [114]. In experimental studies transplantation 
of feces from PCOS women leads to development of PCOS features in mice [109] 
and oral administration of variate bacteria was associated with improvement of 
PCOS manifestation [110]. Thus, Qi X et al. [109] showed that Bacteroides vul-
gatus was markedly elevated in the gut microbiota of individuals with PCOS and 
that transplantation of fecal microbiota from women with PCOS or B. vulgatus-
colonized recipient mice resulted in increased disruption of ovarian functions, 
insulin resistance, altered bile acid metabolism, reduced interleukin-22 secretion 
and infertility [109]. It was also showed that IL-22 improved the PCOS phenotype 
[109]. Guo Y et al. [110] showed that PCOS rats displayed different composition of 
gut microbiota that in the controls. Lactobacillus, Ruminococcus and Clostridium 
were lower while Prevotella was higher in PCOS rats when compared with control 
rats. After treating PCOS rats with Lactobacillus and fecal microbiota transplanta-
tion from healthy rats estrous cycles were improved with decreasing androgen 
biosynthesis [110].

However, it is possible that the relationship between gut microbiota and PCOS 
to be bidirectional since in androgen-induced PCOS animal models the distur-
bances of gut microbiota was reported [115, 116]. In turn, DHEA-shaped gut 
microbiota transplanted to pseudo germ-free rats recipients trigged disturbances in 
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reproductive hormone [115]. Another study showed that both androgens and high 
fat diet could shift the overall gut microbial composition, being associated with the 
development and pathology of PCOS by shaping gut microbial communities [117]. 
Although direct evidence of a connection between gut microbiota and endometrial 
receptivity was not reported yet, we can hypothesize a connection between these 
two due to the recognized involvement of insulin resistance, hyperandrogenemia 
and obesity in endometrial receptivity which, in turn, can be shaped by intestinal 
bacterial community.

Regarding the mechanisms connecting gut microbiota and PCOS, Tremellen 
and Pearce suggest that dysbiosis of the gut microbiota brought about by a high 
fat-sugar diet in PCOS patients leads to an increase in intestinal permeability. 
Lipopolysaccharide produced by Gram-negative bacteria traverse the gut wall 
to enter the circulation, leading to a chronic state of low-grade inflammation. 
Activation of the immune system interferes with insulin receptor, driving up insulin 
levels, which boost testosterone production in the ovary, leading to PCOS [118].

Another way by which gut microbiota might influence the endometrial receptiv-
ity is through its recently demonstrated close connection with genital tract micro-
biota [119–122]. The crosstalk between gut and vaginal microbiota is highlighted 
by studies showing that oral administration of probiotics or bacteria can influence 
immunity in the vagina [120]. Thus, oral administration of Lactobacillus johnsonii 
was showed to inhibit the expression of inflammatory molecules in the vagina and 
to alleviate Gardnerella vaginalis induced vaginosis [122]. Kutteh et al. [121] dem-
onstrated that intestinal tract immunization by oral and rectal route is followed by 
the induction of specific antibodies in human female genital tract secretions [Kutteh 
2001]. Kim et al. [120] showed that in ovarectomized female mice, the oral admin-
istration of anti-inflammatory Lactobacillus plantarum NK3 and Bifidobacterium 
longum NK49 from kimchi and human fecal lactic acid bacteria collection was 
associated with alleviation of Gardnerella vaginalis induced vaginosis, inhibition of 
NF-κB activation and TNF-α expression in the vagina and uterus, and decreased the 
Gardnerella vaginalis population in the vagina [120]. In turn, Gardnerella vaginalis-
induced vaginosis increased colonic myeloperoxidase activity, TNF-α expression, 
and fecal Proteobacteria population. NK3 and/or NK49 treatments reduced TNF-α 
expression and NF-κB activation in the colon and restored Gardnerella vaginalis 
disrupted gut microbiota composition [120].

This interplay between gut and reproductive tract microbiota may be related 
with endometrium function since, recently, it was showed that pathological modi-
fication of the profile of the bacterial community of the endometrial fluid might 
play a role in poor reproductive outcome for in vitro fertilization patients [123]. 
Thus, the presence of a non-Lactobacillus-dominated microbiota in a receptive 
endometrium was associated with significant decreases in implantation, pregnancy, 
ongoing pregnancy, and live birth rates [123]. Haahr et al. [124] found a decreased 
pregnancy rate in patients with abnormal vaginal microbiota performing IVF [124]. 
These studies highlight the importance of reproductive tract microbiota in fertility, 
possibly by modulation of endometrial receptivity.

All these data offer future therapeutic strategies to counteract decreased 
endometrial receptivity in PCOS women by modulating gut or reproductive tract 
microbiota or by administration of interleukin 22 as suggested by Qi X et al. [109].

4.5 Assessment of endometrial receptivity and therapeutical implications

The evaluation of endometrial receptivity was historically done by endometrial 
histology. However, recent studies find little concordance with new transcriptomic 
methods of endometrial receptivity assessment [125]. Endometrial receptivity array 
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(ERA) is a test that analyzes the gene expression of the endometrium using a panel 
of 238 genes that have been implicated in endometrial receptivity. The indication of 
this test in the clinical practice is to identify the window of implantation in patients 
with accelerated or delayed endometrial luteal phase development, therefore allow-
ing the transfer of the embryo in the right moment for the embryonic-endometrial 
synchrony. However, data regarding the benefit of this test are limited [126]. 
Although in PCOS patients performing IVF ERA test has hypothetical indications, 
studies evaluating this aspect are lacking.

Another aspect that should be clarified further is the consistency of the ERA 
findings from cycle to cycle since the transfer of the embryo should be done in a 
non-biopsy cycle. This aspect was analyzed in seven women who performed the 
ERA test in separate endometrial samples obtained 29–40 months apart and found 
high similarity across the samples [127]. However, only five samples were from the 
luteal phase and only four were in the receptive phase, all the samples being normal. 
Therefore, the possibility to extrapolate these findings to patients with endome-
trium receptivity abnormalities or dyssynchrony is unknown.

The ERA test was studied in several categories of infertile patients. Tan et al. 
[128] found that among patients with a history of at least one euploid blastocyst 
implantation failure personalized frozen embryo transfer (FET) according to ERA 
test results was superior to standard FET in terms of implantation and ongoing preg-
nancy rate, although the difference was not statistically different [128]. Other studies 
showed a similar pregnancy rate between patients with receptive and non-receptive 
endometrium according to the ERA test when a personalized embryo transfer was 
performed in patients with recurrent implantation failure [129] or with a history of 
implantation failure [125]. On the other hand, Eisman et al. [130] found a similar 
pregnancy rate in women who had a prior failed embryo transfer and personalized 
frozen embryo transfer following ERA test compared with women without a prior 
failed embryo transfer [130]. However, the pregnancy rate was lower in patients with 
more than three failed embryo transfer despite personalized transfer [130].

A multicenter, open-label randomized controlled trial evaluated patients at their 
first appointment for IVF after exclusion of patients with recurrent miscarriage and 
implantation failure. They found that a personalized frozen embryo transfer guided by 
ERA test was superior in terms of cumulative pregnancy and live birth rate to standard 
frozen embryo transfers and fresh embryo transfers [131]. At the first embryo transfer 
cycle, although the pregnancy rate and implantation rates were significantly higher 
compared with the two groups without ERA guidance, the live birth rates were similar 
[131]. Basil et al. [132] performed a single center retrospective cohort study and found 
that using the ERA test in patients undergoing frozen embryo transfer, there is no 
benefit in terms of ongoing pregnancy rate in good prognosis patients [132].

Taken all together, these studies suggest that the ERA test might be beneficial in 
patients with implantation failure, although future studies are necessary to clarify 
this aspect. In patients at their first attempt of IVF personalized frozen embryo 
transfer guided by ERA test may increase the cumulative pregnancy and live birth 
rate, although without obvious benefits at the first transfer. Whether these results 
are also valid for PCOS patients remains to be established.

5. Conclusion

An increasing body of evidence suggests that endometrial receptivity in PCOS 
patients is decreased, being a significant contributor to infertility in these patients. 
However, specific strategies to overcome this barrier in infertile PCOS women 
should be created in order to improve fertility treatment outcome.
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Chapter 5

Non-Invasive Chromosome
Screening for Embryo
Preimplantation Using
Cell-Free DNA
Jin Huang, Yaxin Yao, Yan Zhou, Jialin Jia, Jing Wang,
Jun Ren, Ping Liu and Sijia Lu

Abstract

Preimplantation genetic testing (PGT) is widely adopted to select embryos with
normal ploidy but requires invasive embryo biopsy procedures. Therefore, non-
invasive PGT (niPGT) detection of cell-free DNA (cfDNA) in blastocyst culture
medium has gradually become a hot area in the field of assisted reproduction. This
chapter will systematically summarize how researchers use embryonic cfDNA to
conduct niPGT detection worldwide. It will also thoroughly review the factors that
affect the accuracy of the test and its underlying issues, as well as prospective
applications. We hope to provide a useful reference for the standardized operation
of non-invasive PGT that can be widely applied in clinical practice.

Keywords: niPGT, Spent Culture Media, cfDNA, Aneuploid

1. Introduction

In vitro fertilization and embryo transfer (IVF-ET) is an effective method for
the treatment of infertility, yet it still has a relatively low success rate [1]. Further-
more, the multiple pregnancy rate remains high as a result of multiple embryos
being transferred, which can increase the chances of adverse pregnancy outcomes
and affect the health of both the mother and children [2]. Elective single embryo
transfer (eSET) is the most effective way to reduce the rate of multiple pregnancies
and is increasingly used worldwide [3]. Nonetheless, the success rate of single
embryo transplantation is not satisfactory, mainly due to the lack of a systematic
approach for evaluating the conceivability of embryonic development. Presently,
embryonic morphological assessment is still the most commonly used method, but
this method has many problems due to the lack of quantifiable indicators and its
susceptibility to subjective factors of laboratory embryologist [4–6].

Studies have shown that there is an approximately 40%–60% risk of chromo-
somal aneuploidy even before embryo implantation [7–9]. PGT-A can be used to
identify embryos with chromosomal aneuploidy, thereby improving clinical out-
comes in IVF patients [10–13]. Nonetheless, PGT-A relies on embryo biopsy, and its
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invasive biopsy approaches may increase its technical limitations for the following
reasons: (1) it may have an influence on the quality and the level of development of
the embryo [14]; (2) it may increase the chance of abnormal epigenetic modifica-
tions [15, 16]; (3) it has high requirements on the environment and operating
instruments, and there is a potential risk of sampling failure; and (4) the accuracy
of test results may be affected by mosaicism. Consequently, it is necessary to
establish an optimal selection procedure in line with the morphological assessment
for embryos that truly reflects the chromosome ploidy status of the embryo, avoids
invasive operations, and does not require expensive equipment. Recently, several
studies have found the presence of cfDNA in the culture medium and blastocyst
fluid of embryos [17–21]. Noninvasive PGT-A detection through cfDNA has
become a growing niche in the field of assisted reproduction. In this chapter, we will
comprehensively review the advancements and attempts at noninvasive PGT-A
using foetal cfDNA and discuss the pros and cons as well as insights into its clinical
applications in IVF-ET.

2. cfDNA research based on Spent culture media (SCM)

2.1 The discovery of cfDNA in SCM

Stigliani et al. [18] first demonstrated the presence of cfDNA in SCM in 2013,
where genomic DNA (gDNA) was found in 63% (205/326) of the 326 SCMs col-
lected, ranging from 41 pg to 1.8 ng. Subsequently, Hammond et al. [19] also
detected mitochondrial DNA (mtDNA) and gDNA in SCMs. In addition, Stigliani
et al. [22] reported that the ratio of mtDNA to gDNA in the SCM of D3 was
positively correlated with the formation rate of blastocysts. These results suggest
that SCM can serve as a sampling source for early embryonic DNA, laying the
foundation for the development of the non-invasive method of PGT-A.

2.2 Application of SCM in PGT-A

In recent years, an increasing number of studies have been conducted to evalu-
ate the feasibility of SCM-based non-invasive PGT-A approaches, and some of the
results are encouraging. Many studies have found that PGT-A by trophectoderm
(TE) biopsy or whole embryo of SCM has a high consistency rate (as shown in
Table 1. Pro). Nevertheless, other research groups have reported relatively low
consistency rates when compared with TE or whole embryo results (see Table 1.
Con). These contradictory results may be related to factors such as the
difference in SCM sampling methods and sampling time used in the studies, embryo
treatment, and the definition of consistency. By improving the detection method,
non-invasive PGT-A using SCM is expected to meet the requirements of clinical
diagnosis.

2.3 Factors affecting the accuracy of non-invasive PGT-A

When comparing the ploidy consistency of cfDNA in SCM, all studies have
reported a high success rate of cfDNA amplification and detection, ranging from
77.3% to 100% (as shown in Figure 1). However, its consistency to the conventional
PGT-A results fluctuated widely, ranging from 33% to 100% [23, 26, 27, 39] (as
shown in Figure 2). Hence, it is critical to recognise the factors influencing
accuracy.
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2.3.1 Influence of sampling time on accuracy

At present, there are two common types of commercial embryo culture systems:
sequential culture and single culture systems. However, the quality of DNA in SCM
degrades as a result of cfDNA degradation over time. Therefore, the time and
opportunity for cfDNA degradation could be minimized via media changes. Addi-
tionally, the maternal DNA contamination introduced by residual cumulus cells
could be reduced or eliminated by media change to a certain extent. The results of a
few studies using a single culture system [36–38] and sequential culture medium
[31, 39, 41] are listed in Table 1. Importantly, Rubio et al. showed no significant

Figure 1.
Success rates of WGA amplification and CNV detection reported in different niPGT studies.

Figure 2.
CNV concordance rate reported in studies comparing SCM with TE or whole embryo samples.
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difference in the influence of different culture systems on consistency when
performing the same sampling process [29] (as shown in Figure 3).

As the fertilized egg develops, DNA is constantly released into the SCM, which is a
dynamic process. The test results of SCM collected at different time points during
embryo culture may vary. Using a single medium, Ho et al. [37] achieved detection
success rates of 39% (16/41) and 80.4% (33/41) when SCMswere collected on D3 and
D5, respectively. When comparing the SCM collected on D3-D5 and D4-D5, Lane
et al. [43] found that the accuracy was higher in later samples, with >95% ploidy
consistency and 100% consistency of the sex chromosome. The primary explanation
for these observations may be that the number of embryonic cells increases exponen-
tially with in line with embryonic development and that the concentration of cfDNA
surges dramatically at later stages of the development. Rubio et al. [28] transferred
embryos into new culture drops onD4 and collected SCM on D5 to D7. The SCM
consistency of D4-D6/7 was significantly higher than that of D4-D5 (84.0% vs.
63.0%), and the level of maternal contamination was also reduced. A multicentre
clinical study which supports the above assumption. conducted by the same team that
compared SCM and TE samples using a large sample size of 1,301 embryos, also
achieved a remarkable 78.2% (866/1108) concordance rate using D4-D6/7 SCM sam-
ples [29].While the consistency rate jumped to 92.0% if the culture were last until D6.

The above studies have shown that to maximize the collection of cfDNA content
and ensure the detection rate and accuracy of cfDNA, there is an optimal collection
time for SCM on the premise of ensuring the blastocyst rate and excellent embryo
rate. For the fresh ET cycle, D4 to the pre-cryopreservation blastocyst stage
(D5/D6/D7) could be the optimal collection time. Several studies of ni-PGTA have
also been conducted on frozen-thaw embryos, where the culture media were col-
lected at later stages and the assay performance was slightly better compared to that
of the fresh embryos (as shown in Figure 4).

2.3.2 Fresh-frozen embryos yield better niPGT performance than fresh embryos

In cryopreservation of embryos, assisted blastocyst shrinkage is usually
performed during vitrification of the embryo. Shrinkage of the blastocyst cavity
before vitrification can prevent the formation of ice crystals and improve the
survival rate of embryos after cryopreservation [44]. This process leads to lysis of
cell membrane, which increases the likelihood of that embryonic cells releasing
cytoplasmic materials, including genomic DNA, into the SCM, thereby increasing

Figure 3.
CNV concordance rates of SCM versus TE biopsies in using different brands of culture media. No statistical
differences were observed in four major brands of media. Data from Rubio et al. [42] (Ref). Data from Rubio
et al. Embryonic cell-free DNA released to the spent blastocyst media. Am J Obstet Gynecol 2020.
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the concentration of DNA templates available for the downstream whole genome
amplification (WGA) of niPGT-A. Furthermore, the vitrification process may lead
to a higher rate of cell apoptosis, which also potentially increases the amount of
cfDNA in the media after thawing and recovery. Kuznyetsov et al. [23] compared
the amplification outcomes of a mixture of SCM and blastocyst fluid collected
before vitrification (19) and after vitrification (30). The average amount of DNA
obtained from fresh embryo culture amplification (6.3 ng/μL �36.0 ng/μL) was
lower than that obtained from vitrification-revival blastocysts (10.5 ng/μL
�44.0 ng/μL). After thawing 52 donated frozen blastocysts with TE biopsy results,
Huang et al. [24] found that 48 of them (92.3%) were successfully amplified, and
the data could be used for the analysis, with a consistency of 93.8% (45/48) to the
whole embryo results. Jiao et al. [25] assessed 41 frozen blastocysts donated by 22
couples with known chromosomal rearrangements and 21 frozen blastocysts
donated by 8 couples with normal karyotypes for PGT-SR and PGT-A analysis,
respectively. All BCM (a mixture of SCM and BF) samples (62/62, 100%) were
amplified successfully, and the clinical consistency between the niPGT-A results
and the whole embryo was 90.48% (19/21). For PGT-SR results, the clinical consis-
tency of BCM in chromosomal rearrangement and its corresponding whole embryo
sample was 100% (41/41). Li et al. [26], using similar sampling methods, assessed
41 embryos and 97.6% were successfully amplified, and the clinical consistency
between the niPGT-A results and the whole embryo was 87.2%. In summary, the
SCM of cryopreserved-and-thawed embryos may contain more cfDNA than fresh
embryos, which would minimize amplification failures and improve the reliability
of the test results. This finding may be beneficial for patients who have had mis-
carriages due to embryo chromosomal abnormalities in the previous ART cycle.
Providing that patients have sufficient cryopreserved embryos, they may take
advantage of niPGT-A to screen euploid embryos for transplantation prior to the
next transplantation cycle with resuscitated media (as shown in Figure 4).

2.3.3 Methods of whole-genome amplification

Given the challenge of low-concentration cfDNA in SCM, a WGA method with
high uniformity and fidelity is required to amplify a small amount of genetic

Figure 4.
Comparing SCM collection strategies and its impact on CNV concordance rate.
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material to accurately detect the genetic status of embryos. Different WGA tech-
niques discussed in the chapter include multiple displacement amplification
(MDA), multiple annealing and looping-based amplification cycles (MALBA) and
Sureplex/Picoplex (as shown in Figure 5).

MALBAC has a unique characteristic similar to linear amplification, which can
reduce the sequence-dependent bias exacerbated by exponential amplification [34].
Several niPGT-A studies have used MALBAC to amplify cfDNA in SCM, and the
success rates ranged from 90.9% to 100% [24, 31, 35, 38]. In 2019, Jiao et al.
developed NICS-INST technology based on MALBAC, which incorporated WGA
and library preparation in the same amplification step, achieving a 100% (41/41)
detection rate in SCM [25].

Picoplex/Sureplex is currently the most widely used WGA methods for conven-
tional PGT-A. One study used Picoplex for SCM amplification with a success rate of
97% [37]. In another study using the Sureplex amplification method, the amplifica-
tion rate of 22 SCM samples reached 81.8%, and all the amplified samples produced
PGT-A results by aCGH [36]. A study using Sureplex WGA in combination with
blastocyst fluid (BF) and SCM found amplification rates of 100% in 28 samples, all
of which produced PGT-A results [23]. In one SCM study with a large sample size of
168, 89.3% of the samples were successfully amplified by Sureplex, and 77.3% of the
sequenced samples yielded PGT-A results [34]. Lledo et al. compared Veriseq
(Illumina®) and NICS (Yikon®), which both achieved 92.4% amplification success
rates. The consistency of the culture medium collected on D6 and TE biopsy was
92.0% and 86.5%, respectively [30].

MDA is an isothermal amplification reaction using Phi29 DNA polymerase [45].
Amplification bias due to nonlinear amplification remains a significant fault in the
technique. Studies using MDA on SCM have shown an amplification success rate of
97%; however, only 2% of the amplified samples produced reliable PGT-A results
[39]. Since the cfDNA of SCM is dominated by short fragments with a length of
160–220 bp [46], this would especially affect the MDA-based method, which
requires longer DNA fragments to achieve optimal amplification.

The Phi29DNA polymerase used in MDA technology has high fidelity but is
restricted by the starting amount of the DNA template. When the starting amount is
very low, the coverage rate and accuracy of the amplified products can decrease

Figure 5.
Comparing SCM amplification methods and the concordance of CNV in different study MALBAC and
SurePlex, PicoPLEX and IonReproseq are the main methods, MDA is not applicable.
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dramatically. Malbac and Sureplex have the advantages of high genome coverage,
low ADO rate, and a low number of starting DNA templates required. However,
DNA polymerase has lower fidelity than Phi29 polymerase, which leads to an
increased false positive rate compared to MDA.

2.3.4 Standard of the mosaic threshold of embryo

Embryonic mosaicism refers to the existence of two or more cell lines with
different genotypes in the same embryo. Some studies suggest that abnormal cells in
a mosaic embryo are gradually diminished, i.e., a certain degree of self-repair occurs
during embryonic development [47–49]. Mosaic embryos, especially those with a
low proportion, still have a decent success rate of pregnancy after being implanted
[50, 51]. Therefore, there is a trend of accepting low-frequency mosaic embryos in
clinical practice.

Chromosome ploidy of mosaic embryos can be quantified by the proportion of
mosaics (M), and samples with results above a certain threshold of M are identified
as aneuploidy embryos. Therefore, the proportion of false positives and false nega-
tives in embryo chromosome detection relies on the threshold setting of M. We
observed that different studies had different criteria for reporting mosaicism, rang-
ing from 30% to 60%. Yeung et al. [34] set the minimum threshold as 30% and
recommend against the implantation of mosaic embryos >30%. Bolton et al. [47]
found that the elimination of aneuploidy cells in the ICM through apoptosis may
result in an increase in aneuploidy fragments in the SCM. Thus, increasing the
chimaerism threshold of SCM samples may reduce the false positive rate and
improve the consistency rate. In the study of Jiao et al., samples with a mosaic ratio
of less than 40% were defined as euploid, while samples with ≥40% were defined as
aneuploid [25]. Rubio et al.’s study directly defined samples with a chimaerism ratio
of <50% as euploidy and ≥ 50% as aneuploidy, and no mosaic embryos were
reported [28]. Huang et al. observed that using 60% as the threshold for
distinguishing aneuploidy from euploid embryos achieved a false negative rate of
zero, significantly improving the results of non-invasive PGT-A [24]. This study
suggests that appropriately increasing the aneuploidy threshold can minimize the
mosaic false positives caused by NGS results to a certain extent; however, these
adjustments would require validation on a much larger scale.

2.3.5 Whole embryo samples are more suitable as the gold standard for niPGT evaluation

Individual research groups may use different gold standards when evaluating
the accuracy of SCM or BF detection results. At present, TE biopsy is the standard
clinical practice for PGT-A; thus, TE biopsy is often used as the gold standard.
However, due to the presence of chimaeric embryos, studies have questioned
whether a couple of TE biopsy cells is able to accurately represent the ploidy of the
inner cell masses. There was also a study performed to compare the ploidy results
from cfDNA and polar body biopsy [36]. Although the polar body is naturally
released from oocytes, which are minimally invasive, it only examines aneuploidy
of maternal meiosis origin and is limited by its inability to directly evaluate the
genetic status of the entire embryo [52].

Consequently, the D5 whole embryo for comparison with cfDNA as the gold
standard may be the most appropriate when considering the accuracy of the given
selected comparison criteria. Several studies have reported the use of the whole
embryo as the gold standard. SCM collected from thawed blastocysts was assessed,
which achieved overall consistency with the WB samples, ranging from 90.48% to
96.4% in all these studies [23–25]. Nevertheless, it can be challenging to obtain
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donated WB, even though it may be the best representation of the genetic status of
the entire embryonic genome.

2.3.6 The determination for concordance

The concordance between the SCM and the selected gold standard, e.g., con-
ventional TE biopsy or whole embryo, can be analysed from several aspects, as
shown in Table 2.

First, the statistics of the consistency rate can be grouped into the following
three situations: (1) the negative consistency rate (euploidy vs. euploidy), that is,
both SCM and gold standard are negative results reported as euploidy, which is also
the most critical indicator in clinical practice. Generally, clinicians choose euploid
embryos for transplantation, and the accuracy of this indicator often directly
impacts the clinical outcome. (2) The positive consistency rate (aneuploidy vs.
aneuploidy), that is, both SCM and gold standard are positive results reported as
aneuploidy. Usually, clinicians would not choose such embryos for transplantation.
Hence, the accuracy will directly affect the availability of embryos for transplanta-
tion and the cycle cancellation rate. (3) The overall consistency, which is a compre-
hensive evaluation including both euploidy and aneuploidy.

Second, the researchers likewise have different ways to calculate consistency.
(1) Clinical consistency refers to the test results for the impact on the clinical
decision, as some researchers suppose that only euploid embryos would be
considered for implantation, which means clinical consistency is the foundation,
which agrees with the transplant decision (as shown in Figure 6). (2) Full
consistency: it can only be considered consistent when the test result is absolutely in
line with the karyotype, especially for patients with known chromosomal
abnormalities (as shown in Figure 6). (3) Partial consistency: Some researchers
consider SCM and the gold standard to be two different types of samples. Thus,
they should be considered as consistent if there is partial consistency with the
karyotypes.

Third, the criteria for the reporting of aneuploidy are not uniform. Researchers
usually consider whether to report fragmentation abnormalities or whole chromo-
some abnormalities and whether to report mosaic results and their reporting
criteria.

Through the analysis of a series of related studies (see Table 2), we observed
that although different investigators used different methods to calculate consis-
tency, the consistency results were superior to other methods when only clinical
consistency rates were considered.

In the studies of Huang et al. [24], Jiao et al. [25], Li et al. [35], Liu et al. [38], and
Yeung et al. [34], when the karyotype was completely consistent or partially con-
sistent, the results’ coincidence rates to the gold standard were 83.3%, 76.2%, 50%,
64.5% and 62.1%, respectively. However, the consistency rates increased to 93.8%,
90.5%, 78.9%, 83.9% and 73.3%, respectively, when only clinical consistency was
considered.

In addition, in the analysis of Kuznyetsov et al., if only chromosomal aneuploidy
was considered, the clinical consistency rate was often better than the results of
fragment abnormalities and consistent karyotypes. The clinical concordance of
frozen embryos and fresh embryos was 96.4% and 100% without considering
chimaerism and fragment abnormalities, respectively, but decreased to 78.5% and
73.7% when considering chimaerism and fragment abnormalities, respectively. In
addition, only euploidy and aneuploidy were distinguished according to the chro-
mosomal test results given, and the positive and negative consistency rates in each
study were calculated.
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In general, the negative consistency rate is better than the positive consistency
rate in SCM, which may indicate high false positives in the niPGT-A test. On the
other hand, it also shows that the negative result of this approach is more reliable. In
summary, the definition of consistency has a direct impact on the final results of the
assessment method. Considering the speciality of cfDNA presented in SCM, it
seems insufficient to define consistency purely based on the perfect match of the
CNV patterns. Chen et al. [27] proposed the embryos can be categorized or scored
by the obtained niPGT-A results into three groups: (A) chromosomal normal, (B)
chromosomal abnormal, and (C) multiple abnormal chromosomes or uncertain.
The results showed group A predicts a normal embryo with 90.0% probability,
while groups B and C predict 27.8% and 72.2% normal probability, respectively.
Thus, it may be necessary to fully consider the conditions, such as mosaicism,
ploidy status and test resolution, when establishing the analytical model.

It seems more appropriate to use whole blastocysts as the gold standard for
evaluation of the accuracy of niPGTA. Apparently, the establishment of the model
would require large embryos of SCM and WB paired samples, with standardized
sample collection and data analysis procedures. Furthermore, the model can evalu-
ate SCM according to the euploidy probability of embryos to obtain the priority or
exclusion order of embryos for implantation to avoid the waste of embryos due to
false-positive decisions led by conventional PGT-A.

2.4 Clinical application of non-invasive PGT-A

At present, several studies have applied non-invasive PGT-A to diverse patient
groups to preliminarily evaluate the clinical manifestations of the technique. Xu
et al. [31] used non-invasive PGT-A for the first time in balanced translocation
patients and obtained five live births from seven couples. Rubio et al. [28] com-
pared the clinical outcomes of two groups of patients, one with both TE biopsy and
SCM results of euploidy and the other with TE biopsy negative and SCM results of
aneuploidy. The transplant success rate of patients with both euploidy TE and SCM
results was twofold (52.9% vs. 16.7%) higher than that of the latter group. Zero
miscarriages were observed (0/9) when both the TE and SCM results indicated that

Figure 6.
Definition of concordance between SCM and the gold standard are at different levels in studies. Yeung et al.
defines concordance at chromosome level, while Rubio et al. defines at the level of clinical concordance.
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the embryos were euploid. Moreover, Fang et al. [53] reported the results of a
single-centre clinical trial in 2019 applying non-invasive PGT-A on patient groups
with either repeated implant failures (≥3) or repeated miscarriages (≥3). The trial
included 45 couples with 50 ART cycles, resulting in a biochemical pregnancy rate
of 72% (36/50), a clinical pregnancy rate of 58% (29/50), and a spontaneous mis-
carriage rate of �10% (3/29), with a total of 27 babies successfully delivered. While
the clinical trial scale of the above studies was small, the cfDNA-based niPGT-A
proved in principle that it could reduce miscarriage and improve the ongoing
pregnancy rate. Conversely, large-scale randomized controlled clinical trials are
needed to conclude whether non-invasive PGT-A can be an effective way to evalu-
ate embryo implantation potential.

3. Studies of cfDNA in blastocyst fluid (BF)

3.1 Presence of cfDNA in in blastocyst fluid (BF)

The presence of cfDNA in blastocyst fluid (BF) was revealed as early as 2013.
For the first time, Palini et al. [17] reported that genomic DNA has identified in 90%
(26/29) BF by qPCR, with an average amount of gDNA at 9.9 pg. TBC1D3 on chr17
and TSPY1Y on the Y chromosome were successfully amplified, which confirmed
that the sex of embryos could be determined by qPCR using BF. In addition,
genome-wide amplification (WGA) was demonstrated for blastocyst fluid amplifi-
cation, and aneuploidy detection of WGA products was performed using microar-
ray comparative genomic hybridization (aCGH). The aCGH results revealed the
presence of the Y chromosome in two BF samples, which was consistent with
previous data obtained by PCR analysis. It also showed multiple chromosomal
abnormalities that agreed with the karyotype, suggesting that the WGA product
DNA was indeed of embryonic origin. Subsequently, Zhang et al. [46] performed
next-generation sequencing on WGA-amplified BF DNAs and compared the data
with paired blastomere biopsy samples. The results showed decent concordance in
genomic coverage and pattern regions between the two DNA sources. Further
analysis of the gene annotation results suggested that cfDNA in the BF contained
the sequences of the majority of genes, indicating that cfDNA in the BF could be
used for solving monogenic diseases.

3.2 Sampling method of blastocyst fluid

BF can be isolated from embryos for downstream analysis using blastocyst
puncture, which is a microscopy-assisted puncture made with an ICSI injection
pipette on the trophoblast side, opposite of the inner cell mass. The fluid is then
taken until the blastocyst completely collapses around the pipette [54]. This method
can only isolate minute amounts (�0.01 μL) of BF for analysis [55, 56].

3.3 Study of PGT-A using blastocyst fluid

Recently, BF has been studied as a source for minimally invasive PGT-A. In
2014, Gianaroli et al. [57] isolated BF from 51 blastocysts, and the average concen-
tration of WGA-amplified DNA detected in 39 BF samples (76.5%) was 900.38 ng/
μL (ranging between 876.3–939.5 ng/μL). The results of BF detected in 38 cases (38/
39, 97.4%) were consistent with the ploidy of TE biopsy results, and 9 cases (9/9,
100%) were consistent with the ploidy of the blastomere biopsy, and the coinci-
dence rate of PB ploidy was 93.3% (28/30). Magli et al. [55] of the same group
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improved the sampling and amplification of BF samples to a success rate of 82%
(95/116). aCGH was performed on 87 of these samples, of which 82 samples (94%)
were used for subsequent analysis. The ploidy consistency of BF and TE samples
was 97.1% (67/69), 94.4% (34/36) with blastomere biopsy and 94.1% (32/34) with
polar body biopsy. In 2019, Magli et al. [12] used the same approach to amplify
blastocyst fluid extracted from 256 blastocysts with a 71% (182/256) WGA amplifi-
cation rate. Compared with the results of the corresponding TE cells, the overall
ploidy consistency was 93.6% (161/172). The above results suggested that the
cfDNA of the BF was highly predictive of embryo ploidy; however, the results from
other research groups have been less satisfactory.

Tobler et al. [58] obtained a WGA amplification success rate of 63% (60/96) after
thawing and culturing donated embryos to extract BF. The concordance between the
BF karyotype and the whole embryo was 48.3% (29/60) by aCGH analysis,
suggesting that BF may not be suitable for the PGT test. In 2018, Tsuiko performed
chromosome analysis using NGS on 16 donated blastocysts, and the success rate of BF
amplification was 87.5% (14/16). However, only 10 samples (10/16, 62.5%) passed
sequencing and quality control for the subsequent analysis. The results showed that
only 40% (4/10) of the BF samples completely agreed with the TE or ICM results. In
addition, significantly more mosaicisms were found in BF samples than in TE and
ICM samples. These results together suggest that although BF-DNA can be success-
fully amplified for NGS, one would not recommend using BF as a single DNA source
for preimplantation genetic screening due to its low concordance with ICM and TE
results. Capalbo et al. [59] (2018) performed PGT-A on 23 BF samples and compared
the results with TE. Only 8 cases (34.8%) were successfully amplified, and only 3
cases (37.5%) were consistent with the ploidy of TE detection results.

In summary, studies assessing the reliability of BF DNA as a template for PGT-A
have yielded conflicting conclusions, with 37.5%–97.4% concordance with TE sam-
ples (Table 3). Differences in consistency levels between studies may be related to
differences in embryo handling. Tsuiko and Tobler used frozen embryos donated by
patients after treatment, and BF was absorbed after blastocyst resuscitation and
expansion; Tobler’s study [58] specifically suggests that they are not suitable for
clinical use. In contrast, the BF samples of Gianaroli, Magli and colleagues were
obtained from fresh culture cycles and underwent many procedures (PB biopsies,
assisted incubation and blastomere biopsies) that were not performed or relatively
few procedures were performed in other studies. Thus, the observed increased rates
of amplification and concordance may be due to the superior quality of BF obtained
from freshly cultured embryos over frozen embryos or to an increase in the amount
of DNA in the blastocyst cavity resulting from unintentional cell lysis or death during
the procedure. It is also important to point out that the sample size in the Capalbo and
Tsuiko studies was much smaller than that of Gianaroli, Magli and colleagues, so
different results might have been obtained if a larger sample size had been studied.

According to the results of available studies collectively, BF DNA presented a
high percentage of DNA amplification failure. The percentage of blastocyst fluid
samples that successfully underwent whole genome amplification and produced
detectable levels of DNA ranged from 34.8% to 82% [46, 58–60]. The difficulty in
the successful amplification of BF-DNA lies in the small amount of fluid obtained
from the cystic cavity, and the BF volume reported in various studies ranged from
0.3 nl to 1 μl. The volume difference would significantly impact the concentration of
BF-DNA and may impose a negative effect on the efficiency of subsequent amplifi-
cation. Another major reason for failure in BF-DNA amplification would be degra-
dation. The success rate of whole genome amplification was generally much higher
(≥98%) [58, 61] in TE biopsy, which makes BF DNA less suitable as an alternative
source for clinical application [19].
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In addition, blastocyst puncture is still a minimally invasive procedure, as an
ICSI needle is inserted into the blastocyst cavity to extract the fluid. However, with
the presence of amplifiable cfDNA in the BF, the low consistency of the test results
to TE or other gold standards suggests that technical variability may still exist. The
process may accidentally acquire loose cells trapped in the lumen or shed cell
material, resulting in inconsistent test outcomes. Thus, further optimization is
required before using BF DNA for PGT.

3.4 Correlation between BF test results and clinical outcomes

The DNA concentration in the BF was very low, and the total amount varied
greatly between samples, implying that the BF DNA amount could be related to the
developmental status of embryos. In 2019, Magli et al. [60] showed a significantly
higher WGA amplification success rate of BF in aneuploid blastocysts (n = 150,
81%) versus euploid blastocysts (n = 32, 45%), suggesting differences in the quality
or total amount of DNA in the BF of euploidy and aneuploidy embryos. Moreover,
the clinical pregnancy rate was 77% in the group with failed BF amplification and
37% in the group with successful BF amplification when following the clinical
outcome of 53 TE euploid blastocysts. The same trend was found in the rate of
persistent pregnancies in failed and successful amplified BF samples, which were
68% and 31.5%, respectively. These clinical results suggest that the success of BF
amplification may have predictive value for the viability of the corresponding
blastocyst; nevertheless, further validation is required to draw conclude. Given that
the total amount of DNA in the BF is relatively low, combining blastocyst fluid and
culture medium may increase the amount of cfDNA, therefore improving the
amplification success rate and consistency of detection.

4. Problems in the application of cfDNA to PGT-A

Before the large-scale use of SCM in PGT-A, further investigations are needed to
trace the origin of cfDNA and confirm whether cfDNA represents the euploidy of
embryos.

4.1 The origin of cfDNA

At present, there are several opinions about the origin of cfDNA. It is believed
that during embryonic development, cfDNA may be released into the culture media
through cell lysis, apoptosis, cell debris or other mechanisms [19]. In apoptotic cells,
DNA is cleaved to form fragments. These fragment sizes are multiples of approxi-
mately 180-bp oligomers [62]. Zhang’s [46] research shows that the fragments have
two peaks. The first peak had a range of 160–220 bp, whereas the second peak was
broader, ranging from 300 to 400 bp. Bolton et al. [63] found that apoptosis was
frequently observed within the ICM and TE between euploid cells and aneuploid
cells in a mouse model. The results also showed that in aneuploid embryos, the
percentages of apoptotic cells in the ICM and TE were 41.4% and 3.3%, respec-
tively. In euploid embryos, the percentage of apoptotic cells in euploid cells was
19.5% and 0.6%, respectively. If cfDNA mainly comes from apoptotic cells, Bolton’s
and other studies demonstrate that cfDNA mainly originates from the ICM.

Moreover, Victor et al. [51] tracked the development of embryos dynamically
using immunofluorescence technology, especially cell proliferation and apoptosis in
euploid embryos, aneuploid embryos and mosaic embryos. The TE and ICM in
euploid cells showed lower level of activities in both not only in cell proliferation
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but also in apoptosis. Nevertheless, in mosaic and aneuploid embryos, the levels of
the two processes were both higher.

4.2 Maternal contamination

The discordant results in SCM and control embryos were mainly attributable to a
high percentage of maternal DNA in the spent culture media. The Vera Rodriguez
team [41] analysed the SCM and TE results from 56 samples. Among them, 17
embryos were detected as aneuploid or aneuploid males (XY) by TE, while all of
them were detected as aneuploid females (XX) by SCM. When Feichtinger et al.
compared the consistency between the SCM and polar body, the negative control
(SCM of fertilization failure oocytes) was also effectively amplified. Oocytes are
unlikely to abandon their DNA to the culture media. Therefore, this maternal
contamination may come from cumulus cells or other exogenous DNA [36]. How-
ever, contamination may be minimized with the degradation of DNA in vitro by
changing the solution in the sequential culture at D3 and delaying the sampling
time. In sequential culture, if the granular cells before ICSI are not removed
entirely, it is recommended to remove them again during the culture medium
change on Day 3.

To reduce the interference of human judgement, we should develop a calcula-
tion method to eliminate maternal DNA for the purpose of internal quality control.
To confirm whether there was maternal DNA contamination in the embryo
medium, Hammond et al. carried out a short tandem repeat (STR) analysis on
abandoned spent culture media (n = 10), media controls (n = 2) and the
corresponding cumulus cells [64]. Maternal DNA from cumulus cells successfully
amplified all gene loci, but the amount of DNA in the SCM was too small to identify
DNA. STR analysis is a long-range amplification, and highly fragmented SCM DNA
seems unsuitable for this detection. Vera Rodriguez et al. conducted SNP sequenc-
ing of three groups of samples (TE/follicular fluid DNA/embryonic SCM DNA)
from 35 embryos and successfully quantified the proportion of maternal DNA
contamination in SCM [41]. This suggests that SNP detection can be used to
evaluate maternal contamination in SCM.

In addition, considering that the fragment size of cfDNA may be different from
that of maternal contamination DNA, or according to the cleavage characteristics of
cfDNA at the restriction site, it can be considered to identify the target fragment size
and restriction site characteristics, and only analyse the DNA that conforms to the
embryonic DNA. The hypothesis is that there is a DNA amplification and database
construction method that can maintain the characteristics of DNA fragments or
restriction sites, and the original cfDNA template can be amplified with high fidelity.

4.3 Background cfDNA contamination of SCM

Some studies have suggested that another source of exogenous DNA contami-
nation is the low level of background DNA in SCM. In 2017, Hammond et al. [64]
detected low baseline levels of DNA in the base media and protein supplement
components of three commercial culture media. They also detected a copy of
nuclear DNA in the culture media with no previous contact with embryos. Vera
Rodriguez et al. [41] detected DNA quantification using qPCR in 53 spent culture
media and 17 control samples (culture media with no previous contact with
embryos). Then, PGT-A analysis was performed in 56 spent culture media and 11
control samples. The SCM was amplified successfully, and 11 controls generated an
amplification-failure pattern, causing downstream analysis failure. In addition, Li
et al. [35] found that the background DNA of the control culture did not interfere
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with the detection results, and all samples from the same embryo had the same sex
chromosome diagnosis. The results testified that although there was a low baseline of
exogenous DNA in the control SCM, the effect could be ignored due to the small
amount of exogenous DNA. In addition, some commercial media use human serum
albumin (HSA) to improve embryo development. Because HSA can adsorb DNA, the
amount that is added should be controlled within a reasonable range. We suggest that
the blank culture medium should be set as the parallel culture at the same time as
recovering blastocyst culture media for quality control of SCM samples.

5. Prospects

Using SCM cfDNA for PGT-A has become a hot topic in the assisted reproductive
field. The current research focuses on the aneuploidy consistency between cfDNA and
embryos. However, the consistency comparison needs to consider many influencing
factors, such as the definition of consistency, samplingmethods, analysis methods, etc.
We need to reach a certain consensus and standard before making an objective evalu-
ation. Through the summary and introduction of this review, we found that a suitable
sampling time, WB as the gold standard, suitable amplification methods and NGS
platforms may provide the basis for the standardization of non-invasive PGT-A.

In the future, we should develop a standardized and automatic embryo culture
and sample collection system based on the operating habits and culture process of
the embryo laboratory. Meanwhile, we need to combine the sample downstream
detection technology with corresponding software analysis to select the best
embryos, which are those with the lowest probability of chromosomal abnormali-
ties, for transplantation to improve the success rate of the whole IVF-ET cycle. It is
believed that with the development of technology, the realization of automatic
collection and detection platforms, the accumulation of detectable sample sizes, and
the average cost of PGT-A detection on each embryo will be greatly reduced, and it
is encouraging that SCM sample collection and detection will be developed into the
routine process of embryo laboratories.

With the accumulation of data, SCM can be used to develop detection content
for different populations. For the low-risk population with chromosomal abnor-
malities, we can give the risk value of chromosomal abnormalities on chromosome
16, which easily causes abortion, and on chromosomes 13, 15, 18, 21 and X, which
easily cause birth defects. Referring to the NIPT method, the influence, caused by a
proportion of false positive cfDNA, will be reduced. For high-risk populations with
chromosomal abnormalities, such as elderly individuals, the consistency between
SCM test results and embryos is high, and the interference of false-positives is
relatively low. For this group of people, it is recommended to conduct whole
chromosome screening, determine the risk value of chromosomal abnormalities of
each embryo and determine the order of embryo transfer according to the risk
value. For people with clear indications of PGT-A, we suggest that SCM samples be
stored while biopsy samples are collected, especially for the laboratory or biopsy
operator who has just performed biopsy. If there is no result or the result of biopsy
cannot be used, SCM test results could provide remedial measures for the failure of
detection due to sample loss or operation. In addition, for IVF cycles with poor
quality or a small number of embryos, we should minimize the damage of biopsy
operations to embryos and consider the detection of chromosome aneuploidy by
SCM under the premise of full knowledge.

Exogenous contamination of embryos has been a more concerning issue at
present. To improve the accuracy of detection, DNA fragments from embryos
should be identified by differentiated DNA fragment length or linkage analysis in a
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bioinformatics platform. In addition, due to the different fertilization methods of
IVF embryos, researchers have been worried that sperm will interfere with SCM. If
we find a way to eliminate maternal or paternal contamination, it will be supplied to
IVF embryos. We can use this technology to eliminate the problem of chromosome
aneuploidy through non-invasive PGT-A to achieve ideal clinical outcomes for a
wider population.

At the same time, non-invasive PGT detection can try not only for aneuploidy
detection but expand to the comprehensive evaluation on the based on morphology
and take into account the DNA concentration, chimaeric ratio, resolution, consis-
tency with the gold standard and other factors of embryonic SCM. With the accu-
mulation of clinical outcomes, it can also be combined with the clinical data of
patients as an index to predict the clinical outcomes of embryos.

A noninvasive artificial intelligence embryo evaluation model could be
established, which not only provides suggestions for clinicians on the order of
embryo implantation but also provides patients with the most suitable and eco-
nomical detection scheme, ultimately saving time for pregnancy and improving the
overall success rate of IVF-ET.

6. Conclusions

As the findings of non-invasive PGT-A (NIPGT-A) research have been
discussed, and researchers have noticed that the success rate and accuracy of the
test are closely related to the types of culture medium, culturing and methods,
sampling method, detection platform s and gold-standard reference used of detec-
tion. This chapter systematically expounds on how researchers use foetal free DNA
for non-invasive PGT-A detection and thoroughly analyses the factors affecting its
accuracy, possible problems and future application prospects. We hope that it
serves as a good reference for non-invasive PGT-A being widely used in standard-
ized operations before clinical application.
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Acronyms and abbreviations

PGT-A Preimplantation Genetic Testing For Aneuploidy
cfDNA Cell-free DNA
niPGT-A non-invasive PGT-A
IVF-ET In vitro fertilization and embryo transfer
eSET elective single embryo transfer
BCM blastocoel fluid and spent culture medium
SCM spent culture media
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BF blastocoel fluid
gDNA genomic DNA
mtDNA mitochondrial DNA
TE trophectoderm
NICS-INST Non-invasive chromosome screening: an improved MALBAC

whole genome amplification (WGA) strategy
PGT-SR Preimplantation Genetic Testing for Structural Rearrangement
WGA whole genome amplification
MDA multiple displacement amplification
MALBAC multiple annealing and looping-based amplification cycles
NICS Non-Invasive Chromosome Screening
ADO allele dropout
NGS next-generation sequencing
WB whole blastocyst
CNV copy number variations
aCGH array-based comparative genomic hybridization
ICSI Intracytoplasmic sperm injection
PB Polar body
STR short tandem repeat
SNP single nucleotide polymorphism
HSA Human serum albumin
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Abstract

This chapter will be an ethical analysis on challenging situations surrounding 
oocyte cryopreservation treatment in young healthy women. There has been always 
a complicated interaction between technology and changing societal values. This 
ethical discussion is not on whether or not oocyte cryopreservation in itself is ethi-
cally justifiable. Through a comprehensive literature review, this chapter discusses 
some ethical aspects that have emerged since oocyte cryopreservation was applied 
for the first time. Through a practical approach, this chapter address ethical uncer-
tainties presenting case studies, ethical questions and terms, existing arguments 
in favor and against oocyte cryopreservation; and examine the individual patient’s 
beliefs, perception and opinions.

Keywords: Egg freezing, Oocyte cryopreservation, Non-medical reason, 
Reproductive technology, Ethics

1. Introduction

Fertility preservation is a recent technology that provides the possibility to 
maintain reproductive ability to women who either face the risk of infertility for 
medical treatments or want to postpone childbearing for possible age-related fertility. 
The majority of users of Fertility Preservation technology are women who for cancer 
therapies receive chemo and radiotherapy that can cause infertility [1–3]. However, 
there are more conditions that required medical treatment can damage reproductive 
cells such as autoimmune diseases and myelodysplastic syndromes. Women affected 
by X trisomy, X-fragile, premature ovarian failure (POF) based on genetic origin 
as in Turner syndrome mosaicism, and syndrome, are another group that fertility 
preservation could help them [4]. Finally, the last group of women who can benefit 
from fertility preservation are those who wish to preserve and store oocytes for non-
medical purposes. This procedure is called with various names such as elective egg 
freezing; social egg freezing, and planned oocyte cryopreservation also known as OC.

The first successful result of OC technique was a baby has born from a previ-
ously frozen oocyte in 1896, in the US [5]. Until 2012 OC has been classified 
as experimental by the ASRM but after a review of the scientific literature the 
Committee announced that the success rate of in vitro fertilization (IVF) using 
fresh eggs and frozen eggs are positively similar, so that they removed the experi-
mental label from OC treatment. In addition, the existent studies about the health 
of babies born from frozen eggs did not prove a remarkable congenital anomalies 
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raise when compared with other IVF babies [5]. However, while the ESHRE, ASRM 
and Ethics Committee approved the use of OC for Medical reasons (mostly patients 
affected by cancer therapies) [5, 6]. they declined the use of OC for healthy women 
who wish to avoid age related fertility decline for postpone the maternity (for social 
reasons). In spite of not being recommended OC for non-medical reasons because 
of insufficient data on “safety, efficacy, ethics, emotional risks, and cost-effective-
ness” the number of women seeking OC for social reason as well as the numbers of 
clinics offering OC technique have been increasing [7–9].

One year after removing the experimental label from OC, ASRM published 
an article in their website in which they explained about how healthy women can 
benefit from OC technique to postpone childbearing [10]. This article declared that 
although this new medical technique is improving, it raises “ethical issues involving 
evaluation of evidence, balancing benefits and harms, supporting patient auton-
omy, avoiding conflict of interest, and promoting advances in health care” [10].

This chapter addresses the ethical issues that arise when OC is used by women 
whose goal is to protect their ability to have children in the future apart from 
an immediate threat from gonadotoxic therapy. This ethical discussion is not on 
whether or not oocyte cryopreservation in itself is ethically justifiable. Through a 
comprehensive literature review, this chapter argues some ethical uncertainties, 
ethical questions and terms, existing arguments in favor and against oocyte cryo-
preservation; and examine the individual patient’s beliefs, perception and opinions.

2. Ethical uncertainties

The OC technology improvement itself was not the only reason for women’s 
interest to postpone childbearing. In many countries, the number of women who 
defer childbearing to their thirties has been rising [11]. For decades, women have 
been having children at older ages due to substantial lifestyle changes worldwide. 
By 1970, the average age of the first childbirth increased to around thirty years old, 
which at that time was the last chance to try for motherhood. With increasing knowl-
edge about women’s reproduction and fertility, since 1980 more women started to 
have children at 40–45 years old [12, 13]. Among all the reasons that affected this 
social change, access to education and increasing participation at workplace were 
the most significant. Since for women the age range (20s and 30s) in which they can 
peruse their education and improve their social position is also the same period of 
being optimal fertile (20s and early 30s) and starting to weakening at late 30s [14].

Terms such as “postponing the maternity” or “delay childbearing” are often used, 
which refers to the idea that the most important women’s duty “motherhood” is at 
risk and if they do not accomplish this responsibility they are blamed to be selfish 
and irresponsible [15]. While studies show that, many women face conflicts in their 
life because the optimal moment for educational and professional improvement 
coincides exactly with when their reproductive system is in its best condition. Other 
issues such as partnership and economic situation has been also reported as other 
barriers on women’s path for childbearing at younger age. Many women who wanted 
to have children find themselves in an inacceptable economic condition or not having 
an adequate partner [16–19]. Finally, what seems like a delay might be a consequence 
of the extensive and continuous overestimation of female reproductive potential 
with age and the capacity of reproductive treatments to recover the potential [20].

Given these societal and personal reasons for late reproduction, a biological 
treatment emerges because the older women are the higher risk of failure to con-
ceive as both the quantity and quality of the oocytes decreases, while chromosomal 
abnormalities causing fetal abnormalities increases. Men’s age also affects fertility 



113

You Have a New Super Power: Ethics of Oocyte Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98392

and offspring health, although not until men are older, age 40 or 50. For both men 
and women, the more time passes before they reproduce, the risk of some disorders, 
life circumstance, or accident may affect their fertility or abnormality in offspring.

Traditionally women, who wish to become a mother at younger ages, had the 
possibility to undergo IVF with donor oocytes, when they face oocyte quality problem 
or other diseases. Planned OC offers a further option for women in this condition, if 
they have previously stored their own oocytes, might help them to become mother. 
Compared with using donor oocytes, planned OC provides benefits such as genetically 
related with the off spring. Although planned OC ultimately will be ineffective in some 
percentage of cases, it will allow some women and couples who otherwise would have 
had to forego biological parenthood the chance to have genetically related children.

With this background, let us consider some of the ethical arguments in favor 
and against oocyte cryopreservation. A wide range of viewpoints on planned OC 
have been presented by researchers and commentators [21–27], while several com-
mentators raise questions and concerns about planned OC, most conclude it should 
be available to women who are fully informed and wish to use it [24, 26].

2.1 Arguments supporting oocyte cryopreservation by healthy women

In 2012, the European Culture of Human Multiplication and Embryology 
(ESHRE) validated a plan to safeguard the richness of arranged OC [28]. The main 
advantage of planned OC is that it provides reproductive autonomy, by giving 
women greater number of reproductive options. There are several contributors 
to this argument. First, by giving women time to flourish in their education and 
careers, planned OC reduces the pressure of the ‘ticking biological clock’ and the 
pressure of having a child when the woman is not yet financially, emotionally, or 
situationally ready [17, 29–31]. Although all these factors are obvious benefits, recent 
research suggests that the lack of a partner is one of the main reasons a woman 
preserves her oocytes compared to other reasons [27, 32]. While oocyte freezing at 
a younger age gives the best chance to preserve oocyte quality, critics argue that an 
overreliance on genetic parenthood using this method might negatively impact and 
even stigmatize parents from pursuing other, more traditional options [15, 33].

The second strong argument for promoting planned OC is to give more control 
to women with regards to their preserved gametes compared to frozen embryos. In 
the case of embryos, which already has genes from the egg and the sperm, a divorce 
or separation could result in a partner retracting consent. This leads to additional 
difficulties on the clinical, emotional and legal front, which can be avoided by 
freezing individual gametes.

Thirdly, oocyte freezing is a more acceptable option for those who are not 
comfortable with preserving embryos due to moral and religious reasons [27, 34]. 
Indeed, some theologists trust ovarian cryopreservation and subsequent autologous 
transplantation later in life as morally acceptable because it does not rely on IVF 
for procreation [35]. Furthermore, women are allowed a possibility of having a 
genetically related child even if they do not have a partner when the oocytes are 
preserved. Hence, even though embryo cryopreservation is the more established 
procedure, women prefer oocyte preservation because of the independence it gives 
them from their partner [36].

It is to be noted that oocyte cryopreservation in this context is not performed 
in response to the onset of disease; rather, it is meant as protection against future 
infertility. The benefits of oocyte conservation by women are comparable to the 
cryopreservation of sperm by men, however, the costs, physical demands and the 
risks of the two procedures are completely different. Nevertheless, men face far less 
criticism when trying to preserve their future fertility compared to women [19].
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A few authors note that planned OC may increase social justice by removing 
the obstacles that women face when planning for a family due to their shorter 
reproductive windows. Planned OC can minimize the burden of career and educa-
tion that women face in their most fertile period and can extend their reproductive 
timeframe. Although this could significantly contribute to equality between men 
and women, this is currently not the case because of low uptake of the process in 
certain populations [19, 21, 28]. It is possible to postulate that women would feel 
and act equal to men if given the choice to extend their reproductive age. This could 
eventually mean women becoming mothers at 50 or 60 years of age, while currently 
they face biological constraints around the age of 40 [37].

Critics argue that advanced maternal age could be detrimental to children as 
older parents could have lesser energy to look after young children and might die 
before the children grow into young adults [31, 38]. However, preliminary data 
shows that most women actually plan on using their frozen oocytes in their 40s, and 
would rarely consider becoming parents in their 50s or 60s, mainly because of the 
higher risks to health that women face in advanced maternal age [30].

Interestingly, women who do become parents at an advanced age report that 
they have less pressures of establishing a career and more financial freedom, which 
gives them more time to focus on their family and enjoy parenthood [39]. Indeed, 
there is no conclusive evidence to show that younger mothers are better mothers, 
and more empirical data collected through longitudinal studies on children will help 
answer this. Nevertheless, a strong argument against older mothers is that women 
play important roles as grandmothers, and advanced maternal age would prevent 
children from enjoying social contact with their grandparents [38].

2.2 Arguments opposing oocyte cryopreservation by healthy women

A major hurdle in the advancement of routine oocyte cryopreservation is its 
safety [40], in addition to potential repercussions for future children and for 
mothers who choose pregnancy at older age. Several precautions should be taken, as 
there is a high level of uncertainty, with extra discretion applied when cryopreserv-
ing oocytes. There is currently not much data surrounding the harm to the health 
of children born from frozen oocytes, however; early reports suggest that these 
children do not have adverse health outcomes compared to children born without 
these interventions [41, 42].

Indeed, the Ethics Committee of the American Society for Reproductive 
Medicine lays out several arguments that planned OC is potentially safer than OC 
before gonadotoxic therapy in response to disease, because the patient is not already 
suffering from a serious disease nor are they delaying treatment due to fertility 
concerns [19]. Interestingly, ovarian hyperstimulation syndrome, the most common 
risk of OC, is actually decreased when the OC is planned because there is no embryo 
transfer once the stimulation cycle is finished. Additionally, it has been shown that 
the use of gonadotropin-releasing hormone agonist triggers can lead to a further 
reduction in the risk of ovarian hyperstimulation when they are used with gonado-
tropin releasing hormone antagonist cycles [43].

The committee hypothesizes that data on the long-term safety and efficacy of 
planned OC is not widely available because of the time involved in patients return-
ing to use their cryopreserved oocytes and in the time it takes for the children 
derived from those oocytes to grow up. Additionally, the process of vitrification for 
easy cryopreservation was only recently adopted.

Another strong argument against the use of OC is the ‘false hope’ that the pro-
cedure might offer to women who are planning their future children [40]. Although 
the technique is undergoing significant advancements, live birth rates with 
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cryopreserved oocytes are still low and this is difficult to predict before a pregnancy 
progresses. This, in addition to the fact that OC does not guarantee success for a 
future pregnancy, poses a significant risk for waste of resources both in terms of 
time and money [27, 44]. The emotional wellbeing of a woman is also under threat 
when she relies on this technique for her reproductive goals.

In all, the committee strongly believes that a woman must make an individual 
choice when it comes to using planned OC after assessing the risks involved and the 
benefits derived from the procedure. This ‘false security blanket’ issue is especially 
relevant when planned OC is thought of as an ‘insurance policy’ for women who 
want to bear children in the future, which can pose problems when women develop 
an overreliance on this technique for their reproductive goals. However, the concern 
of overreliance assumes without prior evidence that women will dismiss other 
available options such as reproduction or immediate marriage, just because of 
cryopreserving oocytes [15].

Education and informed consent are the best ways to address patient misun-
derstanding of the success rates of planned oocyte cryopreservation. Towards this, 
physicians and other healthcare professionals involved in the process must observe 
restraint when describing the technique to avoid giving false hope. However, when 
there is a risk of overreliance on any one method of conception, it is common for 
patients to struggle in their decision-making process. It is important to present 
appropriate medical counseling to these patients and it is imperative for the health-
care provider to place trust in the patients’ capability to make an informed decision 
when all information is duly presented. Essentially, patient choice should not be 
removed because of physician bias in underestimating their capabilities. More 
research into this topic will be crucial to address these biases.

Current research is looking to address questions about the number of oocytes, 
classified by age and hormone levels, that are needed to have a higher chance of a 
successful pregnancy using those oocytes [45–47]. It is important that this data is 
relayed to patients. For instance, if a woman knows that when is 38 years old she 
needs to store 25–30 oocytes in order to stand a chance of having one child, she is 
better informed and not falsely over reliant on the procedure [47–49].

Another downside of planned OC are its costs, which are usually paid out-of-
pocket by women, with multiple cycles adding to the expense even more [45]. As 
discussed previously, OC is sometimes the only option for women who undergo 
social freezing, and for couples who cannot undergo embryo freezing due to 
ethical and/or religious beliefs. There are also countries where embryo freezing is 
prohibited through legislation. Even though embryo freezing is typically covered 
by insurance providers, this is not the case for elective oocyte freezing. This is 
partly fuelled by the position of the ASRM, which still does not encourage oocyte 
cryopreservation for personal elective reasons but promotes OC for cancer and 
other medical indications by removing the term ‘experimental procedure’ from its 
recommendations [50].

In most of the western world, especially in Europe and the United States, the 
cost of a single cycle of egg freezing is between $10 000–15 000. Understandably, 
the procedure has faced a lot of criticism regarding the cost-effectiveness of the 
technique. Indeed, the costs are not only limited to the retrieval and storage of 
oocytes. After the patient decides to use the frozen oocytes, IVF needs to be used 
to promote embryo formation. Recent research suggests that direct IVF concep-
tion at the age of 40 years is more-cost effective when compared to cryopreserv-
ing oocytes at 35 years followed by IVF at 40 years [51, 52]. In contrast, another 
study that developed a cost-effectiveness algorithm shows that the highest cost–
benefit is obtained when the oocytes are cryopreserved when women are 37 years 
of age [53].
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Recent findings also suggest that only 10% of women who opted for planned 
OC for social reasons came back to use them for a pregnancy [54]. This indicates 
that the associated costs are not being realized in most cases. Elective oocyte 
banking does not come with the financial advantages of oocyte freezing for medi-
cal purposes, which are often discounted through compassionate donations from 
specialized pharmacies or are supported through organizations raising funds for 
cancer patients. Additionally, many countries do not recognize the right of a woman 
to reproduce through this method and view OC as an elective procedure similar 
to plastic surgery for cosmetic purposes rather than a medical necessity. The high 
costs associated with OC and IVF and these social restrictions contribute to women 
missing chances to safeguard their future fertility.

Although some large companies have started offering planned OC as a health 
benefit [55], they are still very few to make a difference in a majority of women’s 
lives. Planned OC is likely an option only for a small percentage of women, which 
would result in the benefits of education, career and life-stability available only to 
these privileged women. Indeed, there are concerns raised about the inequitable 
societal consequences of planned OC.

The committee also discusses a related issue in its opinion on OC before gonado-
toxic therapy – and suggested that a person cannot be denied having an offspring 
because of their potentially shortened lifespan because of disease. However, this 
does not mean women can carry pregnancies without concerns about maternal age. 
Several studies show that the mother and baby are at increased risk with an increase 
in the age of the pregnant woman [56–58].

Moreover, children may undergo psycho-social trauma as a result of having an 
older mother compared to traditional reproductive options [38, 44]. Women should 
be made aware of these risks when they consider cryopreserving their oocytes [59].

Next, it is important to hypothesize the social implications of planned OC 
if it were to become mainstream. Although generally thought of as increasing 
women’s choices and giving reproductive freedom, it could reduce their repro-
ductive autonomy by not giving importance to the social structures surrounding 
female biology [33, 38, 40]. Moreover, there is a risk of social expectations shifting 
to pressure women into freezing their eggs if they want to have biologically or 
genetically related children while pursuing a successful career [34]. Taken these 
into account, what first appeared as a way of empowering women to take control 
of their reproductive choices by giving them the freedom to pursue their dreams 
without the constraints of a biological clock could turn into a tool that unknowingly 
oppresses them [33]. This future would see women having less of a choice in their 
reproductive journeys, and would be socially compelled to become a parent later in 
life because they have the choice to do so, and in the worst case, would be expected 
to refrain from parenthood completely [34]. Although this seems extreme, societal 
structures have evolved around oppressing women before and this can happen 
again. For planned OC to work successfully, measures need to be in place to ensure 
that the reproductive autonomy of women is maintained while achieving equality, 
without relying on “medicalization”, which is a tendency to seek medical answers to 
social problems [28].

Therefore, as noted by several ethicists, an important question to answer is 
‘who should be qualified to offer these services’? [60]. The amount of time, money, 
expectations and emotions that social freezing patients involved in the cryopreser-
vation of gametes go through must be taken into consideration. Achievable stan-
dards need to be in place to guide organizations offering cryopreservation and those 
advertising such services. Indeed, OC has been marketed to healthy women for a 
few years, even though there are safety and efficacy concerns surrounding it [61]. 
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Studies from Spain and USA report that many clinics fail to sufficiently educate 
clients for them to make a well-informed decision [61, 62].

Another concern raised with respect to planned OS is the uncertain ownership 
of the gamete. Human eggs have become widely sought-after in the assisted repro-
duction of infertile women, which has led to a market of women selling their own 
eggs to egg banks for money [63]. This system could exploit young women who are 
looking for ways to make money.

A related concern with planned OC and ownership relates to the disposition of 
gametes in the case of an accidental death or when the donor succumbs to a disease. 
An important question that should be addressed with patients is how the oocytes 
should be disposed of in case the biological owner dies. Although this issue is raised 
with patients that are undergoing fertility preservation for medical reasons such as 
cancer therapy, this should also be an important topic of discussion with patients 
that are preserving their oocytes for reasons that are not medical.

Additionally, ownership must also be made clear in cases where donors become 
ill or impaired cognitively that raises concerns over assisting them in their repro-
ductive goals. Moreover, some women may not agree to policies that govern their 
ability to give their cryopreserved eggs to third parties or to donate it to research 
and teaching. Another point of interest is that ASRM does not support the use of 
frozen gametes for the donor’s relatives if the donor dies, even if biological owner 
specially requests it [46]. This is, however, possible in some countries. Details of 
cryopreservation such as how long the frozen eggs can be used, and who uses these 
eggs need to be discussed at the time of consent; this also requires specific policies 
adopted by clinics and legislation.

Finally, a major hurdle facing OC, especially for patients cured by cancer is the 
morality of a child born to a mother who has a deadly disease. This can be catego-
rized into four major concerns: shorter lifespan of the mother, a recurrence of the 
cancer or other medical conditions that will be detrimental to the mother’s health, 
the health of children born to women who froze their oocytes after starting gonado-
toxic treatment, and a genetic disposition of cancer from the mother carrying 
over to the child. Eventually, provisions must be made for parenting and financial 
responsibilities in case a single woman uses her cryopreserved oocytes at an older 
age or after treatment for a fatal disease.

3. Individual patient’s beliefs, perception and opinions

The concept of freezing eggs as a potential method of preserving fertility has 
been analyzed from various viewpoints and social science disciplines. The profile 
of patients who would use this technology and their reasoning behind using it are 
all being explored [64–67], As shown previously, most women who want to freeze 
their eggs are single and already have a decline in their fertility and the amount of 
eggs [67]. They choose to freeze their eggs because of a variety of reasons, impor-
tant among them the physical, economical, structural, and personal factors. Indeed, 
it was found that women chose to freeze eggs because of the absence of conditions 
crucial for pursuing motherhood, and not because of the presence of any dominant 
reasons [68]. Interestingly, there have been investigations into fertility preserva-
tion and the attitudes surrounding it in several countries [69–74]. The majority of 
studies point towards an increasing acceptance of these technology which correlates 
with an increase in knowledge about them [70, 72].

These studies indeed provide necessary insights into the attitudes of women 
towards specific aspects of the freezing process especially from medical and 
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social viewpoints. Three major viewpoints of women regarding egg freezing is 
detailed below.

Owner of their life: This group of people identify women as being responsible 
for their own reproductive life, and is often associated with being a viewpoint 
that emphasizes an individual’s choice without disturbances from outside factors. 
Although the right to reproduction is of utmost importance to these women, they 
are generally indifferent towards policies that intervene to facilitate being children 
at a younger age. This viewpoint assumes that egg freezing is a potential option for 
claiming their right to having a child.

Policy change requester: In this group of people, the predominant viewpoint is 
that assistant reproduction with technology is often unwarranted, especially for 
reasons that are not medical. It emphasizes on policies being enacted to ensure the 
wok-life balance of women. This viewpoint perceives policy chance as the only 
successful way of improving the conditions necessary to facilitate having a child 
and bringing them up.

Need for social information: This group of people need a debate on a societal 
scale. This point of view approves the use of egg freezing for both medical and 
non-medical purposes. The viewpoint encourages social debate to understand these 
questions in more detail and do not support the idea of a ‘right’ to have a child in 
this context. This viewpoint hence associates OC as a legitimate and responsible 
option to support socio-cultural changes and is not supportive of unnecessary 
regulatory intervention.

This final section details the challenges that assistive reproductive technologies 
face in the context of what is the traditional path to pursuing life and parenthood. 
For instance, women do not have access to infertility care or options for assistive 
reproductive technologies in several European countries [75].

Certainly, another important example is the utilization of parental leave. It is 
well established that men generally under-utilize parental leave while women take 
longer leaves of absence from work to care for young children. This also translates 
into more women with children switching to part-time work in order to facilitate 
the careers of men [76]. Although these balances and imbalances in family and 
career are acknowledged in all the viewpoints discussed above, it is perceived dif-
ferently in all of them.

Viewpoint one focused on individual and autonomous choices with regards 
to fertility and did not care to venture into understanding policy interventions. 
Alternatively, viewpoint two was strongly in favor of restrictions placed on repro-
ductive technologies with a preference for changing policies to facilitate good 
work-life balance. Finally, viewpoint three promoted social debate with respect 
to egg freezing, while disapproving regulatory interventions regarding the same. 
These varying viewpoints on who is responsible for their choices and how it should 
be regulated reflects on ideas of autonomy and maternalistic tendencies.

Indeed, the current standing of the authorities on the subject through a litera-
ture review suggests that it is important for a physician to prioritize autonomous 
choices compared to maternalistic tendencies [28]. However, it is important to note 
that viewpoints that favor these maternalistic attitudes often prevail.

Interestingly, there are several different perspectives on how egg freezing and 
gender equality are related. These different viewpoints suggest that freezing of eggs 
can be used a tool to eradicate gender inequality and the discrimination that women 
face. In fact, viewpoint three perceives egg freezing as a responsible choice keeping 
in line with changes in the socio-cultural landscape. This correlates well with the 
thoughts of Carroll [66], who framed this as “enacting responsible reproductive 
citizenship”. However, despite these positive changes that egg freezing can be 
responsible for, it is imperative to not view it is as the solution for social injustices 
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to women [31]. Understandably, it is important to not restrict access to egg freezing 
based on these debates; however, it is imperative that legislation and employers 
attempt to address the real reasons behind the need for delayed childbearing for 
working mothers [28].

Certainly, the literature suggests that it is the diversity of viewpoints surround-
ing egg freezing that is responsible for controversies compared to the technology 
of egg freezing itself. Women who decide to freeze their eggs not only deal with all 
the ethical issues surrounding this technology, but also have to deal with changing 
opinions and viewpoints on this practice in their daily life. Some of these include 
being pressured to freeze their eggs to be a “responsible citizen”, an unrealistic 
understanding of the success rates of such procedures, and the stigma they face 
when faced with stereotypes in their environment [15, 77].

Therefore, it is important to understand that while egg freezing certainly holds 
benefits for women by relieving them from the pressure of the biological clock, it 
could be harmful in other ways by psychologically impacting their experience based 
on societal expectations [78]. These points need to be considered together when dis-
cussing egg freezing. It is also crucial to understand not only the opinion of women 
but also that of men and other groups of people who might contribute to further 
controversies in the decision-making process of a woman.

4. Discussion and conclusion

Several challenges that assistive reproductive technologies face stems from cer-
tain misconceptions regarding their use and a lack of understanding the power and 
limitation of these technologies. Adding to these challenges are dishonest marketing 
campaigns overestimating the success of these procedures, a difference in success 
rates in different clinics and a misunderstanding of the process involved in the 
procedures. There is an imminent need for oversight and regulation of this technol-
ogy and marketing because enthusiastic entrepreneurs target women at cocktail 
parties and other informal events to convince them to “freeze their eggs” before it’s 
too late, suggesting that “smart women freeze” and the others miss out. These state-
ments and marketing strategies are ethically and morally unacceptable, especially 
when women are not provided the complete picture with regards to the costs, time 
and risks involved and the low success rates of the procedure which is typically not 
covered by insurance. Information such as the number of cycles to freeze enough 
eggs, the cost involved in each cycle of cryopreservation, including the medications 
and time involved, the cost of storage of eggs per year, the age-related decrease in 
success rates of the procedure, the cost of the use of future eggs with intracyto-
plasmic injection of the sperm, the risk to the women of ovarian hyperstimulation 
syndrome occurring as a result of ovarian stimulation and the side effects, and more 
importantly the chance that there will be no baby at the end of the risky procedure 
should all be communicated to the patient in clear terms to facilitate them making 
an informed decision. These discussions should also involve the fate of the gametes 
in case of death, disease, disability or if the donor decides to not personally use the 
gametes. Patients that are already confused with the options available to them will 
need to be guided into the system by developing trust and by portraying transpar-
ency through standardization of care. Otherwise, there is a risk that they will be 
further confused by the deluge of information available and might withdraw from 
options available to them. Finally, there is an urgent need for a change in the cur-
riculum when training OB/GYN residents and primary care physicians to include 
information about fertility decline and the options available to couples and women. 
To eventually promote successful reproductive decision making in patients and to 



Infertility and Assisted Reproduction

120

Author details

Leila Mohammadi*, Silvia Martinez and Daniel Aranda
Open University of Catalonia, Barcelona, Spain

*Address all correspondence to: limohammadi@uoc.edu

respect the rights of autonomous choices of women, it is important that OB/GYNs 
can provide the necessary knowledge for them to make an informed decision.

Conflict of interest

The authors declare no conflict of interest.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



121

You Have a New Super Power: Ethics of Oocyte Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98392

References

[1] Gidoni Y, Holzer H, Tulandi T, 
Tan SL. Fertility preservation in patients 
with non-oncological conditions. 
Reproductive biomedicine online. 2008 
Jan 1;16(6):792-800. DOI: 10.1016/
S1472-6483(10)60144-7

[2] Noyes N, Melzer K, Druckenmiller S, 
Fino ME, Smith M, Knopman JM. 
Experiences in fertility preservation: 
lessons learned to ensure that fertility 
and reproductive autonomy remain 
options for cancer survivors. Journal of 
assisted reproduction and genetics. 2013 
Oct;30(10):1263-1270. DOI: 10.1007/
s10815-013-0066-2

[3] Dolmans MM, Manavella DD. Recent 
advances in fertility preservation. 
Journal of Obstetrics and Gynaecology 
Research. 2019 Feb;45(2):266-279. DOI: 
10.1111/jog.13818

[4] Gidoni Y, Holzer H, Tulandi T, 
Tan SL. Fertility preservation in patients 
with non-oncological conditions. 
Reproductive biomedicine online. 2008 
Jan 1;16(6):792-800. DOI: 10.1016/
S1472-6483(10)60144-7

[5] of the American TP. Mature oocyte 
cryopreservation: a guideline. Fertility 
and Sterility. 2013 Jan 1;99(1):37-43. 
10.1016/j.fertnstert.2012.09.028

[6] Practice Committee of the American 
Society for Reproductive Medicine. 
Fertility preservation in patients 
undergoing gonadotoxic therapy or 
gonadectomy: a committee opinion. 
Fertility and Sterility. 2013 Nov 
1;100(5):1214-1223. DOI: 10.1016/j.
fertnstert.2013.08.012

[7] Goldman KN, Labella PA, Grifo JA, 
McCulloh D, Noyes N. The evolution of 
oocyte cryopreservation (OC): 
longitudinal trends at a single center. 
Fertility and Sterility. 2014 Sep 
1;102(3):e164-e165. DOI: 10.1016/j.
fertnstert.2014.07.563

[8] Mucowski SJ, Bendikson K, 
Paulson R, Chung K. Current utilization 
status of cryopreserved oocytes in the 
United States. Fertility and Sterility. 
2014 Feb 1; DOI: 101(2):e31-2. 10.1016/j.
fertnstert.2013.11.116

[9] Argyle CE, Harper JC, Davies MC. 
Oocyte cryopreservation: where are we 
now?. Human reproduction update. 
2016 Jun 1;22(4):440-449. DOI: 10.1093/
humupd/dmw007

[10] Ethics Committee of the American 
Society for Reproductive Medicine. 
Planned oocyte cryopreservation for 
women seeking to preserve future 
reproductive potential: an Ethics 
Committee opinion. Fertility and 
sterility. 2018 Nov 1;110(6):1022-1028. 
DOI: 10.1016/j.fertnstert.2018.08.027

[11] Jones B. Lord Winston labels egg 
freezing an ‘expensive confidence trick’. 
BioNews. 2009 Jul;515.

[12] Mathews TJ, Hamilton BE. First 
births to older women continue to rise. 
US Department of Health and Human 
Services, Centers for Disease Control 
and Prevention, National Center for 
Health Statistics; 2014.

[13] Cedars MI. Introduction: childhood 
implications of parental aging. Fertility 
and sterility. 2015 Jun 1;103(6):1379-
1380. DOI: 10.1016/j.
fertnstert.2015.04.011

[14] CECOS Fédération, Schwartz D, 
Mayaux MJ. Female fecundity as a 
function of age: results of artificial 
insemination in 2193 nulliparous women 
with azoospermic husbands. New 
England Journal of Medicine. 1982 Feb 
18;306(7):404-406. DOI: 10.1056/
NEJM198202183060706

[15] Mertes H. The portrayal of  
healthy women requesting oocyte 
cryopreservation. Facts, views & vision 



Infertility and Assisted Reproduction

122

in ObGyn. 2013;5(2):141. https://www.
ncbi.nlm.nih.gov/pmc/articles/
PMC3987355/

[16] Barclay E. More women are freezing 
their eggs, but will they ever use them? 
NPR, November 25, 2015.

[17] Barritt J, Luna M, Sandler B, 
Duke M, Copperman AB. Elective 
oocyte freezing for the preservation of 
fertility. DOI: 10.4236/ojog.2012.21005

[18] Lemoine ME, Ravitsky V. 
Sleepwalking into infertility: the need 
for a public health approach toward 
advanced maternal age. The American 
journal of bioethics. 2015 Nov 
2;15(11):37-48. DOI: 10.1080/15265161. 
2015.1088973

[19] Petropanagos A. Reproductive 
‘choice’and egg freezing. Oncofertility. 
2010:223-235. DOI: 10.1007/978-1- 
4419-6518-9_17

[20] Goldman KN, Grifo JA. Elective 
oocyte cryopreservation for deferred 
childbearing. Current Opinion in 
Endocrinology, Diabetes and Obesity. 
2016 Dec 1;23(6):458-464. DOI: 
10.1097/MED.0000000000000291

[21] Goold I, Savulescu J. In favour of 
freezing eggs for non-medical reasons. 
Bioethics. 2009 Jan;23(1):47-58. DOI: 
10.1111/j.1467-8519.2008.00679.x

[22] Cobo A, García-Velasco JA. Why all 
women should freeze their eggs. 
Current Opinion in Obstetrics and 
Gynecology. 2016 Jun 1;28(3):206-210. 
DOI: 10.1097/GCO.0000000000000269

[23] Petropanagos A, Cattapan A, 
Baylis F, Leader A. Social egg freezing: 
risk, benefits and other considerations. 
CMAJ. 2015 Jun 16;187(9):666-669. DOI: 
10.1503/cmaj.141605

[24] Rabinowitz A. Why egg freezing is 
an impossible choice. Nautilus. 
2015 Mar;22.

[25] Schattman GL. Cryopreservation of 
oocytes. New England Journal of 
Medicine. 2015 Oct 29;373(18):1755-
1760. DOI: 10.1056/NEJMcp1307341

[26] Spar D. Should you freeze your 
eggs? Marie Claire 2015.

[27] Robertson JA. Egg freezing and egg 
banking: empowerment and alienation 
in assisted reproduction. Journal of Law 
and the Biosciences. 2014 Jun 1;1(2):113-
136. DOI: 10.1093/jlb/lsu002

[28] Pennings G, ESHRE Task Force on 
Ethics and Law including, de Wert G, 
Shenfield F, Cohen J, Tarlatzis B, 
Devroey P. ESHRE Task Force on Ethics 
and Law 12: oocyte donation for non-
reproductive purposes. Human 
Reproduction. 2007 May 1;22(5):1210-
1213. DOI: 10.1093/humrep/dem025

[29] Bernstein S, Wiesemann C. Should 
postponing motherhood via “social 
freezing” be legally banned? An ethical 
analysis. Laws. 2014 Jun;3(2):282-300. 
DOI: 10.3390/laws3020282

[30] Gold E, Copperman K, Witkin G, 
Jones C, Copperman AB. P-187: a 
motivational assessment of women 
undergoing elective egg freezing for 
fertility preservation. Fertility and 
Sterility. 2006 Sep 1;86(3):S201. DOI: 
10.1016/j.fertnstert.2006.07.537

[31] Harwood K. Egg freezing: a 
breakthrough for reproductive 
autonomy?. Bioethics. 2009 
Jan;23(1):39-46. DOI: 10.1111/j. 
1467-8519.2008.00680.x

[32] Donnez J. Introduction: fertility 
preservation, from cancer to benign 
disease to social reasons: the challenge 
of the present decade. Fertility and 
sterility. 2013 May 1;99(6):1467-1468. 
DOI: 10.1016/j.fertnstert.2013.03.040

[33] Stoop D, van der Veen F, Deneyer M, 
Nekkebroeck J, Tournaye H. Oocyte 
banking for anticipated gamete 



123

You Have a New Super Power: Ethics of Oocyte Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98392

exhaustion (AGE) is a preventive 
intervention, neither social nor 
nonmedical. Reproductive biomedicine 
online. 2014 May 1;28(5):548-551. DOI: 
10.1016/j.rbmo.2014.01.007

[34] Wunder D. Social freezing in 
Switzerland and worldwide--a blessing 
for women today?. Swiss medical 
weekly. 2013;143. https://serval.unil.ch/
resource/serval:BIB_5CC0C719FF00.
P001/REF.pdf

[35] ESHRE Task Force on Ethics and 
Law, including, Dondorp W, de Wert G, 
Pennings G, Shenfield F, Devroey P, 
Tarlatzis B, Barri P, Diedrich K. Oocyte 
cryopreservation for age-related fertility 
loss. Human reproduction. 2012 May 
1;27(5):1231-1237. DOI: 10.1093/
humrep/des029

[36] Peccatori FA, Azim HA, Orecchia R, 
Hoekstra HJ, Pavlidis N, Kesic V, 
Pentheroudakis G. Cancer, pregnancy 
and fertility: ESMO Clinical Practice 
Guidelines for diagnosis, treatment and 
follow-up. Annals of oncology. 2013 Oct 
1;24:vi160-70. DOI: 10.1093/
annonc/mdt199

[37] Sparrow R. Reproductive 
technologies, risk, enhancement and the 
value of genetic relatedness. Journal of 
medical ethics. 2014 Nov 1;40(11):741-
743. DOI: 10.1136/medethics- 
2013-101807

[38] Pennings G, Mertes H. Ethical issues 
in infertility treatment. Best Practice & 
Research Clinical Obstetrics & 
Gynaecology. 2012 Dec 1;26(6):853-863. 
DOI: 10.1016/j.bpobgyn.2012.04.002

[39] Kennedy J. Yes, I froze my eggs, but 
am I a victim of a new fertility racket. 
The Guardian.[Cited 2015 Feb 18]. 
Available: http://www. theguardian. 
com/commentisfree/2014/oct/19/
why-i-froze-my-eggs-at-such-a-
cost. 2015.

[40] McDougall R. Systematic reviews in 
bioethics: types, challenges, and value. 

Journal of Medicine and Philosophy. 
2014 Feb 1;39(1):89-97. DOI: 10.1093/
jmp/jht059

[41] Lahdenperä M, Lummaa V, Helle S, 
Tremblay M, Russell AF. Fitness benefits 
of prolonged post-reproductive lifespan 
in women. Nature. 2004 Mar;428(6979): 
178-181. https://www.nature.com/
articles/nature02367

[42] Johnston J, Zoll M. Is freezing your 
eggs dangerous. A primer. New 
Republic. 2014 Nov 1:1-5.

[43] Practice Committee of the American 
Society for Reproductive Medicine. 
Prevention and treatment of moderate 
and severe ovarian hyperstimulation 
syndrome: a guideline. Fertility and 
sterility. 2016 Dec 1;106(7):1634-1647. 
DOI: 10.1016/j.fertnstert.2016.08.048

[44] Noyes N, Porcu E, Borini A. Over 
900 oocyte cryopreservation babies 
born with no apparent increase in 
congenital anomalies. Reproductive 
biomedicine online. 2009 Jan 
1;18(6):769-776. DOI: 10.1016/
S1472-6483(10)60025-9

[45] Devine K, Mumford SL, 
Goldman KN, Hodes-Wertz B, 
Druckenmiller S, Propst AM,  
Noyes N. Baby budgeting: oocyte 
cryopreservation in women delaying 
reproduction can reduce cost per live 
birth. Fertility and sterility. 2015 Jun 
1;103(6):1446-1453. DOI: 10.1016/j.
fertnstert.2015.02.029

[46] Mesen TB, Mersereau JE, Kane JB, 
Steiner AZ. Optimal timing for elective 
egg freezing. Fertility and sterility. 2015 
Jun 1;103(6):1551-1556. DOI: 10.1016/j.
fertnstert.2015.03.002

[47] Goldman RH, Racowsky C, 
Farland LV, Munné S, Ribustello L, 
Fox JH. Predicting the likelihood of live 
birth for elective oocyte 
cryopreservation: a counseling tool for 
physicians and patients. Human 



Infertility and Assisted Reproduction

124

reproduction. 2017 Apr 1;32(4):853-859. 
DOI: 10.1093/humrep/dex008

[48] Doyle JO, Richter KS, Lim J, 
Stillman RJ, Graham JR, Tucker MJ. 
Successful elective and medically 
indicated oocyte vitrification and 
warming for autologous in vitro 
fertilization, with predicted birth 
probabilities for fertility preservation 
according to number of cryopreserved 
oocytes and age at retrieval. Fertility 
and sterility. 2016 Feb 1;105(2):459-466. 
DOI: 10.1016/j.fertnstert.2015.10.026

[49] Allen R. Is egg freezing only for 
white women. New York Times. 
2016 May;21.

[50] Hodes-Wertz B, Druckenmiller S, 
Smith M, Noyes N. What do 
reproductive-age women who undergo 
oocyte cryopreservation think about the 
process as a means to preserve fertility?. 
Fertility and sterility. 2013 Nov 
1;100(5):1343-1349. DOI: 10.1016/j.
fertnstert.2013.07.201

[51] Rebar RW. Social and ethical 
implications of fertility preservation. 
Fertility and sterility. 2016 Jun 
1;105(6):1449-1451. DOI: 10.1016/j.
fertnstert.2016.02.002

[52] Pfeifer S, Gldberg J, McClure R, 
Lobo R, Thomas M, Widra E. Practice 
committees of American Society for 
Reproductive Medicine; society for 
assisted reproductive technology. 
Mature oocyte cryopreservation: a 
guideline. Fertil Steril. 2013;99(1):37-43.

[53] van Loendersloot LL, 
Moolenaar LM, Mol BW, Repping S, van 
der Veen F, Goddijn M. Expanding 
reproductive lifespan: a cost-
effectiveness study on oocyte freezing. 
Human reproduction. 2011 Nov 
1;26(11):3054-3060. DOI: 10.1093/
humrep/der284

[54] Linkeviciute A, Peccatori FA, 
Sanchini V, Boniolo G. Oocyte 

cryopreservation beyond cancer: tools 
for ethical reflection. Journal of assisted 
reproduction and genetics. 2015 
Aug;32(8):1211-1220. DOI: 10.1007/
s10815-015-0524-0

[55] Mertes H. Does company-sponsored 
egg freezing promote or confine 
women’s reproductive autonomy?. 
Journal of assisted reproduction and 
genetics. 2015 Aug;32(8):1205-1209. 
DOI: 10.1007/s10815-015-0500-8

[56] Sauer MV. Reproduction at an 
advanced maternal age and maternal 
health. Fertility and sterility. 2015 May 
1;103(5):1136-1143. DOI: 10.1016/j.
fertnstert.2015.03.004

[57] Nekkebroeck J, Stoop D, Devroey P. 
O-036 A preliminary profile of women 
opting for oocyte cryopreservation for 
non-medical reasons. Human 
Reproduction. 2010 Jun;25  
(20100600). https://oce.ovid. 
com/article/00004683-201006001- 
00043/HTML

[58] von Wolff M, Germeyer A, 
Nawroth F. Fertility preservation for 
non-medical reasons: controversial, but 
increasingly common. Deutsches 
ärzteblatt international. 2015 
Jan;112(3):27. https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC4321210/

[59] Ethics Committee of the American 
Society for Reproductive Medicine. 
Oocyte or embryo donation to women 
of advanced reproductive age: an Ethics 
Committee opinion. Fertility and 
sterility. 2016 Oct 1;106(5):e3-e7. DOI: 
10.1016/j.fertnstert.2016.07.002

[60] Stoop D, Maes E, Polyzos NP, 
Verheyen G, Tournaye H, 
Nekkebroeck J. Does oocyte banking for 
anticipated gamete exhaustion influence 
future relational and reproductive 
choices? A follow-up of bankers and 
non-bankers. Human reproduction. 
2015 Feb 1;30(2):338-344. DOI: 10.1093/
humrep/deu317



125

You Have a New Super Power: Ethics of Oocyte Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98392

[61] Provoost V, Tilleman K, D’Angelo A, 
De Sutter P, de Wert G, Nelen W, 
Pennings G, Shenfield F, Dondorp W. 
Beyond the dichotomy: a tool for 
distinguishing between experimental, 
innovative and established treatment. 
Human Reproduction. 2014 Mar 
1;29(3):413-417. DOI: 10.1093/
humrep/det463

[62] Jackson S, Hong C, Wang ET, 
Alexander C, Gregory KD, Pisarska MD. 
Pregnancy outcomes in very advanced 
maternal age pregnancies: the impact of 
assisted reproductive technology. 
Fertility and sterility. 2015 Jan 
1;103(1):76-80. DOI: 10.1016/j.
fertnstert.2014.09.037

[63] Hirshfeld-Cytron J, Van 
Loendersloot LL, Mol BW, Goddijn M, 
Grobman WA, Moolenaar LM, 
Milad MP. Cost-effective analysis of 
oocyte cryopreservation: stunning 
similarities but differences remain. 
Human reproduction. 2012 Dec 
1;27(12):3639-. DOI: 10.1093/
humrep/des343

[64] Inhorn MC, Birenbaum-Carmeli D, 
Birger J, Westphal LM, Doyle J, 
Gleicher N, Meirow D, Dirnfeld M, 
Seidman D, Kahane A, Patrizio P. 
Elective egg freezing and its underlying 
socio-demography: a binational analysis 
with global implications. Reproductive 
Biology and Endocrinology. 2018 
Dec;16(1):1-1. DOI: 10.1186/
s12958-018-0389-z

[65] Kılıç A, Göçmen İ. Fate, morals and 
rational calculations: freezing eggs for 
non-medical reasons in Turkey. Social 
Science & Medicine. 2018 Apr 1;203:19-
27. DOI: 10.1016/j.socscimed.2018. 
03.014

[66] Carroll K, Kroløkke C. Freezing for 
love: enacting ‘responsible’reproductive 
citizenship through egg freezing. 
Culture, health & sexuality. 2018 Sep 
2;20(9):992-1005. DOI: 10.1080/ 
13691058.2017.1404643

[67] Gürtin ZB, Morgan L, O’Rourke D, 
Wang J, Ahuja K. For whom the egg 
thaws: insights from an analysis of 10 
years of frozen egg thaw data from two 
UK clinics, 2008-2017. Journal of 
assisted reproduction and genetics. 2019 
Jun;36(6):1069-1080. DOI: 10.1007/
s10815-019-01429-6

[68] Mohammadi L, Aranda D, 
Martínez-Martínez S. The narratives of 
fertility clinic’s websites in Spain. 
Profesional de la Información. 2019 Mar 
8;28(2). DOI: 10.3145/epi.2019.mar.19

[69] Wennberg AL, Rodriguez- 
Wallberg KA, Milsom I, Brännström M. 
Attitudes towards new assisted 
reproductive technologies in Sweden: a 
survey in women 30-39 years of age. 
Acta obstetricia et gynecologica 
Scandinavica. 2016 Jan;95(1):38-44. 
DOI: 10.1111/aogs.12781

[70] Stoop D, Nekkebroeck J, Devroey P. 
A survey on the intentions and attitudes 
towards oocyte cryopreservation for 
non-medical reasons among women of 
reproductive age. Human Reproduction. 
2011 Mar 1;26(3):655-661. DOI: 10.1093/
humrep/deq367

[71] de Groot M, Dancet E, Repping S, 
Goddijn M, Stoop D, van der Veen F, 
Gerrits T. Perceptions of oocyte banking 
from women intending to circumvent 
age-related fertility decline. Acta 
obstetricia et gynecologica 
Scandinavica. 2016 Dec;95(12):1396-
1401. DOI: 10.1111/aogs.13019

[72] O’Brien Y, Martyn F, Glover LE, 
Wingfield MB. What women want? A 
scoping survey on women’s knowledge, 
attitudes and behaviours towards 
ovarian reserve testing and egg freezing. 
European Journal of Obstetrics & 
Gynecology and Reproductive Biology. 
2017 Oct 1;217:71-76. DOI: 10.1016/j.
ejogrb.2017.08.024

[73] Tozzo P, Fassina A, Nespeca P, 
Spigarolo G, Caenazzo L. 



Infertility and Assisted Reproduction

126

Understanding social oocyte freezing in 
Italy: a scoping survey on university 
female students’ awareness and 
attitudes. Life sciences, society and 
policy. 2019 Dec;15(1):1-4. DOI: 
10.1186/s40504-019-0092-7

[74] Schick M, Sexty R, Ditzen B, 
Wischmann T. Attitudes towards social 
oocyte freezing from a socio-cultural 
perspective. Geburtshilfe und 
Frauenheilkunde. 2017 Jul;77(7):747. 
https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5514017/

[75] FMedRÄG. BGBl. 2015.

[76] im Gesundheitswesen O. 
Bundesministerium für Arbeit, Soziales, 
Gesundheit und Konsumentenschutz.

[77] Martin LJ. Anticipating infertility: 
Egg freezing, genetic preservation, and 
risk. Gender & Society. 2010 
Aug;24(4):526-545. DOI: 
10.1177/0891243210377172

[78] Mertes H. Egg banking in 
anticipation of age-related fertility 
decline: using medical technology for 
better, not for worse (Doctoral 
dissertation, Ghent University). https://
biblio.ugent.be/publication/8522913/
file/8522914



127

Chapter 7

Efficiency of Autologous Egg 
Cryopreservation: Eight Years’ 
Experiences and Clinical 
Outcomes
Cassie T. Wang, Xiangli Niu, Qiuyan Ruan  
and Wei-Hua Wang

Abstract

Oocyte cryopreservation is one of the state-of-art technologies in human repro-
ductive medicine, which brings opportunities for women to preserve their fertility. In 
the present study, we analyzed the efficiency and outcomes of 8 years’ autologous egg 
cryopreservation: Frozen oocytes were warmed from 120 cycles and oocyte survival, 
fertilization, blastocyst development, clinical pregnancy, embryo implantation, live 
birth rates and birth weights were collected based on the patients’ ages of <35, 35–37 
and > 37 years old. The details of oocyte cryopreservation and the efficiency were 
further analyzed based on different patient categories. During the study period, 849 
oocytes from 120 cycles were warmed. Oocyte survival, fertilization, and blastocyst 
development were not affected by women’s ages at the time of cryopreservation. 
However, number of patients without blastocyst formation was significantly 
(P < 0.05) higher in patients >37 years old (31.2%) than that in patients <35 years 
old (13.1%). Higher live birth rates were observed in patients <35 (51.1%) and 35–37 
(46.7%) years old than in patients >37 years old (28.6%) after fresh embryo transfer. 
Some patients did not have blastocysts mainly due to low fertilization by poor sperm 
or small number of oocytes warmed. These results indicate that the efficiency of 
oocyte cryopreservation, evaluated by live birth and embryo implantation rates is 
affected by women’s age, number of oocytes warmed and sperm quality.

Keywords: Oocyte cryopreservation, Fertility preservation, Fresh embryo transfer, 
Frozen embryo transfer, Implantation

1. Introduction

Oocyte cryopreservation is one of the state-of-art technologies in human 
assisted reproductive technologies (ART), which provides opportunities for women 
to preserve their fertility. Recently, the demand for oocyte cryopreservation has 
increased significantly, especially in women who want to delay childbearing for 
medical or no medial indications [1–9].

It has been reported that survival, fertilization, embryo development and 
pregnancy rates of cryopreserved/warmed human oocytes are similar to those of 
fresh oocytes, especially in young women and oocyte donors [10, 11]. The rates 
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of chromosomal abnormalities (embryonic aneuploidies), birth defects, or 
developmental deficits in offspring born from cryopreserved oocyte in vitro 
fertilization (IVF) were similar with those from fresh oocyte IVF [12]. However, 
fewer blastocysts were observed when cryopreserved oocytes were used for 
IVF as compared with fresh oocytes in patients who used autologous oocytes 
[13]. Furthermore, large clinical data reported by the Society for Assisted 
Reproductive Technology (SART) in USA indicated that fresh donor oocytes 
produced significantly higher live birth rate than cryopreserved donor oocytes 
[14] and the equivalency between fresh and cryopreserved oocytes still need 
more data to support [15].

As a new technology in human IVF, oocyte cryopreservation is still a challenge 
for IVF laboratories as it adds more laboratory manipulations on oocytes includ-
ing cryopreservation and warming. Furthermore, the optimal time for oocytes to 
be cryopreserved after retrieval and for oocytes to be inseminated after warming 
may be different between patients. Therefore, differences in laboratory protocols 
may make the efficiency different and a case-specific protocol may be necessary to 
obtain the best outcome. More information remains to be collected whether oocyte 
cryopreservation will be widely offered to healthy women at any age as an approach 
to preserve fertility and delay childbirth [16, 17].

More women would like to give birth in their late 30s [4, 18]. However, women’s 
fertility dramatically declines when they reach their late 30s, and further declines 
in their early 40s [4]. This phenomenon increases the demand for women to 
preserve their fertility by oocyte cryopreservation before their fertility declines [4, 
18]. Although fertility preservation could benefit women who have hematologic 
diseases, breast cancer, some pelvic cancers and systematic diseases requiring 
chemotherapy, radiotherapy or bone marrow transplantation [2, 3, 19, 20], most 
users of this technology are healthy women who want to postpone childbearing  
[2, 3, 7, 8, 17, 18, 21, 22].

On the other hand, oocyte cryopreservation is offered not only to women for 
fertility preservation [7, 8, 21–23], it has also been offered to donor banks [24, 25], 
IVF patients as a backup technology. For example, in cases where semen sample 
may not be available on oocyte retrieval day, no motile sperm found in a semen 
sample, or there are not enough motile sperm for insemination of all oocytes 
retrieved. Some patients may produce a high number of oocytes and do not want to 
inseminate all, and some patients may want a limited number of oocytes to be fertil-
ized [23]. Therefore, oocyte cryopreservation is required under various situations. 
Accordingly, the analysis of efficiency of clinical outcomes with cryopreserved 
oocytes becomes difficult.

The efficiency of human oocyte cryopreservation has been widely studied in 
donor oocytes and most data were collected from fresh embryo transfer  
[10, 11, 14, 15]. However, as preimplantation genetic testing for aneuploidies 
(PGT-A) and other genetic testing are very common in human IVF, it is required 
that biopsied embryos for testing are cryopreserved for later frozen embryo transfer 
(FET). Although cryopreservation by vitrification of human embryos from fresh 
oocytes does not affect embryo implantation [26–28], there is still no published 
evidence to address whether cryopreservation of embryos from frozen/warmed 
oocytes disturb embryo implantation or these embryos have a similar implantation 
as fresh embryos. Therefore, in the present study, we compared fresh blastocyst 
transfer and frozen/warmed blastocyst transfer to examine whether double cryo-
preservation (both oocyte and blastocyst cryopreservation) has a similar efficiency 
as single cryopreservation (oocyte cryopreservation) based on women’s ages at the 
time of oocyte cryopreservation.
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2. Methods

2.1 Ethics approval and consent to participate

All patients undergoing oocyte cryopreservation, warming for IVF, embryo  
culture, and embryo transfer signed informed consents for all laboratory and 
clinical procedures. All procedures were approved by Houston Fertility Institute’s 
research and clinical committee. The data were retrospectively collected from the 
medical records and patients’ information were not included in the data presenta-
tion, so the IRB was waived for this study.

2.2 Patients and data collection

Autologous oocyte cryopreservation was assessed in women whose oocyte 
cryopreservation and warming were performed between 2009 and 2017. Women’s 
age at the time of oocyte cryopreservation was divided into 3 groups, <35, 35–37 
and > 37 years old. Based on these age groups, data were compared between fresh 
blastocyst transfer and frozen/warmed blastocyst transfer.

There were mainly three reasons for patients to cryopreserve their oocytes: 1) all 
oocytes were cryopreserved because there was no motile sperm or no semen sample 
being collected at the time of oocyte retrieval; 2) partial oocytes were cryopreserved 
because no enough motile sperm was found to inseminate all of the oocytes, or patients 
required to inseminate a portion of oocytes and purposely required to cryopreserve 
remaining oocytes; and 3) all oocytes were cryopreserved for single women for fertility 
preservation. Therefore, the data were further analyzed based on these three categories.

2.3 Oocyte cryopreservation, warming and insemination

Oocyte cryopreservation and warming were based on the procedures previously 
reported [11] by using commercial vitrification and warming kits (Fujifilm-Irvine 
Scientific, CA, USA). Briefly, for cryopreservation, matured oocytes were vitrified 
4–5 hours after retrieval with initial equilibration of the oocytes in equilibration 
solution (ES) for 9 mins, and then in vitrification solution (VS) for 90 seconds until 
vitrification in Cryotop.

For warming, Cryotops were removed from liquid nitrogen and the tips with 
oocytes were quickly placed in 1 ml thawing solution (TS) at 37°C for 1 min. 
Oocytes were then transferred to 0.5 ml dilution solution (DS) for 3 min and then to 
a 0.5 ml washing solution (WS) for 10 min with a solution change after 5 min. After 
warming, oocytes were washed in Global medium (IVFonline, CT, USA) supple-
mented with 10% serum protein substitute (SPS, IVFonline) and then cultured 
in the same medium until insemination. Oocyte survival was evaluated based on 
morphology after completion of the warming.

2.4  Insemination, fertilization assessment, embryo culture and fresh  
blastocyst transfer

All oocytes were inseminated by intracytoplasmic sperm injection (ICSI) 
2–3 hours after warming. We chose this time for ICSI as it has been reported that 
most functions, such as meiotic spindle recovery, mitochondria activity and ATP 
level recovery in frozen/warmed oocytes, take about 2–3 hours after warming 
[29–31] and it has been found that ICSI time (9 ± 2 h) after oocyte retrieval in the 
vitrified human oocytes does not affect clinical outcomes [32].
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Fertilization was examined 16–18 h after ICSI and normally fertilized 
zygotes were cultured in Global medium supplemented with 10% SPS at 37°C 
in a humidified atmosphere of 5.5% CO2, 6% O2 and balanced nitrogen until 
Day 7 (some patients’ embryo culture was extended to Day 7 if morula or early 
blastocysts were observed at Day 6). On Day 3, embryo cleavage status was 
examined, and all embryos that divided to two cells and above were considered 
as cleaved embryos and were transferred to freshly prepared culture medium. 
On Day 5, embryo development was evaluated and the best 1 or 2 embryos were 
transferred.

2.5 Blastocyst biopsy for PGT-A

Blastocysts were biopsied at Days 5, 6 and 7 for PGT-A in some patients based on 
patients’ requests and FET were performed in these patients if there were euploid 
blastocysts. After biopsy, blastocysts were vitrified individually, and biopsied 
samples were analyzed with DNA microarray or next generation sequencing by 
commercial genetic testing companies.

2.6 Blastocyst vitrification, warming and transfer

Blastocysts were vitrified and warmed using commercial vitrification and 
warming kits (Fujifilm-Irvine Scientific). For vitrification, both ES and VS were 
warmed in original vials at 37°C for at least 30 min before use. Briefly, collapsed 
blastocysts by a laser pulse were equilibrated in 100 μl drop (without oil cover) of 
ES for 2 min, and then 45 seconds in 100 μl drop (without oil cover) of VS (both 
steps were performed on a 37°C warming stage) before loading to vitrification 
devices. The devices were then immersed to liquid nitrogen for vitrification and all 
samples were stored in liquid nitrogen until warming for FET.

For warming, blastocysts were exposed to a TS at 37°C for 1 min, transferred 
to a DS for 3 min and finally to a WS for 10 min with a solution change after 5 min 
at room temperature. After completion of the warming process, blastocysts were 
cultured in Global medium supplemented with 10% SPS for 2–4 h before trans-
fer. For blastocyst transfer, we selected the best quality of blastocyst for transfer 
regardless of Day 5, 6 or 7. However, if the blastocysts had the same quality, Day 5 
blastocyst is preferred than Days 6 and 7 blastocysts. If embryos after PGT-A were 
transferred, we used same embryo selection criteria but only euploid blastocysts 
were transferred.

2.7 Patient preparation for fresh and frozen/warmed blastocyst transfer

All patients for embryo transfer received estradiol orally and transvaginally. 
Intramuscular administration of progesterone oil was initiated at about Day 14 of 
estradiol treatment. Endometrium thickness was measured on the day of proges-
terone administration. Embryo transfer occurred on the sixth or seventh day of 
progesterone administration and progesterone was continued until the first serum 
β-hCG test two weeks after transfer. Pregnancy was assessed 14 days after embryo 
transfer by a serum β-hCG assay. When the β-hCG was >5 mIU/ml, the patients 
were regarded as having a biochemical pregnancy and pregnancies were supported 
by continued estradiol and progesterone. Four weeks after embryo transfer, when 
a gestational sac and a heartbeat appeared ultrasonographically, the patients were 
diagnosed as having a clinical pregnancy. Live birth rates were calculated based on 
healthy baby delivery per transfer.
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2.8 Statistical analysis

Interval data was analyzed by one-way analysis of ANOVA. The differences 
between groups were compared with chi square test. If the P value was less 0.05, the 
difference was considered to be statistically significant.

3. Results

As shown in Figure 1, 849 oocytes from 120 patients were warmed, 61 cycles 
were from women <35 years old, 27 cycles were from women 35–37 years old, and 
32 cycles were from women >37 years old. The resulting blastocysts were either 
fresh transfer (74 cycles) at Day 5 or cryopreserved at Day 5–7 (23 cycles) for later 
FET Twenty-two patients had frozen all blastocysts due to PGT-A, and one patient 
(45 years old) had plan for fresh blastocyst transfer but did not have blastocyst 
at Day 5, so blastocyst transfer was canceled. However, one embryo developed to 
blastocyst at Day 7, so it was frozen and then processed for frozen/warmed blasto-
cyst transfer.

A total of 67 blastocysts from 22 patients were biopsied and 55.2% (37) blas-
tocysts were euploid after PGT-A. Euploid blastocysts in 16 patients and a Day 7 
blastocyst without PGT-A in 1 patient were transferred in FET cycles.

Twenty-three cycles did not have embryo transfer due to no blastocyst forma-
tion, including no fertilization, no cleavage or arrested embryo development before 
blastocyst stage.

Women’s ages at the time of oocyte cryopreservation on post-warming outcomes 
were shown in Table 1. It was found that average numbers of oocytes warmed 

Figure 1. 
Diagram of patient population and cycle information. Patients were grouped based on ages of <35, 35–37 
or > 37 years old at the time of oocyte cryopreservation. Only the first embryo transfer (either fresh or FET) was 
included in the data analysis.
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(7.2 ± 6.0, 7.2 ± 5.5 and 6.7 ± 3.7, respectively), proportions of oocytes survived 
(93.4, 90.8 and 94.9%, respectively), fertilized (71.2, 72.3 and 73.0%, respectively), 
cleaved (95.2, 92.2 and 94.0%, respectively) and developed to blastocysts (56.8, 
54.2 and 49.3%, respectively) were similar (P > 0.05) among patients <35, 35–37 
and > 37 years old. However, cancelation rates, which were determined by no avail-
able blastocyst for transfer were significantly (P < 0.05) higher in patients >37 years 
old (31.2%) than in patients <35 years old (13.1%).

As significant differences in the cancelation rates were present in the three age 
groups, we further analyzed the detailed reasons of the cancelation. As shown in 
Table 2, it was found that oocyte survival after warming did not cause any cancel-
ation, and all patients had survived oocytes after warming. However, cancelation 
was observed in 30.4% (7/23) patients without fertilization after ICSI, in 8.7% 

Age <35 35–37 >37

Cases 61 27 32

No. of oocytes warmed 439 195 215

Mean No. of oocytes 7.2 ± 6.0 7.2 ± 5.5 6.7 ± 3.7

No. of oocytes survived (%) 410 (93.4) 177 (90.8) 204 (94.9)

No. of oocytes fertilized (%) 292 (71.2) 128 (72.3) 149 (73.0)

No. of oocytes cleaved (%) 278 (95.2) 118 (92.2) 140 (94.0)

No. of blastocysts (%) 158 (56.8) 64 (54.2) 69 (49.3)

No. of patients without blastocysts (%)* 8 (13.1)a 5 (18.5) 10 (31.2)b

*No. of patients without blastocysts includes all cases in which oocytes were not fertilized after ICSI, fertilized oocytes 
did not cleave, and cleaved embryos did not develop to blastocyst stage.
abValues are significantly different with different superscripts in the same row, P < 0.05.

Table 1. 
Women’s ages at the time of oocyte cryopreservation on post-warming laboratory outcomes.

Age <35 35–37 >37 Total

No. of cases with no survived oocyte after 
warming (%)

0 (0) 0 (0) 0 (0) 0 (0)

No. of cases with no fertilization after ICSI (%) 5 (62.5) 1 (20) 1 (10) 7 (30.4)

No. of cases with no cleavage after  
fertilization (%)

0 (0) 1 (20) 1 (10) 2 (8.7)

No. of cases with no blastocyst (%) 3 (37.5) 3 (60) 8 (80) 14 (60.9)
*No statistical differences were found between different age groups, P > 0.05.

Table 2. 
Detailed reason analysis of patients without blastocysts*.

No. of oocytes warmed Patients’ age Total

<35 35–37 >37

1–3 4 (50) 1 (20) 3 (30) 8 (34.8)

4–8 3 (37.5) 4 (80) 5 (50) 12 (52.1)

>8 1 (12.5) 0 (0) 2 (20) 3 (13.0)
*No statistical differences were found between different age groups, P > 0.05.

Table 3. 
Relationship between number of oocytes warmed and no blastocyst formation*.
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(2/23) patients without embryo cleavage and in 60.9% (14/23) patients without 
blastocyst development that was the main reason of cancelation. However, no 
statistical differences were found among three age groups.

Age <35 35–37 >37

No. of transfer 45 15 14

No. of clinical pregnancy
(%)

24
(53.3)

7
(46.7)

6
(42.9)

Mean No. of embryos transferred 1.6 ± 0.6 1.8 ± 0.5 1.71 ± 0.47

Implantation rate (%) 39.2 29.6 25.0

No. of live birth
(%)

23
(51.1)

7
(46.7)

4
(28.6)

Mean birth weight (g) 3037 ± 805 3462 ± 674 2856 ± 516
*P > 0.05 in all comparison groups within the same age group between transfers (only fresh embryo transfers were 
compared).

Table 4. 
Women’s ages at the time of oocyte cryopreservation on post-warming clinical outcomes*.

Patient categories All oocyte freezing 
(No motile sperm & no 

sperm)*

Partial oocyte 
freezing**

All oocyte freezing for 
fertility preservation***

No. of cases 37 67 16

Age 35.5 ± 5.7 33.4 ± 4.5 36.8 ± 3.7

No. of oocytes 
warmed

363 336 150

Mean No. of oocytes 
warmed

9.8 ± 5.8a 5.0 ± 3.7b 9.4 ± 4.4a

No. of oocyte survived 
(%)

339 (93.4) 307 (91.3) 145 (96.7)

No. of oocyte fertilized 
(%)

251 (74.0)ab 207 (67.4)b 111 (76.6)a

No. of oocyte cleaved 
(%)

235 (93.6) 194 (93.7) 107 (96.4)

No. of blastocysts (%) 132 (56.2) 112 (57.7) 47 (43.9)

No. of cancelation (%) 5 (13.5) 14 (21.8) 4 (8.7)

No. of transfers 32 50 9

Mean No. embryos 
transferred

1.4 ± 0.8 1.6 ± 0.5 1.7 ± 0.5

No. of clinical 
pregnancy (%)

17 (53.1)ab 18 (36)b 8 (88.9)a

No. of live birth (%) 15 (46.9)ab 18 (36)b 7 (77.8)a

Implantation rate (%) 21/53 (39.6)ab 21/79 (26.6)a 11/15 (73.3)b

abP < 0.05 at least in the same row with different superscripts.
*Semen samples were not able to collect or samples did not have motile sperm, all oocytes were frozen.
**Semen sample had motile sperm but sperm number was not enough to fertilize all of the oocytes or patients wanted 
to fertilize partial oocytes and to freeze the remaining oocytes.
***All oocytes were frozen for fertility preservation.

Table 5. 
Patient categories for oocyte cryopreservation and clinical outcomes.
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As shown in Table 3, when oocyte number (1–3, 4–8 and > 8 oocytes per warm-
ing cycle) and cancelation were analyzed, it was found that no blastocyst formation 
was found in all groups: 34.8% with 1–3 oocytes, 52.1% with 4–8 oocytes and 13.0% 
with >8 oocytes. There is increased tendency that less cancelation was observed if 
more than 8 oocytes were warmed. However, no statistical differences were found 
among three age groups or three oocyte number groups.

As shown in Table 4, when fresh blastocyst transfers were compared in terms 
of clinical pregnancy, mean no. of embryo transferred, embryo implantation, live 
birth and birth weight in three age groups, there were no statistical difference be 
observed although the rates were lower in the patients at age of >37. FET cases in 
each age group were small (7, 3 and 7 cases for age of <35, 35–37 and > 37, respec-
tively), the clinical pregnancies (2, 2 and 2 cases, respectively) and live births (2, 2 
and 2 cases, respectively) were not included in the comparisons.

When the data were analyzed based on three categories of patients for oocyte 
cryopreservation, as shown in Table 5, it was found that the number of oocytes 
warmed and reasons for oocyte cryopreservation had significant impact on clinical 
outcomes. The patients who had partial oocyte cryopreservation had significantly 
(P < 0.05) fewer oocytes to be warmed (5.0 ± 3.7) as comparing with patients who 
had all oocyte cryopreservation, including patients for backup oocyte cryopreser-
vation (9.8 ± 5.8) and women for fertility preservation (9.4 ± 4.4). There was no 
statistical difference in the oocyte survival (91.3–96.7%) among three categories, 
however, significantly (P < 0.05) lower rates in fertilization (67.4 vs. 76.6%), clinical 
pregnancy (36.0 vs. 88.9%), live birth (36.0 vs. 77.8%) and embryo implantation 
(26.6 vs. 73.3%) were observed in patients with partial oocyte cryopreservation as 
compared with women for fertility preservation. Other comparisons, including 
women’s age, cleavage, blastocyst formation, cancelation, and mean no. of embryos 
transferred in all groups did not show statistical differences.

4. Discussion

It has been demonstrated that oocyte cryopreservation does not compromise in 
vitro development and pregnancy rates as compared with fresh oocytes [1, 9–12]. 
Because of its reliability and efficiency, oocyte cryopreservation allows young 
cancer patients to have their oocytes collected prior to the initiation of chemo- or 
radiotherapy for the treatment of various malignant diseases, with the expectation 
of having their oocytes fertilized after recovery [2, 3, 19, 20]. It also would permit 
healthy women to have their oocytes collected and preserved for use in the future 
[4, 7, 8, 16–18] and for donor oocyte bank establishment [24, 25, 33].

It has been found that live birth rate was reduced significantly in women 
>37 years old after fresh oocyte IVF and the reduced live birth rate was mainly 
caused by embryonic aneuploidies [34–37]. Therefore, women’s age at the time 
of oocyte cryopreservation is the most important factor affecting live birth rates. 
Present and previous data [3, 9, 16–18] suggest that women should preserve their 
oocytes before 37 years old if they plan to rely on oocyte cryopreservation to have a 
live birth. However, for the women who are more than 37 years old, it is still possible 
to have their oocytes to be cryopreserved for future use, but success mainly relies on 
oocyte quality and number [3, 9, 13].

In the present study, when we analyzed the efficiency of oocyte cryopreservation 
in women at different age groups, we found that live birth rates can reach to 51.1, 
46.7 and 28.6% in women <35, 35–37, and > 37 years old, respectively, with their first 
embryo transfer (fresh), which is comparable to live birth rates with embryo transfer 
from fresh oocytes in our clinic or other published data [2, 3, 9, 23, 25]. A decreased 
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tendency in live birth rate was observed in women >37 years as compared with women 
≤37 years old. This is true because embryo quality (competence to develop to blasto-
cysts and chromosome status) decreases when women reach >37 years old [37, 38]. 
Even when high quality blastocysts were transferred, embryo implantation rates also 
dropped, which eventually reduced live birth rates. Furthermore, morphological 
assessment of embryos does not always choose chromosomally normal embryos, thus 
high miscarriage rates were found in this population [35, 36]. In the present study, most 
patients had fresh blastocyst transfer without PGT-A. Actually frozen/warmed euploid 
blastocyst transfer after PGT-A did not further increase embryo implantation in all age 
groups in the present study. Similar outcomes have recently been found when embryos 
(with or without PGT-A) from fresh oocytes were transferred [39, 40], especially 
the benefits of PGT-A were not found in patients <37 years old. However, large data 
analysis of pregnancy outcomes in women aged 35–40 years demonstrated a significant 
improvement in clinical pregnancy rate and live birth rate with the use of PGT-A per 
embryo transfer [41]. Thus, it is difficult to explain the differences between reports.

Cancelation is very common in human ART, especially in poorly responding and/
or older patients. In the present study, we cultured all embryos to Days 5–7 to allow 
embryos to develop to blastocyst stage and found that more patients >37 years old 
had to cancel embryo transfer due to lack of blastocyst development than patients 
<35 years old, and this indicates that oocyte quality in older patients are poorer than 
that in young patients. Although number of oocytes is also a reason for cancelation of 
a cycle, oocyte quality may be the main reason. Other factors should also be consid-
ered as the reasons for cancelation. For example, some canceled cycles had previous 
failed IVF cycles with the same cohort of fresh oocytes or had failed cycles due to 
severe male factor infertility. From laboratory results, it was found that no fertiliza-
tion (mainly due to male factor infertility) and no embryo cleavage also caused cycle 
cancelation. Therefore, the reason(s) for cycle cancelation is complicated and multi-
ple factors should be considered to explain the cause of failed blastocyst development.

Blastocyst transfer has been one of the most practical embryo selection strate-
gies in human ART [42, 43], which could reduce number of embryos to be trans-
ferred and multiple pregnancy [43–45]. Our clinic has adopted blastocyst transfer 
for all patients, even in patients with a limited number of oocytes. However, we 
still do not know if pregnancy can be improved by early-stage embryo transfer for 
oocyte warming cycles. As some fertilized oocytes (as high as 10%) did not cleave 
during the culture, it is unknown whether embryo development arrest can be over-
come by transferring early stage of embryos to uterus. It would also be possible that 
embryo arrest is caused by damages of some intra-oocyte structures during oocyte 
cryopreservation and warming, as embryo arrest is less than 1% in human IVF with 
fresh oocytes in our laboratory. Thus, current oocyte cryopreservation and warm-
ing technology needs further improving.

In the present study, we also found that average birth weight and proportions of 
babies with low birth weight after fresh embryo transfer were comparative to aver-
age weight of babies from fresh oocytes [42, 45, 46]. However, low birth weight 
was observed in babies from frozen/warmed blastocyst transfer in the present 
study although there are no statistical differences as compared with babies from 
fresh blastocyst transfer. This is certainly different from those with fresh oocyte 
IVF in which birth weights were higher in babies from FET than babies from fresh 
embryo transfer [47]. Because this is the first time that we noticed the difference 
in birth weight between fresh blastocyst transfer and frozen/warmed blastocyst 
transfer from frozen/warmed oocytes and the case number is also very limited, 
further data collection is necessary to reveal whether low birth weight after 
transfer of frozen/warmed blastocysts resulting from frozen/warmed oocytes is a 
common phenomenon.
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Oocyte cryopreservation has been widely provided to women for various 
purposes. In the present study, we found that the efficiency was different among 
three different patient categories. Women used oocyte cryopreservation as fertil-
ity preservation had higher live birth rate as compared with patients who initially 
underwent infertility treatment. For infertility patients, live birth rates between 
partial oocyte cryopreservation/warming and all oocyte cryopreservation/warming 
were not significantly different although fewer oocytes had less opportunity to have 
a live birth, which was similar as that predicted by other researchers [3], especially 
when cumulated live birth rates were calculated [9].

However, for patient own oocytes, there are many factors, such as age and ovar-
ian and hormone status. Some patients with oocyte cryopreservation may be due to 
lack of (enough) sperm for insemination, thus the time for oocyte cryopreservation 
may be delayed (after insemination of partial oocytes or after waiting for attempt 
of sperm collection). Occyte cryopreservation is usually performed 3–5 h after egg 
retrieval [2, 9, 11], thus it is still unknown whether delayed cryopreservation affects 
oocyte survival, fertilization, and embryo development. We did not examine these 
factors in the present study because the case numbers are very small in each cat-
egory. For these patients, male factor infertility may also affect oocyte fertilization 
and embryo development and implantation.

We found that embryo development is slower with frozen oocytes as com-
pared with fresh oocytes. Recently, Cobo et al. used time-lapse scope to track 
oocyte fertilization and embryo development, they found that pronuclear 
formation is about 1 h delayed in frozen oocytes as compared with fresh oocytes 
[48]. We also found that Day 5 blastocyst rates were lower but overall blastocyst 
rates (Days 5–7) were same between fresh and frozen donor oocytes in a previous 
study [11, 49].

A comprehensive analysis should be done whether an oocyte warming cycle 
can eventually result in a live birth. Many factors, such as oocyte quality, numbers 
of oocytes warmed, previous IVF outcomes, male factor infertility and others, 
should be carefully evaluated because women will rely on cryopreserved oocyte 
IVF to have a live birth in the future. It should be realized that if a fresh oocyte 
IVF cycle fails (no embryo available for transfer after IVF or no live birth after 
embryo transfer), the patients can attempt the second or more cycles to achieve 
a live birth. However, if an oocyte warming cycle fails to have a live birth, it 
may be too late for the patients to attempt the second or more oocyte retrieval 
cycles, especially when women use oocyte cryopreservation as their fertility 
preservation.

5. Conclusions

In conclusion, many factors affect the successful application of oocyte cryo-
preservation for women who want to preserve their fertility. Women’s age at the 
time of oocyte cryopreservation is one of the most important factors to consider. 
Based on our current and previously published data, we can conclude that oocyte 
cryopreservation for fertility preservation can be done at any time during a woman’s 
reproductive age. Similar as fresh oocyte IVF, the overall efficiency of oocyte cryo-
preservation is dependent up on women’s age and reproductive health at the time of 
oocyte cryopreservation.
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Abstract

Infertility is a serious problem of not being able to conceive despite regular 
intercourse for more than a year. Natural conception is seen to be achieved in 
80%–85% of couples. About 15% of couples suffer infertility with male factor 
contributing to almost 50% of cases. Paradoxically, on traditional assessment, the 
underlying etiology of male contribution towards infertility remains unrecognized 
in 30% of the patients and thereby grouped as idiopathic. Diagnostics of male 
infertility cannot therefore be limited to usual semen analysis only. The spectrum 
of the recent research encourages the experts in the field to approach the Clinical, 
Molecular and cytogenetic shades associated with the problem besides second-
ary factors like life style and environment. Clinical assessment sums the medical 
history and physical examination of the affected individual. Molecular and cyto-
genetic analysis help gain new insights in understanding the problem and thereby 
an advantage for a successful assisted reproductive treatment (ART). Given the 
cost and burden ART puts in and prior to application of any invasive techniques, 
understanding precisely the etiology associated with male infertility is essential 
for the fertility specialist to circumvent inefficient or any unproductive steps in 
the fertilization process besides helping in counseling patients on their chance of 
success with the use of reproductive technology.

Keywords: Male infertility, Assisted reproduction, xenobiotics, oxidative stress

1. Introduction

Male infertility is a multifactor problem, the sensitivity of the infertility plus the 
relative paucity of information around male infertility gravitate scientific senses 
to think and extensively explore the aetiologies associated with it [1]. To bring the 
underlying causes to surface one can approach the problem viz-a-viz many different 
contours- Clinical examination, Molecular analysis and cytogenetic assays, life style 
and environmental factors. While standard Clinical assessment sums the medical 
history and physical examination of the affected individual, Molecular analysis help 
gain new insights in understanding the problem and thereby a boon in diagnosis 
[2]. Cytogenetic version that aims to provide the karyotype spectrum of idiopathic 
infertile men precisely provides lead in efficient counseling of couples and further 
gaining the mileage in reproductive assistance [3]. Important to mention here that 
apart from the aforementioned three factors, available data in literature provide evi-
dences of environmental factors playing an instrumental role in male infertility, the 
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natural and synthetic chemicals after interacting with endocrine system disturb fer-
tility of men [3]. With the advance of industrial revolution, Fifty years down the li 
ne has seen a mushroom growth of chemical industries in developed and developing 
countries both. All this has finally resulted in the excessive release of xenobiotics 
into the environment [4]. Male reproductive system is very sensitive to these factors 
(environmental) that impair the fertility. Factors related to life style such as smok-
ing, temperature and alcohol also prove detrimental to male fertility [4]. Oxidative 
Stress (OS) has an important role to play in human reproduction. It arises mainly 
due to excessive ROS production or impaired antioxidants defense mechanism [5].

To squeeze the width of obscurity associated with male infertility and to further 
infiltrate deep in possibility of finding compatibility of causes in resolving the issue 
at assisted reproductive level, the experts of the field have to imperatively rely on 
finding the spots that are even remotely linked to the infertility [6]. All this neces-
sitates the investigation that spans between the congenital, acquired and idiopathic 
factors contributing to the infertility. The research thereby cannot be limited to 
routine investigations that include the semen analysis, hormonal profile and usual 
physical examination.

Looking at this escalating problem from the standard semen analysis, males 
are being considered as unproductive while failing to meet the standard WHO 
parameters, Apart from the possible aetiologies in the likes of oligospermia (low 
sperm concentration), asthenospermia (low sperm motility) and teratospermia, 
(distorted morphology), semen analysis also rules out the possibility of underprivi-
leged semen as the cause of failure of sperm capacitation that ultimately leads to 
infertility [7]. One study at the reproduction Biology laboratory from the university 
Hospital of the Marseille (France) carried between 1988 and 2007, incorporated 
the semen analysis of 10932 male partners of infertile couples figured the declining 
trends in sperm concentration (1.5% /year). Data further mentions the decline in 
sperm count (1.6%/year), total motility (0.4%/year), rapid motility (5.5%/year) 
[7]. In gaining the understanding of infertility, routine examination subscribes to 
the findings that traverses between the cryptorchidism (uni or bilateral), testicular 
trauma, genitourinary infections, gonad toxic medication that includes the anabolic 
drugs, exposure to radiations involving both occupational as well as therapeutics, 
testicular torsions, anorchia, gynaecomastia, abnormal testicular volume and 
varicocele. In evaluation of hormonal profile, men with testicular deficiencies show 
hypergonadotrophic hypogonadism, increased levels of follicle stimulating (FSH) 
and luteinising hormone (LH) with low levels of testosterone. All these play havoc 
on the normal development of spermatogonia thereby prove very detrimental to the 
reproductive health of men [8].

2. Clinical factors and male infertility

Anatomical disorders distract the ability of man to produce viable sperms. 
Fertility centres regularly work with the specialists to diagnose the anatomical 
causes responsible for Male infertility [8]. Some of the common forms of anatomical 
factors include.

2.1 Varicocele

The anatomical issues can surface as varicocele, a condition in which the 
enlargement of testicular veins adversely affects the sperm quality and production. 
In certain cases varicocele can even impair the development of testicles. Varicocele 
can lead to the increased state of the temperature of testes and thereby causes the 
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reflux of metabolites (toxic) of adrenal vein to the left kidney [9]. It is reported that 
40 percent of infertile men have varicocele being diagnosed as the primary reason 
of the ailment.

2.2 Obstruction

Tube blockage is one more reason for the infertility in men. Obstruction in 
the tubes that pave way to the passage of sperm from the testicle to penis can have 
underlying causes like previous infections, pelvic surgeries, and cystic fibrosis 
associated with it. In case a severe duct obstruction is found, patients are advised 
to undergo the invasive procedure like transurethral resection to pave way for the 
normal course of ejaculate besides proving very important for the maintenance of 
sperm parameters [10].

2.3 Erectile dysfunction

Most prevalent reason for erectile dysfunction includes neurovascular problems, 
or psychological factors [11]. The main symptom involves the inability to keep an 
erection firm enough for intercourse. Though, most men experience difficulty 
in keeping the erection but erectile dysfunction is only considered a concern if it 
impairs the satisfactory sexual performance [11]. Erectile dysfunction is usually 
caused by anxiety, fatigue, or consumption of alcohol [12]. Drugs like sildenafil 
are used to raise the blood flow to the penis to aid the cause of the erection [13]. 
Possible causes include the tapering of penis blood vessels, increased blood pres-
sure, raised cholesterol, hormonal issues or even the side effects of the other 
prescribed medicines.

2.4 Hypospadiasis

Another problem associated with the infertile men is hypospadiasis. More 
common in infants with a family history for hypospadiasis [14]. It is a condition 
of opening of penis on the underside rather than the tip. Hypospadasis is a birth 
defect with urethral opening on the underside of the penis instead of being terminal 
[15]. Early symptoms of hypospadiasis can be the downward curve of the penis 
(chordee), baby may spray while urinating. The appearance of hooded penis with 
only the top half of the penis being covered with foreskin [16]. Hypospadiasis 
affects one of every 250 male at birth. Hypospadiasis can be glandular, cornal, distal 
penile,proximal,scrotal or even perineal [17] (Figure 1).

2.5 Orchitis

Orchitis is a condition of the inflammation of the testicles. It can affect one or 
both the testicles. Common cause of orchitis can be a bacteria or a virus, most often 
the underlying cause is the bacterial infection (Sexually Transmitted Infection) 
[18]. Mumps virus can also be the reason of orchitis. Bacterial infection is more 
commonly seen in patients struggling with epididymitis on the hind end of testicle 
intended for the storage and passage of the sperms (epididymo- architis) [19].

2.6 Cryptorchidism

Crptorchidism is a serious developmental disorder while in either one or both 
the testes fail to descend into the scrotum from abdomen [19]. It is the most com-
mon defect of the male reproductive tract pooled in the scientific literature. Almost 
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Figure 2. 
The hormonal role in reproductive development. https://www.urologynews.uk.com/features/features/post/
male-infertility.

3% of full term and 30% of premature infant boys have been reported to born with 
at least one undescended testis. Absent testis from usual scrotal position can be 
present anywhere along the path of the descent, in the inguinal canal, ectopic, hypo 
plastic or dysgenetic.

2.7 Bilateral congenital anorchia

Congenital anorchia often called as prepubertal castrate or vanishing testis 
syndrome. It is a condition with one or both testes absent in the otherwise normal 
male (phenotypically and genotypically) [20]. The prevalence of bilateral congeni-
tal anorchia is reported to be 1 in 20,000 and that of unilateral congenital anorchia 
being 1in 5000 males. Anorchia is a case of absence of testicular tissue, monorchia 
a condition in which only one testis is absent and polyorchia although exceedingly 
rare refers to the presence of one or more supernumerary testis.

Figure 1. 
Hypospadiasis. Image source, Charles G Macias, 2015 (International journal of pediartics endocrinology).
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2.8 Hormonal defects

The reproductive hormone axis of males often called as hypothalamic–pituitary axis 
keeps three important domains. Hypothalamic, pituitary and testicular glands (gonad 
axis) [21]. The axis regularly works to provide the optimum concentration of hormones 
much required for smooth reproductive development of males. Figure 2 sums up the 
role of hormones in the reproductive development of human males. Malfunction of 
this system pave way to infertility. Absence of the normal levels of hormones like GnRH 
leads to the lack of testosterone and is potent enough to cause a group of disorders like 
hypogonadotrophic hypogonadism [22]. One of the common examples in this case is 
Kallman syndrome, linked with impaired sense of smell and immaturity. Another com-
mon defect that occurs in the gonadal axis includes the inability of pituitary to produce 
the required levels of luteinizing hormones and Follicular stimulating Hormone that 
impairs the stimulation of the testes and has direct bearings on the production of the 
sperms and testosterone [23].

3. Life style and male infertility

There has been an association established between the life style factors and 
male infertility. Factors like the dietary measures, smoking, regular exposure to hot 
surfaces, common insomnia, liquor boozing, advanced ages, illicit drugs, obesity 
and prolonged exposure to the mobile phone led electromagnetic radiation play 
vital roles in causing male infertility [4].

3.1 Smoking

Smoking pays heavily with the fertile health of the man. Cigarette has addictive 
ingredients like nicotine, tar, carbon monoxide, polycyclic aromatic hydrocarbons or 
benzene like volatile organic compound besides heavy metals like cadmium and lead 
[24]. Smoking is associated with the deterioration of semen quality. Smokers have 
raised levels of reactive oxygen species (ROS) at levels that can overpower the cell anti 
oxidant defenses [25]. With increase in ROS the spermatozoa is exposed to oxidative 
stress that causes the impairment in the sperm physiology that ultimately ends up in 
infertility. Figure 3 shows the role of ROS in impairing the male infertility. Without the 
activation of (ChK1), the overall decline in sperm repairing is affected by large [26].

It ultimately leads to increase in the sperm apoptosis, thereby compromising 
semen quality. The paternal smoking prior to conception proves an increased risk 
for various developmental disorders in the offspring. During the pregnancy time 
maternal smoking potentially causes severe effects on male offspring fertility by 
lessen the germ cell population.

3.2 Alcohol

Alcohol action on male reproductive system is through hypothalamus- pituitary-
gonadal axis (HPG). Alcohol impairs the production of hormones like GnRH, FSH, 
LH and testosterone besides impairing the function of leydig and Sertoli cells [27]. 
All this leads to the impaired development of spermatozoa. Acute ethanol intake 
affects the testicular Steriodogenic activities; it further has a negative impact on the 
anti oxidant enzyme activities resulting in response to the raised oxidative stress. 
Studies also reveal the link between the alcohol administration by male partners in 
couples facing the primary infertility and sperm Terotogeny. Figure 4 summarizes 
the role of Alcohol in impairing the production of hormones.
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3.3 Drugs

Drugs like Marijuana, narcotics and anabolic –androgenic steroids (AAS) have a 
negative correlation with male infertility [27]. These recreational drugs as we count 
them have adverse impact history on HPG axis, testicular anatomy and sperm func-
tioning. Marijuana Phytocannabinoids obstructs the cannabinoids in binding with the 
cannabinoid and vaniloid receptors that negatively influences the ECS (Endogenous 
cannabinoid system) and thereby consequently impair male infertility [28].

3.4 Anaboilic androgenic steroids

Anabolic Androgenic steroids (AAS) are used by males to boost the sport activity 
or athletic performance. The AAS induced hypogonadism has seen a surge among 
young men over years [28]. Increased levels of Testosterone due to administration of 
AAS imply a negative feedback on hypothalamic –pituitary gonad axis leading to the 
containment of spermatogenesis, testicular atrophy and finally infertility [29].  

Figure 3. 
The effects of smoking on male infertility. Adapted from, Omar Haque Joseph A. Vitale Ashok Agarwal Stefan 
S. du Plessis.

Figure 4. 
The role of alcohol in impairing the production of hormones. Image source, Andrea Sansone reproductive 
biology and endocrinology volume 16, Article Number 3(2018).
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It further results in the transitory Azoospermia with a recovery period of no less 
than two years. Besides inducing the Azospermia, Anabolic Androgenic Steroid 
abuse also promote the failure of libido besides erectile dysfunction.

3.5 Obesity

Despite the advances in understanding the male infertility, studies show the 30% 
of male infertility corresponds to idiopathic sperm abnormalities [30]. Important to 
mention here that a variety of conditions affect semen parameters- Medical condi-
tion like liver failure,renal diseases, cystic fibrosis, chronic obstructive pulmonary 
disease are few names to be mentioned here. The Medical etiologies impact fertility 
and therby causes the effects on hormonal levels, sexual function or testicular 
function and spermatogenesis. In maintaining the quality semen parameters, sexual 
function and fertility potential man’s state of health needs to be optimized by 
large. Obesity is linked with male infertility primarly and mainly due to hormonal 
changes. Bierick et al. has come up with an inverse relationship between body mass 
index (BMI) and testosterone, testosterone to estradiol, ejaculate volume, sperm 
concentration and morphology. In this regard many authors reported higher rates 
of Azospermia and oligospermia among obese men compared with men of normal 
weight. It is also pooled in the literature that couples with a female partner of 
normal BMI and obese male partner are more susceptible to have prolonged time to 
conceive compared with couples with male partners of normal weight. Studies also 
bring on forth that couples with an obese male partner seeking Assisted reproduc-
tive technology (ART) have decreased pregnancy rates and increased pregnancy 
lost mainly because of prevalent DNA fragmentation [31].

Mass Adipose tissue in obese individuals leads to conversion of testosterone to 
estrogen which potentially affects the HPG axis therby causing the reduction in 
the release of gonadotrophin [32]. Apart from this, the raised leptin production 
by white adipose tissue causes the fall in testosterone production. Further studies 
reveal the increased scrotal adiposity as one of the major reasons of testicular heat 
stress and causes oxidative stress. It can potentially impair the spermatogenesis, 
integrity of DNA and sperm-oocyte interaction.

3.6 Diet

Diet plays an instrumental part in maintenance of semen quality. There is amble 
evidence in literature supporting the fact that balanced diet improves the rates of 
semen quality and fecundity in males. Diet can have either the Mediterranean, 
western or prudent composure. While former is enriched with omega-3 fatty acids, 
antioxidants, vitamins and low in saturated and trans-fatty acids [33]. All these are 
collectively and inversely related to the low semen quality. A more prudent diet that 
largely comprises of white meat, fruits and vegetables is positively associated with 
the overall wellbeing of sperms.

4. Environment and male Infertility

Relating environment to the infertility is not a new measure, it is a known fact 
that our environment is contaminated [34]. The natural and synthetic chemicals 
obviously interact with the endocrine system. Studies reveal the potential of some 
substances in inhabiting the specific enzymes in Steriodogenesis like ketoconazole 
and cyanoketone. In the synthesis of epoxy resins and poly carbonate, Bisphenol 
A (BPA) is widely used so is potent enough in causing harm to the fertility in men. 
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BPA is involved in designing of the plastic bottles often used in containers meant 
for beverage and water storage. Acting as a metabolic and endocrine disruptor, BPA 
can imitate the action of endrogen estrogen. Studies mention the presence of partial 
doses leading to the precocious puberty. In some cases even the prostatic hyperplasia 
and low sperm count has been recorded as a result of exposure to bisphenol. The 
other severe factor that is established to be hazardous to the reproductive health of 
men is the exposure to heavy metals. The pooled data  available in literature reveals 
that even the trace concentration due to contaminated water or food can accumulate 
in the body. Surveys reveal the hostility of heavy metals like lead (Pb), Mercury (Hg) 
and cadmium (Cd) with the male reproductive system [35]. It impairs the hypotha-
lamic–pituitary axis therby spermatogenesis that leads to impaired semen quality.

Another risk factor that has surfaced in the scientific literature is agricultural 
related pesticides. Prolonged exposure to the pesticides and other chlorinated hydro-
carbons affects the reproductive system. The very parameters of sperm density and 
motility, mitochondrial DNA, sperm morphology are affected by exposure to these 
chemicals [36]. There have been evidences reported about the enormous risk of 
fetal death from congenital anomalies, particularly where father is having the longer 
exposure to the common agricultural use pesticides. Pesticide exposure affects the 
fertilizing ability of sperm even in men seeking IVF treatment.

5. Genetic factors and male infertility (Y chromosome infertility)

15 percent of male infertility cases have genetic factors associated either with 
the chromosomal abnormality or single –gene mutations. Men with Azospermia 
have reported chromosomal abnormalities in 14% of cases [37]. The most common 
being the Klinefelter syndrome, 47, XXY leads to the impaired spermatogenesis. 
Patients with severe oligozoospermia show translocation, the most common being 
the Robertson and Bilateral translocation. Autosomal inversions are almost eight 
times seen in the men with infertility issues. Y chromosome deletions in the long 
arm region termed AZF mostly occur in Azospermic men. Figure 5 showing the 
AZF region with three zones AZFa, AZFb, AZFc, micro deletion occur in palin-
drome sequences. Y chromosome micro deletion affects the 10% of infertile men 
[1]. Deletion of AZFa results in the sertoli cell phenotype. Intra AZFb deletion is 
prevalent in Azospermic men. Deletions corresponding to AZFc region are most 
severe and can lead to the issues like sertoli cell syndrome and Oligospermia. Some 
gene mutations with pathological syndrome are also involved in the male infertility. 
In cases of severe testiculopathies in infertile men deletions pertaining to the long 
arm on Y chromosome are commonly reported in the available literature.

5.1 Primary ciliary dyskinesia (PCD)

PCD is a blanket term most commonly used to describe a condition of many 
closely related disorders caused due to the impaired motility of Ciliary Structures 
[39]. Although not obligatory but it has been reported in the literature that affected 
males suffer infertility mainly due immotile spermatozoa. Important to mention 
here that Ultra structural defects are mainly due to the absence of dynin arms and 
malformed radial spokes.

5.2 Kartagener syndrome

Men suffering from KS syndrome have joint disorders like bronchiectasis, 
Chronic Sinusitis and Sperm immotility. Kartagener syndrome is often recognized 
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as a subset of a larger Ciliary disorder. In this syndrome the genetic defects leads 
to impaired Ciliary motility mainly responsible for causing recurrent chest and ear 
infection besides infertility has also been reported in the scientific literature [40].

5.3 Persistent mullerian duct syndrome

It is seen during the early embryonic development that regression of Mullerian 
duct is mediated mainly due to the anti-mullerian hormone (AMH) often called 
as Mullerian inhabiting substance (MIS) [39]. Gene for this hormone has been 
mapped to 19p13 and mutations in it can cause the persistent Mullerian syndrome. 
Normally virilised Men with persistent Mullerian duct syndrome show the presence 
of both fallopian tubes and a uterus.

5.4 Aarskog-Scott syndrome

Aarkskog-Scott syndrome is an X-linked recessive disorder with genital, facial 
and skeletal abnormalities. Affected men also possess facial features including 
hypertelorism, eyelid ptosis, irregular auricular shape with prominently broad 
nasal bridge. Other features associated with Aarskog –scott syndrome are cryptor-
chidism, subfertility, mild cutaneous syndactyly [41].

5.5 Kallmann syndrome

Kallman syndrome affected ones show characteristic combination of anosmia 
and hypogonadotrophic hypogonadism [42]. Affected men show impaired secretion 
of GnRH (Gonadotrophic releasing hormone) with low concentration of follicle 
stimulating hormone (FSH) and testosterone. Some other complications of men 
suffering with Kallman syndrome are unilateral renal aplasia, mirror movements 
of extremities and pescavas. Unilateral renal aplasia is a commonly seen in affected 
men, kidney tends to be hypertrophied, ectopic and likely to contract infection. The 

Figure 5. 
Structure of Y chromosome [38].
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inheritance pattern of Kallmann syndrome is X-linked recessive in mo st families. 
Gene corresponding to KS (X –linked) is mapped to Xp22.3 with 200000 bp 
genomic DNA.

5.6 Leydig cell hypoplasia

Development of male genitals begins at the 9th week of gestation. Fetal leydig’s 
cells are stimulated by human chorionic gonadotrophin (hCG) to secrete the male 
sex hormone testosterone [43]. With the progress in the pregnancy towards the 
later stage, the very function of hCG is taken over by luteinizing hormone. Leydig 
cell hypoplasia is a rare disorder in which the fetal leydig’s cells turn insensitive to 
the hCG. It results in the feminization of the external genitials. LHCGR gene with 
eleven exons is found to be involved in it.

5.7 XY gonadal dysgenesis

XY gonadal dysgenesis also called as swyer syndrome. It is a type of hypogo-
nadism with 46,XY karyotype. People with this syndrome have non-functional 
gonads. Affected ones are born with the appearance of a normal female on 
anatomical aspects with an exception of having non functional gonads [42] With 
their body producing no noticeable changes before puberty, defects in repro-
ductive system remains unsuspected until no puberty is evident. Usually they 
are being considered as the girl child until they fail to have menstrual periods 
(primary amenorrhea). Major consequences of XY gonadal dysgenesis if left 
without treament are severe. Deprivation of estrogen in affected ones leads to 
the underdevelopment of breasts and uterus. Gonads miserably fail to produce 
progesterone and thereby lead to the unpredictable menstrual periods. Ovulation 
too is not seen, so conceiving children too is not possible unless and until there is 
an intervention [44].

6. Recent reports

The recent reports suggest the possibilities of undiagnosed but potentially 
treatable defects of male infertility. With adequate investment in the DNA, RNA 
and protein research, the percentage of the patients being classified as cases of 
idiopathic can be brought down.

6.1 Advanced sperm tests

Sperm owe various internal components that are very important for normal 
embryo development and pregnancy in general. Out of these internal features 
DNA is one of the primary to be discussed here, DNA is conventenally used to 
resolve the cause for the infertility when other examination or tests fail to deliver. 
At present, DNA is being evaluated in clinics in two different ways. Determining 
Y chromosome deletions (Y-micro deletion) and screening the appearance or 
chromosome numbers by karyotyping [45]. Only some abnormalities in sperm 
DNA can be diagnosed using these tests. So, additional DNA tests are eqally 
important for proper diagnostics. Other advanced tests analyze DNA: DNA 
fragmentation and oxidative stress. DNA fragmentation assessment can benefit 
couples that have not had success with previous IVF/ICSI cycles or have had 
repeated miscarriages.
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6.2 Magnetic assisted cell sorting (MACS)

Magnetic assited cell sorting help in selecting sperm with high-quality DNA, 
and retrieval of testicular sperm (known as testicular sperm extraction, TESE, or 
testicular sperm aspiration, TESA) to be later used with ICSI (intra cytoplasmic 
sperm injection) [46].

6.3 Male oxidative stress disorder (MOSI)

In case an Oxidative stress is suspected, most often oral antioxidant therapy is 
employed. Both DNA fragmentation and oxidative stress tests are being validated 
by the contemporary studies [47]. This advanced format of sperm testing of DNA 
provides the detailed information towards the understanding of overall health and 
function of the sperms.

6.4 Experimental sperm tests

Diagnostic experimental tests focusing on recently discovered essential sperm 
components are being designed and investigated by scientists [48].

6.5 RNA: sperm transcripts

Sperm head, nucleus, and residual cytoplasm of the sperm are known regions 
that possess RNAs (RNA elements and messenger RNA). Sperm RNA is concerned 
in regulating the epigenetic code of the embryo. Currently no treatment is available 
for defects in the RNAs that can corner the disease, but it does provide an important 
clue in understanding the concern of infertility [49].

6.6 Proteins: sperm proteome

Sperm being transcriptionally and translationally inert cells are always depen-
dent on already existing proteins. Using mass spectroscopy one can identify 
the sperm proteome which can play an important role in determining status of 
male fertility [50]. A Deviant or aberrant expression of sperm proteins influence 
molecular dynamics associated with the overall motility, sperm capacitation, 
acrosomal reaction, and sperm-oocyte interaction in unexplained male infertility 
cases. Identifying deficiencies in the expression or function of any protein may be 
resolved by introducing the protein itself, its DNA, or RNA during ICSI.

6.7 Activation factors

Phospholipase C zeta (PLCζ) an oocyte activation factor in human reproduc-
tive biology, are a type of sperm protein play an crucial role in initiating embryo 
development. Deficiencies in PLCζ can be treated with Ca2+, which increases ICSI 
treatment outcome.

6.8 Clinical prespective

Experts of reproducive health have an important goal while identifying male 
infertility with the use of standard clinical or experimental diagnostics. It includes 
the identification of aberrant anatomical features or treatable causes like oxidative 
stress and DNA fragmentation or any irreversible conditions that could still be 
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treated with ART, defects in the RNA and centrioles. The indepth understanding 
the underlying cause of male infertility may change the course of action for couples 
that have had several rounds of failed ART treatment. Fertility preservation is yet 
another option available where eggs can be freezed to give clinicians the wrist to 
correct the male infertility. As such these future diagnostic tests may be relevant 
even if there are no obvious treatment strategies because it may help the experts 
predict the productivity of ART.

6.9 Y-chromosome microdeletion (YCM)

Genes located in the Y chromosome are involved in important male fertil-
ity related functions like spermatogenesis, endocrine and physiological factors. 
The microdeletions sites are located on q arm of Y chromosome, specifically 
Azoospermia Factor (AZF) region, hence called Yq microdeletions. These dele-
tions are mostly in the form of complete/incomplete, recombination; mutations 
and Copy Number Variations (CNV) and vary in frequency depending on region, 
ethnicity, lifestyles and other epigenetic factors. Available data on thousands of Y 
chromosome analysis reveal that the frequency of microdeletions are affected by 
sample size, selection criteria of subjects, different geographical regions, ethnic-
ity, Oxidative Stress (OS), Deoxyribonucleic Acid (DNA) fragmentation and food 
styles in addition to genetic defects. It has been hence noticed that screening of Yq 
microdeletion is an important criterion and its correlation with spermeograms is 
very necessary to infer degree of infertility in men [51]. Such cases strongly sug-
gested to undergo genetic counseling before adoption of ARTS as deletions increase 
risk of genetic anomalies, low birth weight and congenital malformations in New 
Births (NB) of Intracytoplasmic Sperm Injection and Testicular Sperm Ejaculates 
(ICSI/TESE) adopted cases. Thus, Y deletion evaluation reckons the diagnosis 
of type of male infertility and its prevention in the next generation propagation 
through ARTs.

7. Conclusion

Patients who aspire to seek the reproductive assistance to achieve parenthood 
need to go through a mandatory, systematic clinical screening. The evaluation of 
patients for infertility demands a comprehensive medical history that includes the 
basic physical examination to rule out the possibilities of anatomical constraints 
if any. A review of the past medical record, congenital abnormalities, previous 
conception, environmental exposure besides molecular and cytogenetic assay must 
be taken a serious note of before opting for ART. This chapter is only a small step 
rather a precise attempt towards the understanding of problem of male infertility 
for promising ART.
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Abstract

Sperm capacitation is the key event prior to fertilization. Success rate of  
currently used assisted reproductive technology like in-vitro fertilization is 50% 
dependent on sperm maturation or capacitation. In-vivo capacitation occur almost 
in female reproductive tract in response to various signaling or enzymatic mole-
cules. Interestingly, both early and late events of capacitation are centrally regulated 
by protein kinase A (PKA). Influx of Ca2+ and HCO3-transmembrane drive leads 
to change in pH and intracellular cAMP which ultimately activate PKA regulated 
capacitation. PKA phosphorylates several target proteins that are presumed to 
initiate different signaling pathways. Some divalent heavy metals like lead, mer-
cury, arsenic and cadmium mimic Ca++ entry and its functions and ultimately affect 
capacitation by inhibiting or inducing tyrosine phosphorylation. In this chapter 
we review the mechanism of heavy metals by which they affect the tyrosine phos-
phorylation during sperm capacitation.

Keywords: Tyrosine Phosphorylation, Spermatozoa, Capacitation, Heavy Metals

1. Introduction

Heavy metals are known to be harmful to humans, animals as well as plants in 
large amounts. Heavy metals are distributed throughout the environment from both 
natural sources (inorganic form) and human activities (organic form) and thus 
accumulating in biosphere including humans and animals’ body [1, 2]. Most of these 
non-degradable toxic elements, such as Arsenic (As), Cadmium (Cd), Chromium 
(Cr), Copper (Cu), Mercury (Hg), Nickel (Ni), Lead (Pb), and Zinc (Zn), are listed 
as hazardous contaminants by the EPA [3, 4]. Potential health hazards as toxic 
manifestations and subtle effects of heavy metals are matter of concern because of 
daily and wide-spread exposure of humans and animals’ consequent to their daily 
life. The molecular mechanisms for metal carcinogens are still poorly understood. 
Mercury containing compounds have been used for thousands of years in preser-
vation of various vaccines, treatment of syphilis, skin creams, dental amalgams, 
and extraction of gold [5]. Direct application of cadmium, lead and arsenic in soil 
fertilizers and fungicides, leather tanning, waste-water treatment facilities, paper 
mills and disposal of solid wastes as well as batteries and thermometers in landfills 
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are the chief sources within the environment which may influence animal and 
human health [6]. The cause of male infertility in 50% cases is still not clear; thus, 
it is very important to flash a light on role of heavy metals in infertility [7]. Some 
malformations of male reproductive system, such as cryptorchidism, hypospadias, 
and prostate and testicular cancers may originate from exposure to endocrine 
disruptors [8, 9]. In addition, metals can cause hormonal imbalance by affecting the 
neuroendocrine system, disrupting the secretion of androgens from Leydig cells or 
inhibin-B from Sertoli cells [10]. Evidence also exists linking mercury with erectile 
dysfunction [11, 12]. Loss of libido have been reported in men acutely exposed 
to metallic mercury vapor [13]. Choy et al. [14] did a study in Hong Kong on 150 
infertile couples undergoing In-vitro fertilization versus 20 fertile couples. The 
infertile couples had significantly higher blood mercury levels than the fertile group. 
About 1/3 of the infertile men and 1/4 of the infertile females had high mercury 
levels and they attributed it to seafood consumption. Considering the fact that they 
looked only at blood, fish may have been the culprit. However, fish is not usually 
a major direct source of exposure. Nevertheless, this study reinforces the fact that 
mercury levels need to be investigated when dealing with infertility, both in males 
and females. Evidently, metal dependent and/or species-dependent differences in 
signaling mechanisms seem to exist in mediating toxic effects of metals; however, 
further studies on these aspects are required.

Arsenic is reported in human tissues ranging 100–6000 ppb [15]. Arsenic toxic-
ity has been reported in case of respiratory, dermatological, cardiovascular disorders 
including diabetes and obesity [16–19]. Cd is also reported to have toxic effects 
including endocrine nephrotoxicity, carcinogenity, and neurotoxicity [20–22]. 
These heavy metals affect the these heavy metals effect the molecular mechanism 
of tyrosine kinase that plays a central role in the response of cells to various kinds 
of stresses or growth factors and acts as switch in many cellular functions. For 
example, in regulation of cell proliferation regulation of cell proliferation, differen-
tiation, cell-cycle regulation, and cell signal transduction [23] specifically in cAMP-
dependent pathway, which is a hallmark event of capacitation, that leads to sperm 
hyperactivation which is necessary for fertilization [24]. Dysfunctional tyrosine 
phosphorylation mechanisms linked to abnormal cell signaling, frenzied cell growth 
leading to development of leukemia, lymphoma, multiple endocrine neoplasia type 
2, small lung cancer, breast cancer, and colon cancer [25, 26]. Proteins are building 
blocks of the living systems and alterations in protein function indicate the response 
to abnormal or stress condition [27].

Tyrosine kinase-dependent pathways are mediated by the activities of recep-
tor (RTKs) and non-receptor tyrosine kinases (NTKs) [28, 29]. The RTK are 
transmembrane-spanning receptor and an intrinsic protein and further classified as 
EGF receptor (EGFR), PDGF receptor (PDGFR), FGFR, VEGF receptor (VEGFR), 
while NRTKs act as substrates of RTKs, include Src family members [30] and, 
are classified as SRC, ABL, FAK and Janus kinase [31]. Upon stimulation, RTKs 
undergo autophosphorylation on the tyrosine residues located in their own carboxy 
terminus and induce conformational changes. This enhances kinase activities and 
creates binding sites for cellular substrates through SH2 domain interactions [30]. 
Some proteins which get phosphorylated at tyrosine residue during capacitation are 
A Kinase Anchoring Protein-4, dihydrolipoamide dehydrogenase, pyruvate dehy-
drogenase-A2, glycerol-3-phosphate dehydrogenase-2, pyruvate dehydrogenase, 
and phospholipid hydroperoxide glutathione peroxidase [32–38]. The molecular 
events of the acrosome reaction overlap substantially with those of capacita-
tion, including phosphorylation of similar tyrosine proteins, influx of Ca2+, and 
increased cAMP and PKA levels. The role of ROS in the in-vivo acrosome reaction 
involves the spermatozoa’s actions on ZP via phosphorylation of plasma membrane 



159

Effect of Heavy Metals on Tyrosine Kinases Signaling during Sperm Capacitation
DOI: http://dx.doi.org/10.5772/intechopen.99261

proteins. In-vitro activation of the acrosome reactions (AR) is also reported against 
stressors like heavy metals, O2 −, H2O2, and NO. Cyclic-AMP regulation and Ca2+ 
influx are the key events of capacitation. In-vitro exposure of goat’s spermatozoa to 
mercuric chloride is reported to increase the intracellular Ca2+ release and alter the 
cAMP levels that leads to spontaneous acrosome reaction and inhibition of tyrosine 
phosphorylation [39, 40]. The primary downstream target of cAMP is protein 
kinase-A (PKA), whose activity increases during sperm capacitation [41]. Sperm 
motility stimulant, pentoxifylline (PF) significantly increased sperm hyperactiva-
tion and induced an early onset of sperm capacitation via various cell-signaling 
molecules such as cAMP, Ca2+ and protein kinases in hamsters [42]. Targeted 
disruption of the sperm-specific catalytic subunit, i.e., Ca2+ of protein kinase- A 
(PKA), led to hypo-tyrosine phosphorylation of sperm proteins accompanied by a 
lack of hyperactivation in mice spermatozoa [43].

In mammals, fertilization requires the release of spermatozoa into female 
reproductive tract. After ejaculation, to become fully fertilization competent, 
mammalian sperm must undergo a combination of sequential maturation process 
in female reproductive tract. Austin [44], demonstrated independently that sperm 
acquire fertilization capacity only after residing in the female reproductive tract 
for a finite period of time in a process known as sperm capacitation. Capacitation 
include variations in sperm intracellular ions concentrations, plasma membrane 
fluidity as a result of changes in localization of membrane antigens and removal 
of cholesterol [45]. In particular, capacitation has been associated with a cAMP/
PKA-dependent increase in protein tyrosine phosphorylation [46]. Capacitation 
involves modifications occurring both in the head (i.e., preparation for the acro-
some reaction) and the tail (i.e., motility changes such as hyperactivation) which 
renders sperm to penetrate the egg following acrosome reaction (exocytosis of 
acrosomal contents). The physiological event of mammalian sperm capacitation 
had been recognized for a long time, but the molecular players regulating capacita-
tion are still poorly understood. Interestingly, the process of capacitation can occur 
in-vitro in most species and the conditions required for sperm capacitation in-vitro 
include a balanced salt solution containing appropriate electrolytes concentrations 
(e.g., Na+, K+, Cl−, HCO3−, Mg2+, Ca2+, and PO4 3−), metabolic energy sources (e.g., 
glucose, pyruvate and lactate) which support the high ATP consumption needed for 
motility and serum albumin as a a cholesterol acceptor. The important mediators of 
signal transduction pathways leading to capacitation include cAMP, Ca2+, HCO3−, 
inositol triphosphate (IP3), protein kinase A (PKA), protein tyrosine kinase (PTK), 
phospholipase-C (PLC).

Ca2+ is shown to play a very important role in sperm capacitation and acrosome 
reaction by influencing the activity of sperm adenylate cyclase and PLC [47]. 
Pentoxifylline (cAMP phosphodiesterase inhibitor) causes hyperactivated motility 
of hamster spermatozoa via increasing sperm cAMP level [48]. Inhibition of Protein 
kinase – A (PKA) activity led to an inhibition of cAMP dependent protein tyrosine 
phosphorylation in mice [46] and in hamster [49]. Mice that lack the sperm-specific 
PKA catalytic subunit Cα2, was infertile despite normal mating behavior, and their 
sperm shows defects in motility and capacitation-associated events such as the 
increased tyrosine phosphorylation [43]. This indicates that sperm capacitation and 
protein tyrosine phosphorylation are regulated through a PKA pathway, invoking 
an important role for tyrosine phosphorylation in sperm capacitation. Time depen-
dent increase in protein tyrosine phosphorylation during capacitation has also been 
observed in cauda epididymis sperm [46]. As mature spermatozoa lack de novo 
gene expression, acquisition of fertilization competence is invariably dependent 
on post-translational modifications especially phosphorylation of pre-existing 
structural and intracellular proteins of spermatozoa during capacitation. AKAP4 
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was the first tyrosine phosphorylated protein identified in the humans [50], mouse 
[46] and hamster species [51]. The lack of AKAP4 gene expression results in loss of 
progressive sperm motility, leading to male infertility [52]. Similarly, tyrosine phos-
phorylated form of AKAP-3 recruits PKA to the sperm flagellum changing protein 
phosphorylation status and increasing sperm motility [53]. Phosphorylated AKAPs 
appears to interact with PKA and facilitate flagellar protein phosphorylation in a 
localization-specific manner. Chaperone protein VCP also undergoes tyrosine phos-
phorylation. VCP is important for membrane fusion, possibly involved in acrosome 
reaction [32, 33]. Dihydrolipoamide dehydrogenase (DHLD) [37], phospholipid 
hydroperoxide glutathione peroxidase (PHGPx) [38] and pyruvate dehydrogenase 
A2 (PDHA2) are among the metabolic-mitochondrial enzymes that are tyrosine 
phosphorylated and are localized to sperm flagellum; the inhibition of DHLD leads 
to decrease in sperm hyperactivation [54]. Calcium-binding tyrosine phosphoryla-
tion-regulated protein (CABYARa) and the Calcium/calmodulin-dependent protein 
kinase IV (CaMKIV) are other tyrosine phosphorylated proteins in humans and 
involved in calcium regulated protein tyrosine phosphorylation of sperm proteins 
[55, 56]. Thorough understanding of capacitation and molecular characterization 
of functionally important phosphorylated sperm proteins is required to benefit 
reproductive strategies, agriculture.

Sperm signaling pathways also required an optimal level of sperm-generated 
reactive oxygen species (ROS) for protein tyrosine phosphorylation [42]. The 
signaling pathway involving protein tyrosine phosphorylation is distinctly associ-
ated with hyperactivated motility during sperm capacitation in mice [46], humans 
[57], and hamsters [34, 35]. The number of Sertoli cells determine the number of 
sperms produced in adulthood, because each Sertoli cell can support only a finite 
number of germ cells that develop into sperm [58]. Cadmium (Cd) is reported to 
cross the blood-testis barrier and induce excessive oxidative stress in Sertoli cells 
leading to necrosis in mice spermatozoa [59]. Cd exposure led to halt the process 
of spermatogenesis and normal testicular development by inhibiting the synthesis 
of testosterone in adult mice [60]. Consequently, Cd caused remarkable drop in 
weight of testes and epididymis, sperm concentration, motility, and synchronously 
an elevation in dead and abnormal sperm [61]. Disruption of spermatogenesis in 
men at any stage of cell differentiation can decrease the total sperm count, increase 
the abnormal sperm count, impair the stability of sperm chromatin or damage 
sperm DNA [62], lowered epididymis sperm count, and testicular weight, aber-
rant chromosome numbers rather than the normal [63], chromosomes break, and 
lowered testosterone levels in male [64, 65]. Metal’s accumulation in epididymis, 
prostate, and seminal fluid may impair progressive sperm motility [66, 67] and thus 
reproductive efficiency. Therefore, in this chapter we have discussed the effect of 
different heavy metals that effect male reproduction with special focus on sperm 
capacitation via a modification in tyrosine signaling mechanisms [68–71].

2. Effect of mercuric chloride on tyrosine phosphorylation

Reproductive toxicity of mercury has been described in several animal studies 
in which sperm motility, epididymal sperm count and normal sperm morphology 
decreased among rats, mice, fish, monkeys and humans after mercury exposure 
[72–75]. Evidence is usually limited to animal data or to in-vitro studies [76, 77]. 
The clinical and epidemiological findings are scarce and controversial, and often 
difficult to interpret because of multiple exposures to different agents and latency 
of effects. Human studies are few and contradictory too [78]. Seminal fluid mer-
cury concentrations are correlated with abnormal sperm morphology and abnormal 
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sperm motility [79]. Furthermore, infertile, and sub-fertile men have higher 
mercury levels than the fertile men [80] and tubular atrophy and Sertoli-cell-only 
syndrome has been observed among infertile patients that have been exposed to 
mercury [81]. Kushawaha et al. [39, 40] reported that in-vitro exposure of mercuric 
chloride (0.031 μg/mL) leads to significant increase in spontaneous acrosome 
reaction, intracellular Ca2+ and cAMP levels, and capacitation failure may be due 
to inhibition of 55, 70, and 80 kDa tyrosine phosphorylation of protein. Proteins of 
80 and 105 kDa are the main substrates for enzymes and are important in acrosome 
reactions [82–84]. Sperm capacitation is a sequential process which involves several 
signaling pathways and ultrastructural changes such as modifications in membrane 
lipid composition, increased permeability to ions [85, 86] and phosphorylation of 
proteins on tyrosine (Tyr), serine (Ser) and threonine (Thr) residues [82, 87–89]. 
The cAMP/PKA-dependent increase in tyrosine phosphorylation of two fibrous 
sheath proteins, p80 and p105 related to A-kinase anchoring proteins (AKAPs), 
is one of the prominent events associated with capacitation [89, 90]. Martinez et 
al. [91] investigated the effects and underlying mechanisms of chronic mercury 
exposure at low levels on male reproductive system of rats. Three-month-old 
male Wistar rats were exposed to 4.6 μg/kg to 0.07 μg/kg/day subsequent dose of 
HgCl2 for 60 days and they found that mercury treatment decreased daily sperm 
production, count, motility, and increased head and tail morphologic abnormali-
ties. Moreover, mercury treatment decreased luteinizing hormone levels, increased 
lipid peroxidation in testis and decreased antioxidant enzymes activities (super-
oxide dismutase and catalase) in reproductive organs. According to the findings 
of in-vitro study by Arabi [92], HgCl2 at 50 to 550 μM concentration affected the 
sperm membrane and DNA integrity, viability, and acrosomal status of normal 
bull spermatozoa. They recorded a sharp increase in lipid peroxidation/LPO rate; 
highest was at 550 μM mercury concentration, indicating the deleterious effect of 
mercury on sperm membrane intactness. There was also a strong negative cor-
relation between LPO rate and % viable spermatozoa. Comet assay study revealed 
that mercury is capable of inducing DNA breaks in sperm nuclei. The correlation 
between LPO rate and % DNA breaks was 0.984 [92, 93]. Oxidative stress seemed 
to be the potential mechanism involved in mercury - induced male reproductive 
toxicity. Kinematic patterns of goldfish Carassiusauratus spermatozoa after mercury 
exposure (100 to 368 μM) studied by Van Look et al. [94]. They reported that 
sperm flagellar length was significantly shortened after instant exposure mercuric 
chloride, while curvilinear velocity (VCL) and the percentage of motile sperm were 
significantly decreased at mercuric chloride concentration of 1 and 10 mg/l (3.68 
and 36.8 μM), respectively. After 24 h exposure to 0.001 mg/l (0.0037 μM) HgCl2, 
flagellar length was significantly reduced in 38% of the spermatozoa. Following 
exposure to 0·1 mg/l (0·37 μM) mercuric chloride for 24 h, however, majority of 
the spermatozoa (98%) had significantly shortened flagella and increased sperm 
head length, width and area. Sperm motility was also significantly decreased at 
0.1 mg/1(0.37 μM) mercuric chloride, probably due to significantly reduced flagel-
lar length at this concentration. Several animal studies indicate that mercury is a 
male reproductive toxicant, but human studies are few and contradictory. Vergilio 
et al. [95] investigated the toxic effects of mercury chloride (1 μM - 30 μM) on testes 
and sperms of tropical fish (Gymnotuscarapo) and showed decrease in the sperm 
count (36.8%) after 20 μM/24 h treatment and subsequent decrease (48.7%) was 
observed after 20 μM/96 h. Hg (20 μM) also altered the sperm morphology in 24 h 
and 96 h where sperm head abnormalities were present.

Mocevic et al. [96] examined semen characteristics and serum levels of repro-
ductive hormones in relation to environmental exposure to mercury. Blood and 
semen samples were collected from 529 male partners of pregnant women living in 
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Greenland, Poland and Ukraine between May 2002 and February 2004 [97]. Total 
content of mercury in whole blood was 9.2 ng/ml in Greenland (0.2–385.8 ng/ml), 
1.0 ng/ml in Poland (0.2–6.4 ng/ml21) and 1.0 ng/ml in Ukraine (0.2–4.9 ng/ml). 
They found a significantly positive association between blood levels of mercury 
and serum concentration of inhibin B in men from Greenland (β = 50.074, 95% 
confidence interval (CI) = 50.021 to 0.126) and in an analysis including men from 
all three regions (β = 50.067, 95% CI = 50.024 to 0.110). The association may be due 
to beneficial effects of polyunsaturated fatty acids (PUFAs), which are contained 
in seafood and fish. No significant association (P < .0.05) was found between blood 
concentrations of mercury and any of the other measured semen characteristics 
(semen volume, total sperm count, sperm concentration, morphology and motil-
ity) and reproductive hormones (free androgen index (FAI), follicle-stimulating 
hormone (FSH), luteinizing hormone (LH), testosterone and LH3 testosterone) in 
any region. These findings did not provide evidence that environmental mercury 
exposure in Greenlandic and European men with median whole blood concentra-
tion up to 10 ng/ml had adverse effects on biomarkers of male reproductive health. 
Overall, studies have found that mercury accumulates in testes, inhibits enzymes 
necessary for sperm production, affects DNA in sperm, causes aberrant number 
of chromosomes in cells, and induces chromosomes breaks; all of which can cause 
infertility, spontaneous abortion, or birth defects. From the foregoing scientific 
data it is apparent that mercury is a metal of great global concern and has the 
potential to alter reproductive functions in males thus, still further investigation on 
protein phosphorylation during capacitation are warranted.

3. Effect of cadmium (Cd) on tyrosine phosphorylation

Cd possesses oxidation state +2 just like mercury and calcium with half-life 
of 15–30 years with low execration rate. It can accumulate into the non-smoking 
population via fumes, dust, contaminated food and water and it is widely use in 
cancer drugs [98, 99]. Tobacco plant absorbs Cd specially into leaves which is then 
used in smoking [100]. Apart from this 0.5 mg of Cd is radially reported into per kg 
fertilizer which is then accumulate into the fruits, vegetables and grains [101, 102]. 
Cd is reported to accumulate in various tissues via bloodstream [103]. Ca shows a 
high affinity toward sulfhydryl (–SH and GHS) and disulphide groups (-S-S) of 
the proteins and result in increased production of ROS [104]. Epigenetic changes 
like DNA methylation are reported to associated with the in-vivo Cd exposure in 
three-month-old rats. Short time exposure of Cd for 24 h–1 week induces hypo-
methylation, while longer times (8–10 weeks) induce hypermethylation [105]. 
In-vivo orally administered Cd (1, 2 or 4 mg kg−1) to 3–7-days postpartum rats for 
30 min did not showed any effect on sperm motility, but significantly decrease 
the rate of fertilization and embryo development indicating that Cd affects the 
epigenetic factors [106, 107]. Cd is also reported to induced germ cell apoptosis, loss 
of daily sperm production, and decreased sperm motility might be responsible for 
the decline of male fertility [108, 109] specifically spontaneous acrosome reaction 
in mouse [109–111], rats [112], ram [113], rabbit [114] and sheep [115, 116] sperms. 
Research indicates that oxidative stress and apoptosis are the major players which 
affects the in the post-translation modifications like phosphorylation and methyla-
tion [117, 118]. Ca2+/calmodulin-dependent kinase II (CaMK-II) which is sensitive 
to concentration of intracellular calcium and calmodulin, are involve in apoptotic 
pathway [119–121] and responsible for phosphorylation of serine/thrionine resi-
due of tyrosine kinase [119]. Wang et al. [122] reported that 10 μM Cd inhibited 
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the sperm motility, GAPDH activity, AMPK activity and ATP production, and 
induced tyrosine phosphorylation of 55–57KDa proteins. These results suggest that 
Cd-induced tyrosine phosphorylation of 55–57KDa proteins particularly localized 
in the middle piece of sperm that may inhibit or interfere with mitochondria and 
ultimately affect the motility of sperm. Exposure of adult rats to 2 mg/kg Cd for 
24 hr. induced the ROS and catalase activity and also inhibit the TGF- β3 response 
and p38 MAPK phosphorylation [123, 124]. Role of tyrosine-phosphorylated 
dihydrolipoamide dehydrogenase (DLD) was reported in capacitation, hyperactiva-
tion and acrosome reaction in hamster [37, 125] after Cd exposure of 1.2 mg/kg 
BW that induce tyrosine phosphorylation of DLD leads to lower the dehydrogenase 
activity, and thus affect the mitochondria and sperm motility. Only few studies are 
reported the effect of Cd during sperm capacitation. As capacitation process involve 
the influx of Ca2+ ions, thereby in presence of Cd which is also having similar charge 
as Ca, may mimic or replace the Ca entry by competitive binding and, thus affect-
ing the capacitation process. More research is warranted to find out the molecular 
mechanism of Cd toxicity on capacitation in different species with different doses.

4. Effect of arsenic on tyrosine phosphorylation

Arsenic is mainly present in four forms namely arsenate (As(V)), arsenite (As 
(III)), MMA (monomethylarsonic acid), and DMA (dimethylarsenic acid) [126]. 
Trace quantities of arsenic were found in drinking water of rats, hamsters, goats, 
chickens and humans [127]. Arsenic-induced male infertility is reported to cause 
abnormal sperms, decreased sperm count, and decreased sperm motility in both 
humans and animals [128–130]. Exposure of the cells to arsenic increased total 
cellular tyrosine phosphorylation of 110–120, 90, 70, 56, and 40 kDa proteins [131]. 
Arsenic-induced tyrosine-phosphorylation in EGFR [132]. It is not known how 
arsenic induces the activation of EGFR either by the conformational changes or by 
dimerization of EGFR, which results in the activation of EGFR [133]. It was proposed 
that arsenic might activate EGFR through generation of ROS that, in turn, triggered 
the conformational changes in the receptor [134, 135]. The arsenic-induced activa-
tion of EGFR recruits Sh-c and phosphorylates its tyrosine residues, which results in 
enhancement of the interactions between Sh-c and Grb2. Signals are then relayed to 
the downstream signaling proteins [132]. Inhibition of EGFR kinase blocked arsenic-
induced activation of MAPKs [136]. Arsenic may activate with the vicinal sulfhydryl 
groups of the Src molecule, (2) direct interactions with extracellular matrix proteins 
to induce integrin rearrangements, or (3) the generation of ROS [137, 138]. Biscardi 
and colleagues found that Src was able to phosphorylate EGFR at two unique tyrosine 
residues, distinct from the autophosphorylation sites, to activate EGFR in association 
with the activation of other cell signaling proteins [139, 140]. Arsenic induces Src and 
that activates downstream proteins e.g., MAPKs via EGFR-dependent and EGFR-
independent pathways [138, 141]. Shim et al. [142] reported that arsenic inhibits 
Ca2+ influx into antigen-activated mast cells and inhibit tyrosine phosphorylation. 
These results indicate that the target of arsenic is upstream of the Ca2+ influx which 
is a major pathway of sperm capacitation as well. Thus, further detailed studies are 
warranted to find out the effects of arsenic on sperm capacitation mechanism.

Six months exposure to sodium arsenite (1, 5, or 25 mg/L) reduced Voltage-
dependent anion channel protein 3 (VDAC3), which leads to impaired capacita-
tion and fertilization process in male rats [143, 144]. cAMP activates the serine/
threonine Kinase and cAMP-dependent protein kinase catalytic subunit alpha 
(PRKACA), which in turn activates tyrosine through phosphorylation. Blocking of 
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PRKACA altered the tyrosine phosphorylation at the protein level which results in 
impairment of capacitation of sperm [143, 144]. Arsenic exposure on the proteome 
and metabolome in rat testis leads to 36 up-regulated and 34 down-regulated 
proteins and 13 metabolites (8 high and 5 low). Theses altered proteins were related 
to spermatogenesis, fertilization, fertility, and mating behavior which may be medi-
ated by the ERK/AKT/NF-κB-dependent signaling pathway [143, 144]. However, 
these studies indicate the toxic effect of arsenic, but arsenic-induced male repro-
ductive toxicity, particularly effect on capacitation and tyrosine phosphorylation 
mechanisms are still far from being completely understood.

5. Effect of lead (Pb) on tyrosine phosphorylation

It is well known that there has been a worldwide decrease in human male fertility 
in recent years. One of the main factors affecting this is environmental pollution. 
Lead is one of the major heavy metal contaminants that threatens the health of 
animals and human beings at global level. It is a naturally occurring element and 
widely used in acid batteries, paints, smelters, and paper printing. It accumulates 
into human and animal blood, bone and soft tissues with a half-life of 35 days in 
blood and 20–30 years in bone via contaminated food, and drinking water [145]. 
Pb has also been reported to accumulate in the epididymus and some glands [146, 
147] and is considered a male reproductive toxicant [148]. The mechanism of 
toxicity of Pb is still not very clear. Pb mainly targets events of spermatogenesis and 
spermatozoa function via free radical generation, apoptosis, motility, and DNA 
fragmentation, and ultimately declines the rate of fertilization [149]. Recently 
Hassan et al. [150] reported that exposure of 20 mg PbAc/kg bwt, orally in rats for 
45 days resulted in significant decrease in testis weight, spermatozoa count, testos-
terone levels, and antioxidant enzymes levels. Histological study indicated that Pb 
-exposed group was devoid of germ cells and maturation arrest with the formation 
of giant primary spermatocytes. Some studies reported that Pb has the ability to 
displace zinc and results in alteration in Ca2+ mediated process [151].

Capacitation is highly Ca2+ dependent process which means lead exposure could 
inhibit or induce the capacitation. Only few studies are reported about the effect of 
Pb on tyrosine phosphorylation during capacitation. Yuanqiao et al. [152] reported 
that 10–100 μM lead acetate dose-dependently inhibited total and progressive motil-
ity measures, capacitation and progesterone-induced acrosome reaction in humans. 
It also decreased the intracellular concentrations of cyclic adenosine monophosphate 
(cAMP) and intracellular calcium (Ca2+ )i, and reduced the tyrosine phosphoryla-
tion of sperm proteins, all of which are thought to be key factors in regulation of 
capacitation. These findings suggest that lead inhibits human sperm functions by 
reducing the levels of sperm intracellular cAMP, (Ca2+)i and tyrosine phosphoryla-
tion of sperm proteins in-vitro. Voltage-dependent Ca2+ channels, known as Catsper, 
are mainly involved in regulation of capacitation by mediating Ca2+ influx [153]. 
Therefore, it can be postulated that Pb exposure decreases intracellular Ca2+ by 
inhibiting progesterone -induced acrosome reaction via voltage-dependent chan-
nels. Further concentration and time dependent studies are warranted to explicate 
the effects of Pb on sperm capacitation and tyrosine signaling mechanism.

6. Conclusions

Heavy metals affect tyrosine phosphorylation during capacitation of spermato-
zoa and lead to male infertility. Alteration in tyrosine signaling might be a result of 
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various stress conditions which are produced by heavy metals in cells like oxidative 
stress, apoptosis, mitochondrial damage, calcium influx and change in osmolarity 
of cells. Particularly Hg, Pb, As and Cd inhibit or induce tyrosine phosphorylation 
of sperm proteins. There are several factors including animal species and strains, 
gender, age, stress, genetic disorders, nutritional status, smoking, alcohol con-
sumption, use of medicines, and concomitant exposure to other chemicals or even 
physical factors which will influence both the metabolism and the dose–response 
relationships including reproduction that affects biological processes specifically 
signaling mechanism. Therefore, extensive research is warranted focusing on 
tyrosine phosphorylation signaling during sperm capacitation using large sample 
size or population with minimum dose which are reported in human blood after 
exposure of lead, mercury, arsenic and cadmium. It is now generally accepted that 
the mammalian testes are very sensitive to heavy metals, and these induce changes 
in the testicular biochemical functions via ROS and DNA damage that ultimately 
affect the fertilizing ability particularly capacitation in spermatozoa.
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Rare Sperm Freezing
Desislava Dyulgerova-Nikolova and Tanya Milachich

Abstract

Gamete cryobanking has been widely incorporated in present assisted reproduc-
tive technology (ART). Preserving male gametes for future fertility is considered 
to be an easy and accessible way to insure one’s reproduction. Despite the fact that 
the method could not secure success, sperm freezing could be the only chance to 
father biological offspring. In cases when severe male factor (SMF) infertility is 
diagnosed (retrograde ejaculation, virtual azoospermia, obstructive azoospermia, 
cryptozoospermia) and providing fresh semen samples for assisted reproduction 
may alter chances to achieve pregnancy, rare sperm cryopreservation could contrib-
ute for conceiving. Isolation, selection and cryopreservation of single sperm cells 
from semen samples is a challenging procedure. Different approaches and devices 
could be used in order to extract utmost spermatozoa. Aiming to highest cryosur-
vival rates sperm freezing protocols should be carefully considered. For some men, 
rare sperm cryopreservation might be the only alternative for parenting biological 
offspring. Thus, the latter technique should be widely discussed, developed and 
practiced in assisted reproduction.

Keywords: cryopreservation, fertility preservation, single sperm selection,  
sperm sorting devices, cryptozoospermia, sperm genetics

1. Introduction

Gamete cryobanking has been considerably incorporated in present assisted 
reproductive technology (ART). Preserving fertility through banking is an acces-
sible and relatively reliable procedure that gives opportunity for men to parent their 
own biological child. Most of the clinics providing fertility treatment have their 
individual cryobanks and offer fertility preservation counseling. Network struc-
tures for gamete and tissue storage have also been developed. Some of the affirmed 
ones would be the Danish network (www.rigshospitalet.dk), FertiPROTECT ® 
(www.fertiprotect.com), German-Austrian-Swiss centralized and decentralized 
network between the countries, Oncofertility® Concortium (www.oncofertility.
northwestern.edu) for knowledge exchange in the field of fertility preservation [1]. 
The complexity of fertility preservation generates necessity for close interaction 
between the patients, reproductive specialist, reproductive biologist, urologist, 
oncologist, etc. In order to provide accurate and prompt counseling and treatment, 
each clinical case should be considered in full and timely.

Retrieving, freezing, storage and use of human oocytes, spermatozoa, embryos 
and ovarian and testicular tissue has been executively studied and explored in 
assisted reproduction (AR). Cryopreservation presents remarkable advance to men 
and women who have decided to postpone fertility. It turns out to be a safety plan 
for patient with subfertility and certain physiological or psychological conditions. 
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For patients with forthcoming cancer treatment it could be the only chance to have 
their own biological child.

Nowadays cryopreservation and cryobanking is inseparable branch to assisted 
reproduction and fertility preservation treatment.

2. Historical preview of sperm cryopreservation

First attempts to preserve human spermatozoa dates back to 1776 when Lazaro 
Spallanzani studied sperm cryopreservation by cooling it in snow. It was 1949 
when Polge, Smith and Parkes discovered glycerol to be effective in protecting 
spermatozoa exposed to low temperatures [2]. This discovery, alongside with the 
first reports for achieving pregnancy by frozen and thawed spermatozoa in 1953 by 
Dr. Jerome K. Sherman [3], led to constant development and improvement of sperm 
freezing protocols and devices. In 1972 a slow freezing protocol, developed by D. 
Whittingham, S. Leibo, and P. Mazur, was introduced. Slow cooling with tempera-
ture drops in the range of 0.3 to 2 degrees Celsius per minute and consequent slow 
warming (4 to 25 degrees C° per minute) was performed. This protocol, applied to 
mouse embryos, resulted in 65% pregnancy rate and 40% full term pregnancy [4]. 
Recent challenge in cryobiology was freezing spermatozoa from strains of geneti-
cally engineered mice. A novel method using a cryoprotectant composed of 18% 
raffinose pentahydrate and 3% skim milk was presented [5, 6].

Not only protecting sperm cells at low temperatures, but preserving their 
structural (morphological), kinetic and functional characteristics is at aim when 
freezing semen samples. It is well known that cryopreservation has deleterious 
effect on sperm cells.

Although spermatozoa are relatively small in size and have large surface, cold 
shock and ice formation could damage different cell structures and organelles, as 
most affected structures are the plasmalema, acrosome and the tail [7]. Changes 
in membrane organization and permeability, formation of reactive oxygen species 
(ROS) and consequent DNA damage as a result to freezing hinders normal sperm 
activity and functions [8].

Semen cryopreservation strives high quality of the preserved samples. Thus, 
retaining sperm motility and viability, membrane integrity and intact DNA in 
thawed samples, has been formed as priority when developing freezing protocols. 
Cryoprotective medium, containing various additives – fatty acids, proteins, 
antioxidants, serum, essential oils derived from plants, nanoparticles and others, 
are also used in sperm freezing procedures.

3. Conditions requiring sperm preservation

Diversity of health conditions and personal or lifestyle circumstances could 
necessitate semen cryopreservation.

3.1 Sperm freezing for cancer patients

Five most common cancers diagnosed in men are prostate cancer, lung cancer, 
colorectal cancer, bladder cancer and melanoma. Testicular tumors, relatively rare 
condition on a per-population basis, are the most common malignancy in men aged 
20 to 35 years [9, 10]. According to The National Cancer Institute one in two men will 
be diagnosed with cancer during their lifetime. Encouraging data for approximately 
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1.8% decrease in cancer death for male patients was recently published [11]. Modern 
medicine and constant scientific research in the field are the key to increasing the 
chances for long term survival (5 and above years). Quality of life after cancer treat-
ment and when in remission is of great importance. Unfortunately, cancer by itself 
and chemo- and/or radiotherapy treatment, have adverse effect over the process of 
spermatogenesis. For most cured patients, after healing, sperm production recovers 
to a certain level in time. When bilateral orchiectomy was performed or high dosage 
of radiotherapy (24–25 Gy) was administrated permanent loss of fertility is inevi-
table [12]. Introducing cancer patients to fertility preservation before the treatment 
is required, especially for adolescents and young adults (aged 15–39 years) [13].

3.2 Sperm freezing for patients with retrograde ejaculation and hypospermia

Ejaculatory disorders could lead not only to psychological distress but may be 
the reason for 0.2–3% of infertility incidence in the couple. Co-ordination between 
epididymis, vas deferens, prostate, seminal vesicles, bladder neck and bulboure-
thral glands is required for the proper course of ejaculation. Various pharmacologi-
cal, neurogenic or anatomic factors, disrupting the contraction of the bladder neck, 
may lead to retrograde ejaculation. In such cases semen is refluxed in the bladder 
and blends with the urine [14, 15]. As the urine normally has slightly acidic pH lev-
els (average value - 6.0) compared to pH 7.1–8.0 of semen, the fusion of these fluids 
and pH fluctuations has adverse effect on spermatozoa [16]. Sperm cells retrieved 
from postejaculatory urine could be proceeded for assisted reproduction. Strict 
protocols for urine alkalization prior the procedure are mandatory. In some patients 
retrograde ejaculation results in hypospermia (abnormally low volume of less 
than 1.5 ml of the semen sample). Congenital absence of seminal vesicles and vas 
deferens, blockage of the ejaculatory duct, sympathetic nerves damage, and bladder 
neck surgery, insufficient levels of testosterone and short abstinence periods could 
also be the reason for hypospermia.

Retrograde ejaculation and hypospermia are linked to poor sperm parameters even 
cryptozoospermia. Freezing spermatozoa for fertility preservation in order to secure 
ART procedure would benefit any patient diagnosed with the described conditions.

3.3 Sperm freezing for patients with diabetes

Diabetes, a chronic autoimmune disease, is known to have detrimental effect 
to male fertility and sperm quality. Erectile dysfunction, retarded ejaculation and 
retrograde ejaculation could be persistent in patients with diabetes type 1 or 2. 
Reduced sperm quality and sperm DNA integrity impairment are also consequences 
to this health condition [17]. As all of the aforementioned are to affect fertility, 
cryopreservation of spermatozoa should be considered.

3.4 Sperm freezing for patients with Y-microdeletion and genetic aberrations

Alterations in autosomal genes, specific mutations/deletions of several X- or 
Y-chromosome genes, microdeletions in the azoospermic factor (AZF) regions of 
the Y chromosome and chromosomal anomalies can cause spermatogenic failure 
and affect male fertility.

Aberration in numerous autosomal genes result in fertility disturbance:
SYCP3 (synaptonemal complex protein 3) - meiotic arrest and consequent 

azoospermia.
PLK4 (Polo-like kinase 4) – Sertoli cell only (SCO) syndrome.
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NANOS1 (Nanos C2HC-Type Zinc Finger 1) – SCO syndrome and 
oligoasthenoteratozoospermia.

HSF2 (heat-shock factor protein 2) - idiopathic azoospermia.
TAF4B (TATA-Box Binding Protein Associated Factor 4b) - azoospermia.
ZMYND15 (Zinc Finger MYND-Type Containing 15) - azoospermia.
SPATA16 (Spermatogenesis-associated protein 16) – globozoospermia.
KHLH10 (Kelch Like Family Member 10) – oligozoospermia.
SEPT12 (septin 12) - oligoasthenozoospermia or asthenoteratozoospermia.
GALNTL5 (Polypeptide N-Acetylgalactosaminyltransferase Like 5) –  

asthenozoospermia.
AURKC (Aurora Kinase C) - large-headed polyploid spermatozoa or 

macrozoospermia.
Alterations in X-chromosome located genes and fertility disturbance:
TEX11 (Testis Expressed 11) - meiotic arrest and consequent azoospermia.
RHOXF1 and RHOXF2/2B (human reproductive homeobox (RHOX) genes) - 

severe oligozoospermia.
ANOS1 (Anosmin 1) - anosmin-1 is involved in the migration of neurons 

producing gonadotropin-releasing hormone (GnRH). The latter controls the 
production of several hormones triggered to sexual development before birth and at 
puberty.

USP26 (deubiquitinating enzyme gene) - nucleotide variations in fertile and 
infertile men.

TAF7L (TATA-box binding protein associated factor 7) – reduced sperm count 
and motility, abnormal sperm morphology [18–20].

Y-microdeletion and fertility:
Y-chromosome microdeletions (YCMs) are the most common known structural 

chromosomal abnormalities for spermatogenic impairment. As high as 25–55% of 
the patients with hypospermia, sperm maturation arrest and SCO syndrome and 
5–25% of the patients with severe oligozoospermia or azoospermia are established 
to have YCMs [21].

Deletions occur in three specific subregion - AZFa, AZFb and AZFc of the AZF 
in the long arm of the Y chromosome. Deletions in these regions are associated  
with:

AZFa region partial removal - hypo-spermatogenesis.
AZFa region complete deletion - inhibits the production and maturation of germ 

cells; SCO syndrome.
AZFb region deletions - pre-meiotic spermatogenic arrest or SCO syndrome; 

azoospermia, oligozoospermia.
AZFc region partial deletions - hypospermatogenesis.
AZFc region complete deletion - SCO syndrome and alterations in spermatocyte 

maturation [22].
Different studies indicate highest incidence of Y-microdeletion in the AZFc 

region, followed by AZFa+b + c; AZFb+c; AZFb; AZFa; and partial AZFa region 
deletion [23–25].

Passing genetic impairment to the offspring should be of high caution when 
sperm freezing and consequent ART is discussed.

3.5  Sperm freezing for patients with severe oligoasthenoteratozoospermia 
(OAT) or cryptozoospermia

Cryptozoospermia or virtual azoospermia and severe OAT may be the conse-
quence to states of distinct origin. Extremly low sperm count in the ejaculate can 
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occur for hormonal reasons, injuries, infections, varicocele, genetic abnormalities 
and improper descent of the testicle into the scrotum in newborn and infants. 
Lifestyle, occupational and environment factors have been proven to show 
adverse influence over male fertility. Obesity, alcohol consumption in regular 
and high potions, sedentary lifestyle are among the factors with high impact over 
semen parameters. As a prominent part of today’s mode of life, stress should not 
be underestimated as it negatively affects male fertility. Occupational exposure 
to pesticides, chemicals, hormones, regular intake of enhancing drugs or thera-
peutic drug treatment may have an influence on the highly sensitive process of 
spermatogenesis. Environment radiation, tocsins, air and water pollution, phthal-
ates, etc. are also linked to decrease in sperm count and motility as they may alter 
spermatogenesis [26–29].

In all groups under risk of infertility due to any of the preceding factors, freezing 
several sperm samples should be considered as a safety pool [30].

4. Sperm freezing protocols and efficiency

There are two main protocols for sperm freezing:

4.1 Slow freezing

The protocol for slow freezing of spermatozoa was suggested by Behram and 
Salewa in 1966 [31]. It is based on slow dehydration of the cells. Slow freezing could 
be performed either manually or by using programmed freezer. The sperm samples 
are cooled in a stepwise manner by lowering the temperature and adding cryopro-
tectants. Initially the temperature is lowered by 0.5°C/min and it should go down 
from room temperature to +5°C. The second step is to freeze the samples from +5°C 
to −80°C by lowering the temperature by 1–10°C/min. Finally the semen samples 
are transferred into liquid nitrogen (LN2) at −196°C.

Automatic freezers have been reported as reliable when freezing sperm is per-
formed. One of the advantages of these devices is the perfect control over tempera-
ture changes as the process is performed through software. The three step protocol 
of slow freezing takes about 40 min [32].

In slow freezing, changes in lipid phase transition and increase in lipid peroxida-
tion, consequent to saturation with cryoprotectants, could cause intracellular and 
extracellular physical and/or chemical damage to sperm membranes. Susceptible 
to cryopreservation induced damage are the viability, motility and the morphology 
of the post-thawed spermatozoa. Mitochondrial function, as well as DNA integrity, 
could be affected [33–36].

4.2 Rapid freezing: vitrification

Vitrification, as a method for cryopreservation, has been primarily used for 
cryobanking of oocytes and embryos. This method is based on direct exposure of 
the gametes to liquid nitrogen at −196°C. In comparison to slow freezing, where 
formation of intracytoplasmic ice crystals could damage different cell structures, 
during vitrification the liquid components of the cells set into a glass like amor-
phous solid and ice crystal structures are avoided (Figure 1) [37].

Regardless the protocol used for cryopreservation of spermatozoa, cryoprotec-
tive medium must be inset in order to reduce the stress induced while freezing or 
thawing cells.
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Permeable cryoprotectants can penetrate through cell membranes. They have 
intra- and extracellular activity. By forming osmotic gradient, water is ejected 
outside the cell, preventing it to form crystals. The cryoprotecting agents forms 
non-frozen channels in the medium in which sperm cells can be positioned while 
frozen. Glycerol, ethylene glycol, dimethyl sulfoxide (DMSO) and 1, 2 propanediol 
(PROH) are commonly used permeable cryoprotectants.

Non-permeable cryoprotectants cannot penetrate through the cell membrane. 
They can induce dehydration of the cells by increasing the concentration of extra-
cellular solutes. Osmotic gradient is formed and the intracellular water is derived. 
Various sugars (raffinose, mannose, and trehalose) and proteins (lipoprotein, egg 
yolk) can be inset as Non-permeable cryoprotectants [38, 39].

5. Rare sperm freezing

Rare sperm freezing could be defined as a separate branch in sperm cryobiology. 
It has formed an important direction in the development of freezing protocols, 
methods and devices. The need for efficient freezing protocol for single sperm cells 
was evident at the very beginning, when pregnancies from epididymal and testicu-
lar sperm were reported [40–42]. In cases, where percutaneous epididymal aspira-
tion (PESA) or testicular sperm extraction (TESE) is performed, freezing sperm 
cells would be of great benefit to the patient, as these procedures are traumatic and 
stressful to the organism. Most of the conditions described at 3. Conditions requir-
ing sperm preservation and poor semen quality are to request freezing of sporadic 
sperm cells.

Rare sperm freezing has some major advantages to standard protocols. In 
one hand this method gives chances for reliable fertility preservation in patient 
with severe male factor and sperm alterations. On the other hand, the successful 
freezing of single sperm cells and revolutionary methods such as intracyto-
plasmic sperm injection (ICSI), represent the opportunity for storage of larger 
quantity of samples for every men, as this premise increases the chances for 
fertilization of more oocytes retrieved in a cycle or secures larger number of 
ART cycles.

Figure 1. 
Temperature changes in slow freezing and vitrification.
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6. Rare sperm freezing protocols, carriers and devices

6.1 Biological carriers for rare sperm cryopreservation

6.1.1 Evacuated zona pellucida

Cryopreservation of single sperm cells in empty zona pellucida (ZP) was ini-
tially described in 1997 [43]. The biological carrier could be obtained by mouse or 
hamster pre-fertilization oocytes, human immature oocytes (e.g. germinal vesicle 
stage) prior fertilization, or embryos with abnormal fertilization and development 
after ICSI. The cumulus oophorus was removed via hyaluronidase and corona radi-
ate was stripped by micropipettes. The oocyte was fixed with the holding pipette 
of the ICSI micromanipulator. By applying mechanical breach, chemical reagents 
(acidified Tyrode’s solution) or highly focused laser beam, two small holes in the ZP 
were perforated. The cytoplasm of the oocyte must be aspirated and fully removed 
leaving the ZP empty of contents.

Sperm cells were obtained by centrifugation and placed in a droplet of 10% 
polyvinylpyrrolidone (PVP) solution. Using the ICSI needle each empty zona was 
injected with one to fifteen sperm cells. Slow freezing protocol and cryoprotective 
media of 8% glycerol solution in phosphate-buffered saline (PBS) and human 
serum albumin (3%) were preferred. The empty zonas were transfered in an indi-
vidual sterile plastic straws of 0.25 ml. For easy location of their position they were 
situated between two small air bubbles.

Thawing of the biological carrier was implemented through exposure of the 
plastic straws to 30°C for 30 seconds in water bath. The content between the two air 
bubbles was extruded into droplets medium.

There are number of studies indicating that empty zona pellucida is an ideal 
carrier when it comes to freezing extremely small number of spermatozoa [44, 
45]. Sperm recovery rate, compared to traditional freezing protocols, was higher, 
but motility recovery, DNA integrity and fertilization ability of sperm were similar 
in both methods [46]. From ethical point, it is important also to have an access to 
donated immature human oocytes and proper informed consent should be obtained 
(Figure 2).

Although this method shows high efficiency it is quite time and cost consuming 
and requires great precision with micromanipulation techniques and experience of 
the embryologist.

Figure 2. 
Spermatozoa freezing in empty zona pellucida.
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6.1.2 Volvox globator algae

Volvox gobator, a species of green algae of the genus Volvox, was described as a 
biological carrier for single sperm freezing and storage in 2004 [47]. The technique 
for loading rare sperm cells into the spherical algae is similar to the one used when 
freezing in ZP. Spermatozoa were injected in Volvox globator algae on a set of petri 
dish with media microdroplets and ICSI micromanipulator. In the pilot study, 
each Volvox sphere was loaded with eight male gametes. Cryoprotecting media 
containing 0.4% human serum albumin was supplemented. Each algae containing 
sperm was placed in a 0.2 mL plastic straw between two small air bubbles for easier 
location. Standard slow freezing protocol: 10 minutes at 4°C followed by 10 minutes 
of LN2 vapor and consequent submerging in LN2, was preferred.

Thawing of the biological carrier was performed through heating the plastic 
straws in a water bath at 25°C for 20 seconds. The content between the two air 
bubbles was extruded into droplets of medium. Sperm cells were subtracted 
through soft suction with the injection pipette at the micromanipulator set. The 
reported recovery rate (100%) and motility rate (at least 60%) were quite promis-
ing, but this method rises certain concerns. According to The United States Food 
and Drug Administration (FDA) and the European Tissue Directive regulations, 
there is no clear evidence that genetic material from the algae is not transferred and 
introduced into the oocyte with the injected sperm.

For the time being the use of non-human biological carrier in a clinical setting 
seems unacceptable. Still, there are countries with strict regulations prohibiting 
the destructive use of oocytes, and Volvox globator algae could be considered as an 
option for biological carrier when single sperm cryopreservation is nessesary [48].

Recently, non-biological carriers for rare sperm freezing, analogical to ZP and 
Volvox globator algae, were developed. Microcapsules composed of alginic acid, 
agarose or hollow hyaluronan -phenolic hydroxyl (HA-Ph) were tested with load-
ing, freezing and thawing techniques adopted from the abovementioned biological 
carriers. First attempts were conducted in 2006, when sperm cells were frozen 
in polymerized alginic acid drops [49]. Although alginate is a non-toxic polysac-
charide, the reported sperm motility after thawing was 20% lower compared to 
standard protocols. According to the study, decreased motility might be based on 
the adhesion of alginic acid to sperms surface.

Inactive and biologically sterile empty agarose microspheres of 100-μm in 
diameter were examined as carrier for the cryopreservation of one to ten sperm 
cells. The conducted post-thaw results in different studies show high recovery and 
motility rate (above 90% and above 80% respectively) and preserved membrane 
integrity of the cells [50, 51]. The hollow-core agarose capsule seems to be a promis-
ing substitute to ZP and Volvox globator algae.

Enzymatically fabricated hyaluronan (HA) microcapsules with thick membrane 
(30-μm) and 200 μm in diameter were also tested as carriers for cryopreservation of 
solitary spermatozoa. No differences according to recovery and motility rates after 
thawing of spermatozoa loaded into HA-Ph - microcapsules and ZP (95.5 vs. 93.9% 
and 13.6 vs. 15.1% respectively) were registered [48, 52].

Newly developed spherical analogues for rare sperm freezing would be of great 
benefit when ethical problems arise, and empty ZP could not be used for clinical or 
experimental application. No preliminary processing of the carrier is required and 
the procedure is less time consuming, but still highly qualified and trained embry-
ologist as well as specialized technique is needed.

The inculcation of such promising non-biologically derived carriers in cryo-
biology needs further investigation and affirmation in regard to their safety and 
efficiency.
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6.2 Non- biological carriers for rare sperm cryopreservation

6.2.1 Open-pulled straws

Open pulled straw (OPS) is a specially designed carrier for ultra-rapid vitrifica-
tion. The tool was introduced in 1998 by Professor Gábor Vajta and it is considered 
to be highly efficient for single sperm cryopreservation. At considerably low risk of 
microbial contamination while in LN2, OPS could be incorporated for cryopreser-
vation of very small volumes (1–5 μl), without the use of cryoprotectants. The 
reproductive cells are loaded in the end of the OPS by spontaneous capillary action 
when the straw is submerged into microdroplets of sperm suspension. The loaded 
straws, inserted into 90 mm straws, are hermetically closed and submerged in LN2 
[53]. Preselection and loading of the sperm cells into the OPS could be performed 
via polar body biopsy (PBB) pipette [54]. In order to thaw the sperm cells, the outer 
straw is cut and the open pulled straw is drawn out. The tip should be immediately 
plunged into microcentrifuge tube containing media.

The OPS tool is of comparable efficiency to other systems and methods when 
rare sperm cells are cryopreserved. It is relatively easy to use and allows selection of 
sperm by its morphokinetic parameters prior cryopreservation.

6.2.2 Cryoloops

Cryoloops have been explored as a rare sperm freezing tool by Schuster et al. In 
2002 [55]. Further investigation on nylon cryoloops with aspect to successful load-
ing of preselected spermatozoa and cryopreserving oligozoospermic samples and 
surgically retrieved epididymal or testicular spermatozoa was conducted [56]. The 
open cryoloop should be dipped in small droplet of sperm suspension and placed 
into cryovial. Ultra-rapid freezing by either direct submersion in LN2, or 5 min of 
exposure to liquid nitrogen vapor prior submersion was performed. Standard slow 
freezing protocol could also be applied. Vitrification in cryoloops without addi-
tional cryoprotectants was also investigated and higher sperm motility compared to 
control group with cryoprotectants was reported (89.5 ± 7.1% vs. 77.5 ± 8.9%) [36].

Sperm samples were thawed by resuspendation in media immediately after the 
cryovial was taken out of the liquid nitrogen.

Sperm motility, viability, plasma membrane and acrosome integrity were 
assessed. Certain concerns according to acrosome damage and sperm cryo-capaci-
tation after thawing have been arisen [57]. Cryo-injury is common consequence to 
different freezing protocols and cryoprotective media. When such small numbers 
of spermatozoa are frozen any structural or functional damage to the cell could be 
crucial to the overall treatment outcome.

This method would be convenient for sporadic sperm freezing due to its simplic-
ity. It also provides a set of samples that could be used in multiple ART cycles for 
ICSI procedures. Cross-contamination should be considered as the cryoloop system 
is opened and allows liquid nitrogen flow.

6.2.3 Cryopreservation in microdroplets

Ultra-rapid cryopreservation of rare sperm cells in microdroplets results in high 
post thaw total motility and progressive motility rates compared to slow freezing 
technique. Sperm DNA fragmentation index (DFI) was also comparable to stated 
values in the fresh sample. On contrary, when standard slow freezing was conducted, 
DFI values increased significantly after cryopreservation in the post-thawed samples 
[58]. This method was adopted and resembles oocyte and embryo vitrification. 
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Suspension, obtained by the mixture of proceeded sperm and cryoprotective media 
(1: 1) added by drops in every 30 seconds, was prepared. Modified French mini 
straws, cut in half from the center to the end by its length, were loaded with 2 μl 
droplets of the suspension after it was equilibrated at room temperature for 10 min-
utes. Each hemi-straw (HS) was loaded by the extents of the open gutter with 10–15 
droplets placed at equal distance of 2 mm in-between. The HS was placed in 0,5 ml 
straw and was secured through the two-stage stoppers which it has. After short 
exposure to LN2 vapor the straws were plunged into liquid nitrogen. Droplets carry-
ing sperm cells were derived by gentle struck of the HS against the bottom of 1.5 ml 
Eppendorf tube. The samples were incubated at 37°C for 15 minutes. No additional 
centrifugation for enrichment of the sample was necessary. Washing the cryoprotec-
tive media was performed for the selected spermatozoa in droplets of the ICSI dish 
before sperm injection. This seems to be quite convenient when poor semen samples 
are frozen, as reduction of numerous centrifugation and washing steps increases the 
chance for higher number of sperm cells retrieved after thawing.

6.2.4 Cryotop

Cryotop, mainly used as embryo freezing and storage commercialized tool, 
has been adopted as a carrier for sperm vitrification. Different studies have been 
conducted in order to establish the most efficient protocol when Cryotop as a 
carrier is used. The most efficient protocol for the vitrification of rare sperm cells 
was setting 1 μl droplet of sperm suspension and sucrose as cryoprotectants on the 
strip. The Cryotop was immediately transferred over LN2 vapor (2 min at −120°C) 
and then plunged into liquid nitrogen. Reported recovery and motility rates after 
thawing sperm cells retrieved from the testes were 95% and 42.1%, and for single 
sperm cryopreservation obtained from ejaculates – 90% and 44.4% respectively 
[59]. Freezing semen samples on Cryotop and without cryoprotectants show higher 
viability after thawing and lower damage to DNA integrity compared to samples 
frozen with sucrose as adjuvant [60].

Cryotop is efficient tool for cryopreservation of embryos and rare sperm 
samples. It rises no ethical issues as it is of non-biological origin. The tool has been 
implemented in cryobiology and it has been randomly used resulting in successful 
pregnancies. In recent years, similar devices, based on knowledge cumulated from 
Cryotop examination, were developed. Moreover, due to its great performance, 
Cryotop has been used as a measure tool for newly developed sporadic sperm cells 
freezing devices and their efficiency [61].

6.2.5 Cell sleeper

Freezing small number of spermatozoa is still a challenge for modern cryobiol-
ogy. In order to find not only the most reliable and efficient, but a carrier easy to use 
and relevantly less time consuming, different devices were fabricated, tested and 
compared.

Cell sleeper is a novel device with comparatively small use in practice. It is 
constructed of an inner tray as a sperm sample carrier and an outer vial. The system 
is closed and when the tray is placed inside the vial they are sealed together by a 
screw cap [62]. The device could be used as a cryopreservation carrier for prese-
lected spermatozoa derived from ejaculates or from testicular tissue. Sperm cells 
were transferred from the proceeded samples in a microdroplet of freezing media 
on the tray of the Cell sleeper through ICSI needle. After placing the tray inside the 
vial and sealing it through the cup, the vial was positioned over LN2 vapor (2.5 min 
at −120°C) and then sunken into liquid nitrogen.
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For thawing of the sample, the vial was warmed at room temperature for 
1 minute. Afterwards the tray was drawn out of the vial and transfered in a petri 
dish then covered with oil. Following incubation period (37°C for 2 minutes) the 
recovery and motility rates were observed. Sperm recovery and motility rates of 
94% and 56% were stated. Pregnancies were reported for both – ejaculated and 
retrieved from testicular tissue sperm cells [62, 63].

This device needs further investigation, but the comparatively large volume of 
the drop placed in the tray inevitably leads to time consuming search for the sperm 
cells. Since time for micromanipulation of the oocytes is important matter the latter 
could be considered as great disadvantage of the Cell Sleeper device.

6.2.6 Polydimethylsiloxane (PDMS) chip

Microfluidic devices for gamete handling have been incorporated in ART more 
than 20 years ago [64]. Since the initial study of the technology, the microfluidic 
systems developed specifically for sperm investigation, selection and cryopreserva-
tion, have been upgraded, improved and widely used in the clinical practice.

Polydimethylsiloxane (PDMS), silicone elastomer, chips for cryopreservation 
of single spermatozoa without cryoprotectants have been thoroughly investigated. 
Microfluidic two-layered chip was fabricated. The upper layer has two separate 
openings – inlet, transfusing into microchannel, and outlet. The smooth bot-
tom layer is connected through plasma to the upper one. Different height of the 
microchannel were examined. For ultra-rapid freezing of rare sperm cells without 
cryoprotective media, best results were obtained when 10 μm height microchannel 
was tested [65].

Before cryopreservation the ejaculate should be processed by sperm gradient 
technique. The semen sample was loaded in the microchannel of the sterilized chip 
through the inlet. Approximately 5 × 10−3 μL medium containing 1000 sperm cells 
can be injected in the 10 μm channel by needle connected to micro-injector. The 
whole chip is covered in silver paper, so direct contact with liquid nitrogen could be 
avoided.

The chip containing sperm cells was thawed at 37°C for 10 min. The content was 
ejected in a culture petri dish through the outlet by applying pressure of a syringe 
connected with the input. Sperm viability, motility, DNA and acrosome integrity 
in post-thawed samples were researched. Comparison for PDMS chips with 10 μm 
height microchannel, where samples were frozen with ultra-rapid cryoprotectants-
free protocol, and samples frozen through conventional slow freezing protocol was 
conducted. The compared post-thaw parameters for the investigated parameters 
were of comparable values. The most essential advantage of the on chip ultra-rapid 
cryoprotectants-free cryopreservation is the lack of cytotoxic cryoprotective media. 
The thawing of the sample, as no cryoprotectants were added, is simple and time 
and consumable saving [66].

6.2.7 Sperm vitrification device (sperm VD)

Sperm vitrification device (Sperm VD) is a novel tool specially designed for 
cryopreservation of small number of spermatozoa in microdroplets [67]. The 
device could be exclusively helpful when sperm cells are retrieved by means of 
TESE. Each Sperm VD plate carrier has three wells for placing sperm cells. Droplets 
of mixture 1:1 of cryoprotectants and washing media are placed individually for 
each well of the Sperm VD plate. Sperm VD should be transferred in a petri dish 
covered with oil. Using the injection needle of the micromanipulator, spermatozoa 
were transferred from neighboring droplets (PVP/washing media) into the droplets 
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of the wells of the Sperm VD. As cryoprotective media has negative influence 
on sperm cells it is crucial to minimize the time of exposure to the media before 
freezing the sperm. Substantial freezing should be done within 10 minutes past 
the first sperm cell transfer [68]. After loading each well of the Sperm VD plate it is 
transferred in pre-cooled cryotube over liquid nitrogen. The tool should be handled 
with tweezers and the excess oil should be allowed to drain. The cryotube is sealed 
with cup.

Immediately after unfreezing (5 min in room temperature) the Sperm VD is 
placed in a pre-heated petri dish with PVP drops and sperm wash media covered 
with oil.

Sperm VD is quite convenient for rare sperm freezing and it gives the opportu-
nity for direct sperm washing, selection and injection in the petri dish right after 
thawing.

7. Rare sperm freezing significance

Since the first attempts for freezing reproductive cells, a completely new horizon 
for fertility preservation has been discovered. The opportunity to cryopreserve, 
thaw and use gametes, embryos and reproductive tissue has given the unique 
chance to men and women to parent their biological child even when their repro-
ductive functions have been lost.

Modern day society has invented and incorporated countless amenities in day 
to day life. Unfortunately, some of them have direct negative impact on health: pol-
luted air as the result of factory overproduction, car exhaust gasses, overconsump-
tion and large amount of waste contaminating water and agricultural lands, etc. 
Others tend to create bad habits: sedentary way of life and lack of physical activity, 
unhealthy and excessive eating, smoking, and drinking. Mental health, self-esteem 
and tension should also be considered when certain health issues arise. All of the 
above mentioned factors, including reproduction postpone and advanced paternal 
age, could disrupt fertility. Thus cryopreservation has great value in ART.

Cancer, the scourge of modern society, could affect reproduction and leave an 
indelible mark in one’s life. Preserving fertility in cancer patients should be a prior-
ity as high as the treatment of the cancer itself – a guarantee for good quality of life 
after healing. Cancer by itself may affects fertility and alterations in spermatogen-
esis and low sperm quality could be registered even before treatment [69]. Rare 
sperm freezing of multiple samples for those patients is mandatory. The unique 
techniques developed for single sperm freezing and cryopreservation represent the 
chance for those patients to reproduce in future.

Rare sperm cryopreservation is of high value to patients with severe oligoas-
thenozoospermia, cryptozoospermia, retrograde ejaculation, and PESA or TESE 
procedures. All these conditions are associated with extremely low sperm count in 
the ejaculate and still creates difficulties for laboratory handling. Securing frozen 
samples through single sperm cryopreservation, inspires calm not only to the 
patient, but to the clinical and laboratory staff handling the gametes.

Rare sperm cryopreservation could be considered as opportunity beneficial 
to wildlife and endangered species preservation [70–72]. Breeding and assisted 
reproduction in animals has long-standing traditions and has been explored in hus-
bandry for centuries. In times when hundreds of animal species are near extinction, 
rare sperm freezing is a key procedure for stock up of larger amount of samples for 
future breeding. Genetic diversity should be preserved and on time establishment 
of cryobanks conserving samples of different representatives of the species on 
Earth is of high importance [73].
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8. Conclusion

Rare sperm freezing is a procedure with wide application and of high value in 
many aspects to ART, fertility preservation and endangered wildlife conservation. 
Freezing single sperm cells is still a challenge in modern laboratories. Incredible 
effort has been set and numerous devices and sperm freezing protocols have been 
investigated in order to establish the most reliable approach to rare sperm freezing. 
Despite the great achievements in the area, scientists continue the search for better 
results.
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Chapter 11

A Method for Small Number of 
Human Sperm Cryopreservation
Xiangli Niu, Hua Huang, Yi Mo, Yan Sun and Wei-Hua Wang

Abstract

Recently, some sperm vitrification devices were developed to simplify the proce-
dures to freeze small number of human sperm. In the present study, we used these 
devices to further examine some factors that affect sperm motility after fast freez-
ing. Experiments were designed to examine the effects of 1) direct immersion of the 
devices to liquid nitrogen and indirect immersion of the devices to liquid nitrogen 
in which the devices were sealed in cryogenic storage vials; 2) different freezing 
volumes (1–5 μl); 3) different equilibration times (1–5 min); and 4) different ratio 
of freezing solution (0,1-5,1) on post thawing sperm motility. It was found that fast 
sperm freezing in the sealed vials had high post thawing sperm motility (91.3–93.7% 
of recovered sperm motility rates) while direct immersion of the devices to liquid 
nitrogen had 0% post thawing sperm motility. No differences in the recovered 
sperm motility rates were observed between different freezing solution volumes 
(87.4–90.5%), different equilibration times (89.5–94.0%), and different freezing 
solution ratios (90.8–94.6%). However, only 6.8% of recovered sperm motility rate 
was obtained if sperm were frozen in the medium without sperm freezing solution. 
These results indicate that human sperm can be rapidly frozen after the devices are 
sealed in the vials with different equilibration time in the medium containing sperm 
freezing solution. High post thawing sperm motility can be recovered with this 
method so that ~90% of sperm are usable after freezing.

Keywords: cryopreservation, fast freezing, human, motility, sperm

1. Introduction

Vitrification, as a fast cryopreservation method, has been used to cryopreserve 
human oocytes and embryos for many years and has become the routine and major 
method for cryopreservation of human oocytes and embryos as high survival rates 
can be obtained after warming [1, 2] However, for human sperm freezing, the current 
methods still mainly rely on slow freezing [3, 4]. Various methods for vitrification 
or fast freezing of human sperm have been tested, especially for cryopreservation of 
small number of sperm [5–12]. However, so far, no standard and practical vitrifica-
tion/fast freezing method has been developed. This may be due to the facts that the 
number of sperm is quite large in most semen samples and current slow-programmed 
sperm freezing method can provide acceptable post recovery rate and survival rate. 
Furthermore, vitrification did not offer significantly superior results than slow freez-
ing for sperm cryopreservation in the previous study [13].

Clinical uses of rare sperm or small number of sperm in human in vitro fertil-
ization (IVF) are very common, especially when sperm are collected from testicle 
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biopsy. Due to very small number of sperm in these samples, many clinics chose 
to freeze the sperm during the initial semen analysis or testicle biopsy. However, 
sperm numbers and/or sperm motility may decrease after the traditional slow freez-
ing. Occasionally, there are not enough sperm survival to inseminate all oocytes 
from a cycle. Therefore, methods for cryopreservation of small number of human 
sperm with high recovery and survival rates need to be investigated.

Currently, there are two methods for cryopreservation of small number of human 
sperm. One is to freeze all tissue or samples in cryogenic storage vials (1–2 ml) or 
straws (0.25–0.5 ml) by slow freezing [3]. Another is to find motile sperm and then 
the sperm were placed in some small devices to perform fast freezing or vitrifica-
tion [5–8]. However, most protocols do not offer satisfactory recovery and motility 
rates after thawing. Because sperm are very small, it is difficult to process sperm for 
freezing. Devices and methods for oocyte and embryos vitrification are not suitable 
to freeze sperm. Therefore, it is necessary to develop devices and methods that are 
easy to use, and can also provide high recovery rate and good motility, to freeze small 
number of human sperm. Recently, a SpermVD, a sperm vitrification device, has 
been reported to freeze small number of human sperm from men with non-obstruc-
tive azoospermia [13]. Although it has been reported that high sperm recovery rates 
can be obtained with this device, sperm motility rates after thawing varied from 0 
to 100% among samples from different patients [14]. It is still unknown whether 
the big differences between samples were resulted from freezing method, different 
samples, or technical difficulties. Therefore, in the present study, to avoid the dif-
ferences among different samples, we used normal sperm samples to examine some 
factors that affect the post thawing sperm motility after fast freezing.

2. Materials and methods

2.1 Ethical statement

All patients undergoing sperm cryopreservation signed informed consents and 
the research was approved by ethics committee at the Reproductive Hospital of 
Guangxi Zhuang Autonomous Region.

2.2 Samples and devices

Semen samples were obtained from patients who were requested to freeze their 
semen for later IVF. A small portion of samples was used for fast freezing after 
swim-up for the study and the remaining was frozen by slow programmed freez-
ing method. Samples were used after swim-up to obtain high percentage of motile 
sperm so that motility assessment is more accurate with swim-up samples than the 
original samples in which there were more immotile sperm and debris.

Two devices, as shown in Figure 1, SpermVD (MFC Global, Israel) and 
Microdevice (Xinchang Medical, China) were used in the experiments. For device 
holding, 2.0 ml externally threaded cryogenic storage vials (Fisher Scientific, USA) 
were used.

Sperm were washed and processed for swim-up with sperm washing medium 
(Fujifilm-Irvine Scientific, CA, USA) and then were frozen after being mixed with 
different ratios of Quinn’s advantage sperm freezing medium (Origio, CT, USA). 
In the present study, to avoid the result variations between good samples and poor 
samples, we used normal sperm samples for all experiments. For loading the sperm 
to devices, we used 140 μl flexible pipette to add different volumes of samples to the 
devices and then processed the freezing.
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2.3 Fast sperm freezing

Two methods were used for fast sperm freezing. Method I: after sperm were 
loaded to the devices and equilibrated in the sperm freezing solution for different 
times, the devices were directly immersed to liquid nitrogen and then each device 
was inserted to the cryogenic storage vial for storage. Method II: after sperm were 
loaded to the device, the device was inserted to the vial, the vial was tightly closed 
with the cap and then immersed to liquid nitrogen.

2.4 Sperm thawing and motility assessment

For sperm thawing, cryogenic vials were removed from liquid nitrogen, and the 
devices were taken out of the vials with forceps, placed on a 60 mm culture dish. 
After the frozen drop was thawed or melted within ~1 min at room temperature, the 
device was directly placed in a 60 mm culture dish with warm oil for sperm motility 
assessment. Because the volume is very small, it is not necessary to transfer sperm to 
other sperm count chamber to do motility assessment. Motility was assessed under a 
phase contrast microscope at ×200 magnifications.

2.5 Experiment design

In experiment 1, post thawing sperm motility was compared between Method I 
and Method II as well as between two devices, SpermVD and Microdevice. Each 1 μl of 
micro drop of equilibrated sperm for 5 min in 1:1 of sperm washing solution and sperm 
freezing medium was frozen in the SpermVD and Microdevice with either Method I or 
Method II. Three replications were done for this experiment. Temperature changes for 
two methods during sperm cooling were measured with a digital thermometer.

In experiment 2, post thawing sperm motility was compared among different 
volumes of micro drops. Each 1 μl, 2 μl and 5 μl of micro drops of equilibrated sperm 
(5 min in 1:1 of sperm washing solution and sperm freezing medium) was frozen in 
the SpermVD with the Method II. Five replications were done for this experiment.

In experiment 3, post thawing sperm motility was compared after different 
equilibration times. Each 1 μl of micro drop of sperm equilibrated for 1, 2 and 5 min 

Figure 1. 
Fast sperm freezing devices and set up for freezing. A: SpermVD, B: Microdevice, C: 2 ml externally threaded 
cryogenic storage vial. D: SpermVD in the vial, and E: Microdevice in the vial. Red arrows indicate the 
location of sperm drops in the devices.
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Devices Methods Original 
motility

Post thawing motility Recovered motility***

SpermVD I* 85.0 ± 1.0 0a 0a

II** 85.0 ± 1.0 79.7 ± 1.5b 93.7 ± 0.7b

Microdevice I* 85.0 ± 1.0 0a 0a

II** 85.0 ± 1.0 77.7 ± 2.1b 91.3 ± 1.4b

*Method I: Direct immersion of sperm freezing devices to liquid nitrogen.
**Method II: Sperm freezing devices were placed cryogenic storage vial, vials were sealed and then immersed to liquid 
nitrogen.
***Percentage of post thawing sperm motility/original motility.
abValues are significantly different in the same column, P < 0.00001.

Table 1. 
Effects of direct and indirect exposure of sperm to liquid nitrogen on the post thawing sperm motility.

in 1:1 of sperm washing solution and sperm freezing medium was frozen in the 
SpermVD with the Method II. Three replications were done for this experiment.

In experiment 4, post thawing sperm motility was compared among different 
ratios of sperm freezing solutions. Each 1 μl of micro drop of equilibrated sperm for 
5 min with different proportions of sperm freezing solution (0:1, 1:1, 2:1 and 5:1 of 
sperm freezing medium and sperm washing solution) was frozen in SpermVD with 
the Method II. Five replications were done for this experiment.

2.6 Statistical analysis

Each experiment was repeated three to five times, and each time with a differ-
ent semen sample being used. For motility assessment, 100 sperm in each sample 
were counted. Mean ± SD of percentages of motile sperm before freezing and after 
thawing were obtained with replications. The recovered rates of sperm motility 
were calculated after dividing the post thawing sperm motility by the original 
sperm motility. All data were analyzed by ANOVA. If there were differences among 
groups, the differences between groups were further compared with chi-square test. 
If the P value was less 0.05, the difference was considered statistically significant.

3. Results

3.1  Effects of direct and indirect exposure of sperm to liquid nitrogen  
on the post thawing sperm motility

In the first study, we compared sperm motility after freezing with the Method I and 
Method II, i.e. direct and indirect immersion of sperm freezing devices (Figure 1)  
to liquid nitrogen and found that no sperm were motile if the devices were directly 
immersed to liquid nitrogen, while indirect immersion had high post thawing sperm 
motility. As shown in Table 1, the original motility was 85.0 ± 1.0%, and post thawing 
motilities were 79.7 ± 1.5% and 77.7 ± 2.1% with SpermVD and Microdevice, respec-
tively. The recovery rates (post thawing motility/original motility) of motility were 
93.7 ± 0.7% and 91.3 ±1.4% with SpermVD and Microdevice, respectively. No statisti-
cal differences were found between the devices (Table 1). Based on these findings, all 
following experiments were done in the SpermVD with the Method II.

After temperature changes were examined during direct and indirect immersion 
of devices to liquid nitrogen, as shown in Figure 2, we found that direct immersion 
has a 107°C/second cooling rate, or 2 seconds from 25°C to −190°C, while indirect 
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immersion has slow cooling rates with a 2 min of total cooling time from 25°C to 
−190°C. However, the cooling rates were further examined during this period and 
we found that it was 1.2°C/second during the first 2 seconds (25°C to 22.6°C), 4.6°C/
second from 22.6°C to 8.7°C, 7.1°C/second from 8.7°C to −27°C, 4.03°C/second from 
−27°C to −107.6°C, 1.87°C/second from −107.6°C to −163.8°C, 0.66°C/second from 
−163.8°C to −183.6°C and 0.22°C/second from −183.6°C to −190°C. The tempera-
ture and time were not examined after the temperature reached to −190°C as it 
showed very slow changes after −190°C.

3.2 Effects of freezing volumes on the post warming sperm motility

As shown in Table 2, we found that there were no significant differences in the 
post thawing sperm motility between 1, 2 and 5 μl of freezing volumes. The original 
motility was 95.6 ± 1.7%, and post thawing motilities were 83.5 ± 5.5%, 88.9 ± 1.3%, 
and 86.4 ± 5.0%, respectively. The recovery rates of motility were 87.4 ± 6.2, 
93.0 ± 1.9 and 90.5 ± 5.2%, respectively.

3.3 Effects of equilibration times on post thawing sperm motility

As shown in Table 3, we found that equilibration of 1, 2 and 5 minutes of sperm in the 
freezing solution had similar post thawing sperm motility. Original motility was 94 ± 2%, 
and post thawing motilities were 88.3 ± 2.1, 85.4 ± 1.6 and 84.1 ± 0.9%, respectively. The 
recovery rates of motility were 94.0 ± 1.6, 90.9 ± 3.0 and 89.5 ± 2.4%, respectively.

Figure 2. 
Temperature changes during direct and indirect immersion of sperm freezing devices to liquid nitrogen. Times 
were recorded at 0, 2, 5, 10, 30, 60, 90 and 120 seconds during cooling from room temperature (25°C) to −190°C.

Volume (μl) Original motility Post thawing motility Recovered motility**

1 95.6 ± 1.7 83.5 ± 5.5 87.4 ± 6.2

2 95.6 ± 1.7 88.9 ± 1.3 93.0 ± 1.9

5 95.6 ± 1.7 86.4 ± 5.0 90.5 ± 5.2
*Method II and SpermVD were used to freeze sperm.
**Percentage of post thawing sperm motility/original motility.

Table 2. 
Effects of freezing volumes on the post warming sperm motility*.
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Time (min)** Original motility Post thawing motility Recovered motility***

1 94.0 ± 2.0 88.3 ± 2.1 94.0 ± 1.6

2 94.0 ± 2.0 85.4 ± 1.6 90.9 ± 3.0

5 94.0 ± 2.0 84.1 ± 0.9 89.5 ± 2.4
*Method II and SpermVD were used to freeze sperm.
**Sperm equilibration time in the freezing solution before freezing.
***Percentage of post thawing sperm motility/original motility.

Table 3. 
Effects of equilibration times on post thawing sperm motility*.

3.4 Effects of freezing solution ratios on the post warming sperm motility

In this experiment, no differences were observed in the post thawing sperm 
motility between different ratios of sperm freezing medium (1:1, 2:1 and 5:1). As 
shown in Table 4, the original sperm motility was 91.4 ± 2.4%, and post thawing 
motility was 83.0 ± 3.7, 86.8 ± 2.8 and 85.2 ± 1.8%, respectively. The recovery rates 
of sperm motility were 90.9 ± 5.4, 94.6 ± 3.7 and 93.1 ± 4.2%, respectively. However, 
if sperm were frozen in the solution without sperm freezing medium (0:1), only 
6.2 ± 1.1% motility, or 6.8 ± 1.2% of recovery rate of motility was obtained (Table 4).

4. Discussion

Vitrification has been used to cryopreserve human oocytes and embryos in 
human infertility clinics for many years. For oocyte and embryo cryopreservation, 
vitrification requires high concentration (30%) of cryoprotectants in the vitrifica-
tion solutions [1, 2]. Cryoprotectants are macromolecules added to the freezing 
medium to protect cells from the detrimental effects of intracellular ice crystal 
formation during the process of freezing and thawing. When embryo vitrification 
solution is cooled to −196°C in liquid nitrogen, substances in the solution is trans-
formed into a glass, not ice crystal. However, in the present study, we used slow 
sperm freezing solution with low concentration of cryoprotectant (7.5% glycerol) 
and sperm still survived after freezing. It is still unknown whether ice crystal is 
formed inside sperm or not.

Although the procedure used in the present study is similar to vitrification, 
cooling time from room temperature to −196°C is longer (~2 minutes) than vitri-
fication, thus the cooling rate is lower than vitrification. In fact, direct immersion 
of sperm to liquid nitrogen (that is similar as vitrification) did not support sperm 

Ratio** Original motility Post thawing motility Recovered motility***

0:1 91.4 ± 2.4 6.2 ± 1.1a 6.8 ± 1.2a

1:1 91.4 ± 2.4 83.0 ± 3.7b 90.9 ± 5.4b

2:1 91.4 ± 2.4 86.8 ± 2.8b 94.6 ± 3.7b

5:1 91.4 ± 2.4 85.2 ± 1.8b 93.1 ± 4.2b

*Method II and SpermVD were used to freeze sperm.
**Ratio of sperm freezing solution to sperm washing medium.
***Percentage of post thawing sperm motility/original motility.
abValues are significantly different in the same column, P < 0.00001.

Table 4. 
Effects of freezing solution ratios on the post warming sperm motility*.
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survival, which is completely different from vitrification of oocytes and embryos. 
Our data indicate that this fast sperm freezing method with regular concentration 
of cryoprotectant in the freezing solution can bring about ~90% recovered rate of 
sperm motility after thawing. This rate is higher than those reported in the previ-
ous studies with other methods [4–12]. The results in our study were very stable 
after freezing of a total of 16 semen samples, further indicating that this method is 
practicable in human IVF clinics.

A few previous publications indicated that vitrification or fast sperm freezing 
with different concentrations of sucrose as cryoprotectant also supported sperm 
motility after thawing, but the overall sperm motility rates were less than 40% 
[4–12]. Reduced sperm motility after freezing/thawing is mainly caused by the 
injury of sperm membrane [12–15]. Sperm DNA can also be further damaged by 
different cryopreservation methods or cryopreservation medium [12, 16, 17]. We 
did not examine sperm DNA fragmentation before vitrification and after warming 
in the present study, it remains necessary to further examine whether high survival 
rate is correlated with low DNA fragmentation.

Some devices for embryo vitrification have been used for vitrification/fast freez-
ing of sperm but they are not the ideal devices for sperm freezing [5, 6]. Cryogenic 
storage vials may be suitable for normal sperm freezing because large volume is 
required for these kinds of freezing, but not suitable for small number of sperm 
freezing [10, 12–15]. Recently, a report indicated that direct pellet vitrification of 
human sperm with 0.25 M sucrose and thawing at 42°C increased sperm motility 
to ~70% and the authors considered that their high post thawing survival rate was 
resulting from a higher thawing temperature [10]. However, this method may not 
be suitable for freezing of small number of sperm.

Based on our study, we found that the following technical aspects are important 
to obtain high rates of sperm motility after fast freezing:

First, the traditional slow sperm freezing solution containing glycerol and 
sucrose works well for fast sperm freezing. It is not necessary to use higher concen-
trations of cryoprotectants, like those used for oocyte and embryo vitrification. 
However, cryoprotectants are still necessary for fast sperm freezing because very 
low motile sperm was obtained in the solution without cryoprotectants. This result 
indicates that the current commercial sperm freezing solution is appropriate for fast 
sperm freezing.

Second, time for equilibration of sperm in the freezing solution and volume of 
solution did not affect the post thawing sperm motility. These advantages allow 
this fast sperm freezing procedure to be easily used in human infertility clinics. 
For example, if there are very few sperm, freezing solution drop can be as small as 
1 μl, and if there are more sperm, the volume of micro drop can be increased to 5 μl. 
However, it may not be necessary to freeze more than 20 sperm (if there is small 
number of sperm in a sample) in one device as high recovery and survival rates can 
be obtained with this method. Also, the time range (1–5 min) for equilibration of 
sperm in the sperm freezing solution allows laboratory technicians to process the 
freezing without rushing. We did not examine whether longer equilibration time 
has similar post thawing sperm motility or not, but it appears that up to 5 minutes is 
sufficient for technicians to load and freeze sperm.

Third, direct immersion of sperm to liquid nitrogen does not support post thaw-
ing sperm motility. This result indicates that fast cooling rate, like that for embryo 
vitrification, does not work for sperm freezing. By contrast, slow cooling rate is 
better than rapid cooling rate. When the devices are sealed in the cryogenic storage 
vial and then immersed to liquid nitrogen, cooling rate is reduced 60 times (120 sec 
vs. 2 sec) as compared with direct immersion of device to liquid nitrogen. These 
results indicate that vitrification does not work for human sperm freezing with the 
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current sperm freezing solutions. When the device was placed in the vial and then 
immersed to liquid nitrogen, the cooling rate was much slower than vitrification.

High survival rates (>90%) can be obtained when human oocytes and embryos 
were vitrified [1, 2]. Here we provide evidence that ~90% of recovered sperm 
motility can also be obtained with this fast sperm freezing method. In the present 
study, we examined sperm motility, but did not examine sperm vitality because 
~90% of sperm were motile after thawing. Usually, sperm survival rates after 
freezing and thawing are higher than motility, indicating that sperm membrane 
has been injured in some sperm and these sperm cannot move but they are still live 
[4–12]. However, in the present study, high post thawing sperm motility indicates 
that sperm membrane was not injured during freezing and thawing, thus the 
current method may have less injury to sperm and/or sperm membrane than the 
previous methods [4–12].

The advantage of the devices used in the present study is that these devices can 
be directly placed in a culture dish, so sperm loading before freezing and sperm 
picking up after thawing can be done directly under a phase contrast microscope. 
Therefore, it is not necessary to transfer sperm between devices or wash sperm by 
centrifugation.

Furthermore, this method is a closed system. The vials must be closed tightly 
before immersion to liquid nitrogen to avoid liquid nitrogen entering the vials. 
Therefore, this method not only guarantees high rate of sperm motility after freezing, 
but also ensures samples not to have cross contamination during freezing and storage.

5. Conclusion

In conclusion, our data indicate that high post thawing sperm motility can be 
obtained after fast sperm freezing with the current commercial sperm freezing 
solution and commercially available devices, such as SpermVD and Microdevice. 
Our results also indicate that this method is safe as the devices are sealed in the 
storage vials during freezing and storage, which can avoid cross contamination. 
Furthermore, this method is simple and easy to learn.

Acknowledgements

This research was supported by a grant from Nanning Scientific Research and 
Technology Development project, (20173017-8) and Guangxi Medical and Health 
Department (20190862).

Conflict of interest

The authors declare that they have no conflict of interests.



207

A Method for Small Number of Human Sperm Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98674

Author details

Xiangli Niu1, Hua Huang1, Yi Mo1, Yan Sun1 and Wei-Hua Wang2*

1 Research Center for Reproductive Medicine, Reproductive Hospital of Guangxi 
Zhuang Autonomous Region, Nanning, Guangxi, China

2 Prelude-Houston Fertility Laboratory, Houston, TX, USA

*Address all correspondence to: wangweihua11@yahoo.com

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



208

Infertility and Assisted Reproduction

[1] Rienzi L, Gracia C, Maggiulli R, 
LaBarbera AR, Kaser DJ, Ubaldi FM, 
Vanderpoel S, Racowsky C. Oocyte, 
embryo and blastocyst cryopreservation 
in ART: systematic review and meta-
analysis comparing slow-freezing versus 
vitrification to produce evidence for the 
development of global guidance. Hum 
Reprod Update 2017; 23:139-155.

[2] Levi-Setti PE, Patrizio P, Scaravelli G. 
Evolution of human oocyte cryo-
preservation: slow freezing versus 
vitrification. Curr Opin Endocrinol 
Diabetes Obes 2016; 23:445-450.

[3] Dupesh S, Rasappan P, Shila S, 
Gunasekaran. Human sperm freezing: 
Mini update. Advances in Reprod Sci 
2018; 6:59-69.

[4] Just A, Gruber I, Wober M, Lahodny J, 
Obruca A, Strohmer H. Novel method for 
the cryopreservation of testicular sperm 
and ejaculated spermatozoa from 
patients with severe oligospermia: A pilot 
study. Fertil Steril 2004; 82:445-447.

[5] Desai NN, Blackmon H, Goldfarb J. 
Single sperm cryopreservation on 
cryoloops: An alternative to hamster zona 
for freezing individual spermatozoa. 
Reprod Biomed Online 2004; 9:47-53.

[6] Liu F, Zou, SS, Zhu Y, Sun C, Liu YF, 
Wang SS, Shi WB, Zhu JJ, Huang YH, 
Li Z. A novel micro-straw for 
cryopreservation of small number of 
human spermatozoon. Asian J Androl 
2017; 19:326-329.

[7] Desai N, Goldberg J, Austin C, 
Sabanegh E, Falcone T. Cryo-
preservation of individually selected 
sperm: Methodology and case report of 
a clinical pregnancy. J Assist Reprod 
Genet 2012; 29:375-379.

[8] Borini A, Sereni E, Flamigni C. 
Freezing a few testicular spermatozoa 
retrieved by TESA. Mol Cell Endocrinol 
2000; 169:27-32.

[9] AbdelHafez F, Bedaiwy M, 
El-Nashar SA, Sabanegh E, Desai N. 
Techniques for cryopreservation of 
individual or small numbers of human 
spermatozoa: A systematic review. Hum 
Reprod Update 2009; 15:153-164.

[10] Dupesh S, Rasappan P, Shila S, 
Gunasekaran. A simple method of 
human sperm vitrification. MethodsX 
2019; 6:2198-2204.

[11] Isachenko V, Isachenko E, 
Petrunkina Am, Sanchesz R. Human 
sperm vitrified in the absence of 
permeable cryoprotectants: Birth of two 
healthy babies. Reprod Fertil Dev 2012; 
24:323-326.

[12] Aizpurua J, Medrano L, Enciso M, 
Sarasa J, Romero A, Fernandez MA, 
Gomez-Torres MJ. New permeable 
cryoprotectant-free vitrification 
method for native human sperm. Hum 
Reprod 2017; 32:2007-2015.

[13] Agha-Rahimi A, Khalili MA, Nabi A, 
Ashourzadeh S. Vitrification is not 
superior to rapid freezing of normozoo-
spermic spermatozoa: Effects on sperm 
parameters, DNA fragmentation and 
hyaluronan binding. Reprod Biomed 
Online 2014: 28:352-358.

[14] Berkovitz A, Miller N, Silberman M, 
Belenky M, Itsykson P. A novel solution 
for freezing small numbers of 
spermatozoa using a sperm vitrification 
device. Hum Reprod 2018; 33:1975-1983.

[15] Ozkavukcu S, Erdemli E, Isik A, 
Oztuna D, Karahuseyinoglu S. Effects of 
cryopreservation on sperm parameters 
and ultrastructural morphology of 
human sperm. J Assist Reprod Genet 
2008; 25:403-411.

[16] Lusignan MF, Li X, Herrero B, 
Delbes G, Chan PTK. Effects of different 
cryopreservation methods on DNA 

References



209

A Method for Small Number of Human Sperm Cryopreservation
DOI: http://dx.doi.org/10.5772/intechopen.98674

integrity and sperm chromatin quality in 
men. Andrology 2018; 6:829-835.

[17] Raad G, Lteif L, Lahoud R, Azoury J, 
Azoury J, Tanios J, Hazzouri M, 
Azoury J. Cryopreservation media 
differentially affect sperm motility, 
morphology and DNA integrity. 
Andrology 2018; 6:836-845.





211

Chapter 12

The Role of Kisspeptin in the 
Ovarian Cycle, Pregnancy,  
and Fertility
Erin Ahart, Elaine Phillips, Michael Wolfe  
and Courtney Marsh

Abstract

Kisspeptins are a group of neuropeptides with regulatory functions related to 
puberty, fertility, and reproduction. They are primarily produced by hypothalamic 
nuclei and are thought to regulate the activity of neurons that produce gonadotropin-
releasing hormone. They are also expressed by placental syncytiotrophoblasts 
in developing pregnancies and are likely involved in the processes of trophoblast 
invasion and placentation. Similarly to beta-hCG, kisspeptins are found in maternal 
plasma during the first trimester of pregnancy and increase proportionately with 
gestational age. Because of their role in implantation, there is currently interest in 
the use of kisspeptins as minimally invasive biomarkers. It is suspected that maternal 
kisspeptin levels have diagnostic potential in identifying viable early pregnancies.

Keywords: kisspeptin, reproduction, fertility, placentation, biomarker

1. Introduction

Kisspeptins are a family of neuropeptides with diverse functions in humans. 
They are cleaved from a precursor peptide encoded by the KISS-1 gene, which 
was originally identified in melanoma cells as a metastasis suppressor gene [1]. 
Expression of KISS-1 has subsequently been identified in many other cell lines, 
including those of the placenta, ovaries, and testes [2]. It is now known that kiss-
peptin plays a critical role in reproduction and fertility [3]. Kisspeptin is believed to 
regulate the secretion of gonadotropin-releasing hormone (GnRH) by integrating 
central and peripheral signals [4]. During the menstrual cycle, gonadal sex steroid 
concentrations impact the secretion of GnRH from neurons located in the hypo-
thalamus. It is hypothesized that kisspeptin mediates this hypothalamic feedback 
because 1) GnRH neurons lack gonadal sex steroid receptors but some express 
kisspeptin receptors [5–7] and 2) kisspeptin neurons express sex steroid receptors 
[8, 9]. This review will focus on the role of kisspeptins throughout the menstrual 
cycle and their potential use as a biomarker of viable pregnancy.

2. Kisspeptin in the follicular phase and periovulation

Kisspeptin neurons are primarily located in the preoptic area and hypothalamic 
arcuate nucleus and function as upstream regulators of GnRH neurons [10]. In 
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both of these anatomic locations, serum estrogen and progesterone concentrations 
have been shown to regulate kisspeptin-mediated GnRH secretion [11]. During the 
early follicular phase of the menstrual cycle, estrogen exerts negative feedback on 
GnRH stimulation of luteinizing hormone (LH) secretion. As the follicular phase 
progresses, rising estrogen levels result in pulsatile secretion of GnRH, which then 
stimulates the pulsatile release of follicle-stimulating hormone (FSH) and LH [10]. 
This pulsatile secretion pattern is likely mediated by kisspeptin through regulation 
of GnRH neurons. Involvement of kisspeptin in this regulatory pathway is sus-
pected because GnRH neurons lack estrogen and progesterone receptors, and thus 
cannot directly respond to serum sex steroid concentrations [12, 13]. The absence of 
a direct biochemical connection between the gonads and hypothalamus suggests the 
presence of an intermediary signal. This “missing link” is thought to be kisspeptin 
neurons, which express estrogen receptors and secrete a ligand that can bind to 
GnRH [12].

During the early follicular phase when follicles are underdeveloped, kisspeptin 
levels are low [4, 14]. A study by Zhai et al. showed that kisspeptin levels sharply 
increase when the dominant follicle reaches 1.2 cm in diameter [14]. Kisspeptin 
levels during the periovulatory period are then high [4, 14, 15], and may have 
potential in predicting development of the dominant ovarian follicle [14]. A study 
by Dhillo et al. demonstrated that administration of exogenous kisspeptin to 
healthy women results in increased gonadotropin secretion; this response is most 
potent during the preovulatory phase [16].

A study by Meczekalski et al. demonstrated that kisspeptin and LH are co-
secreted (i.e. each kisspeptin pulse is accompanied by a pituitary LH pulse in 
response to a hypothalamic GnRH pulse) [11]. Another study demonstrated that 
blockade of the kisspeptin receptor (GPR54) resulted in blockade of pulsatile LH 
secretion [17]. There is also topographical evidence of the connection between 
GnRH and kisspeptin neurons – in several species, it has been shown that GnRH 
neuronal axons extend from the arcuate nucleus, where kisspeptin neurons are 
located, to the median eminence, where GnRH is secreted [12]. Human studies 
have not reproducibly demonstrated this neuroanatomy for all GnRH neurons, 
which may suggest that kisspeptin neuronal connections in humans are more 
complex [11, 18].

3. Kisspeptin in ovulation

At mid-cycle, estrogen secreted by the preovulatory follicle eventually triggers 
GnRH neurons to transition from pulsatile GnRH secretion to sustained secretion. 
The mechanism by which estrogen transforms from a negative to positive feedback 
signal on the hypothalamus still remains unclear. Estrogen binds to the ERα recep-
tor on kisspeptin neurons in the arcuate nucleus, inhibiting kisspeptin secretion 
and subsequent GnRH secretion [15]. In the anteroventral periventricular nucleus, 
estrogen binds kisspeptin ERα receptors and exerts positive feedback, which 
ultimately initiates the LH surge associated with ovulation.

The sustained secretion of high concentrations of GnRH (GnRH surge) occurs 
for over 24 hours and triggers the pituitary gland to secrete high levels of LH (LH 
surge) [19]. The LH surge is what ultimately triggers ovulation [7]. The LH surge 
is also the target of at-home ovulation predictor kits [14]. This cascade of hormone 
surges is thought to be primarily regulated by kisspeptin; in fact, kisspeptin is the 
most potent activator of GnRH neurons discovered to date [5]. It is suspected that 
rising estrogen levels during the follicular phase stimulate kisspeptin neurons, 
which then activate GnRH neurons to initiate the GnRH surge [7]. In contrast, 
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administration of a monoclonal antibody that blocks kisspeptin has been shown to 
prevent ovulation in rat models [20].

It is postulated that kisspeptin could be useful as a biomarker of the periovula-
tory/ovulatory phase [14]. This would be clinically useful because kisspeptin 
surges prior to LH and therefore could predict the time of ovulation before it 
happens (rather than as it happens). The target of most ovulation prediction kits is 
LH, which surges at the time of ovulation. According to Zhai et al., the probability 
of ovulation is increased when kisspeptin surges on the 11th day and LH surges on 
the 14th day [14]. In comparison, a study by Goto et al. showed that administration 
of a kisspeptin antagonist resulted in shrinkage of ovarian follicles and delayed 
ovulation [21].

4. Kisspeptin in the luteal phase and implantation

Kisspeptin is not only expressed in the central nervous system – it also performs 
peripheral functions. Expression of kisspeptin and its receptor KISS-1 has been 
demonstrated in the human ovary, fallopian tube, uterus, and placenta [22]. It is 
thought that kisspeptin primarily functions in the hypothalamus, but also interacts 
between the signaling pathways of the central and peripheral reproductive systems 
[23]. In fact, several studies have supported the idea that kisspeptin exerts direct 
effects on ovarian tissue via ovarian kisspeptin receptors [24–26].

A number of studies have demonstrated that kisspeptin is expressed at the 
maternal-fetal interface of many species, including humans [27]. In the human 
uterus, kisspeptin is expressed in the endometrial epithelial and stromal cells, but 
not in the myometrium [28]. In the early placenta, kisspeptin is initially produced 
by villous cytotrophoblast cells, then villous syncytiotrophoblast cells and the 
placental bed [29, 30]. As pregnancy progresses, placental production of kisspeptin 
declines [31, 32].

Kisspeptin expression in the endometrium is absent during the prolifera-
tive and early secretory phases but becomes abundant during the late secretory 
phase [27, 33]. This indicates a potential role of kisspeptin in the preparation 
of endometrial tissue for implantation. Kisspeptin knockout mice exhibit thin, 
weak uteri with almost no endometrial glands, suggesting kisspeptin is an 
important regulator of normal endometrial development [34]. Kisspeptin may 
also act as a mediator that facilitates implantation of the growing embryo to 
the uterine wall. It has been shown that exogenous kisspeptin administration 
strengthens adhesion of kisspeptin-expressing trophoblast cells to collagen pres-
ent in uterine tissue [34]. Immediately after implantation, kisspeptin levels are 
known to rise; this suggests involvement of kisspeptin during the decidualiza-
tion process [35]. A study by Wu et al. demonstrated a dose-dependent relation-
ship between kisspeptin expression and inhibition of cell invasion/migration in 
human decidualized endometrial cells [29]. In contrast, a kisspeptin antagonist 
called kisspeptin 234 stimulates the process of decidual invasion and migration 
[29]. Similarly, when small interfering RNAs that antagonize kisspeptin are 
introduced, stromal decidualization is impaired [35]. In a study by Calder et al., 
ablation of the KISS-1 gene and subsequent absence of kisspeptin expression 
resulted in infertile mice [36]. Even in mice that received rescue gonadotropins 
and estradiol, which restored ovulation, the mice embryos could not implant in 
the mice that lacked KISS-1. These embryos were, however, able to implant in 
wildtype mice [36].

Kisspeptin was originally identified as a suppressor of cancer metastasis; its 
function in the regulation of cellular proliferation and growth is also integral to the 
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process of placentation. The early placenta expresses high levels of kisspeptin, per-
haps to tame the invasive and migratory capability of trophoblasts [32]. Kisspeptin 
decreases the activity of collagenases, matrix metalloproteinases, and vascular 
endothelial growth factor, which are all signaling proteins involved in trophoblast 
proliferation [31, 37]. Kisspeptin also supports the adhesion of extravillous tro-
phoblasts to the endometrium, which inhibits migration [38]. This careful balance 
between invasion and the prevention of invasion is essential to the placentation 
process as well as the appropriate remodeling of the maternal uterine wall [34]. 
As the placenta develops throughout pregnancy, it exhibits a pattern of kisspeptin 
expression that follows a circadian rhythm [39]. The term placenta demonstrates 
kisspeptin surges at 0400 and 1200 daily. This rhythm correlates with circadian 
expression of other proteins involved in placental physiology, including TNFα, 
melatonin, and oxytocin [39].

5. Kisspeptin in pregnancy

Maternal kisspeptin levels rise dramatically during pregnancy, then return to 
normal within 15 days of delivery [28]. Unlike β-hCG, kisspeptin levels rise steadily 
and do not plateau [40]. It is thought that the primary source of maternal kisspeptin 
is placental tissue [27], and that maternal kisspeptin levels reflect the volume of 
viable placental tissue [41]. Kisspeptin may be useful as a biomarker of pregnancy 
due to its association with placental invasion and apoptosis [42]. It also has potential 
utility as a biomarker of miscarriage.

Spontaneous abortion (SAB) is a common experience, seen in 10–20% of 
clinically recognized pregnancies [43]. A study by Jayasena et al. showed that 
maternal plasma kisspeptin is significantly lower in women with early pregnan-
cies who later develop SAB compared to women who have a viable intrauterine 
pregnancy (IUP) [44]. Maternal kisspeptin levels also had higher diagnostic 
performance than β-hCG in detecting SAB [44]. Wu et al. demonstrated that 
women with recurrent SAB have decreased decidual kisspeptin expression 
compared to women with IUP [45]. Kavvasoglu also showed decreased maternal 
kisspeptin levels in women with SAB compared to healthy IUPs [46]. Sullivan et 
al. validated a serum kisspeptin-54 assay as well as confirmed that maternal kis-
speptin levels are positively correlated with fetal gestational age and pregnancy 
viability [40].

There is currently no established clinical test for early miscarriage; diagnosis 
relies on serial β-hCG measurements and correlation with ultrasound. This requires 
multiple maternal encounters with the healthcare system, a prolonged timeframe, 
and can involve considerable distress of the patient and partner. Jayasena et al. 
describes the current diagnostic pathway for establishing fetal viability as having 
limited clinical utility due to delay and a high degree of uncertainty [44]. Thus, 
there is interest in establishing a more accurate and streamlined diagnostic marker 
of viable IUP vs. SAB.

Kisspeptin has been shown to be massively downregulated in the case of ectopic 
pregnancy [47]. Ectopic pregnancy occurs when a fertilized ovum implants and 
develops outside the uterine cavity. Similarly to SAB, ectopic pregnancy is currently 
diagnosed by serial β-hCG measurements in correlation with ultrasound. Definitive 
diagnosis may require direct visualization via laparoscopy [48]. A study by Romero-
Ruiz et al. explored the roll of kisspeptin in individuals with ectopic pregnancy. 
They found that maternal circulating kisspeptins gradually increased during the 
first trimester of pregnancy in healthy controls. However, in those with ectopic 
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pregnancy, kisspeptin levels were suppressed. The study correlated these results to 
levels of microRNAs (miRNA) (small noncoding RNAs that can modulate gene and 
protein expression). In particular, miR-324-3p is known to inhibit kisspeptin func-
tion. Romero-Ruiz et al. found that in ectopic pregnancies, miR-324-3p was signifi-
cantly increased in placental tissue (though maternal circulating levels were low). 
This finding suggests defective export of the miRNA from its embryonic/placental 
source in ectopic pregnancy, which may further contribute to the local suppression 
of kisspeptin. The authors suggested that correlation of maternal miR-324-3p with 
kisspeptin and β-hCG levels could provide a better modality for timely diagnosis 
of ectopic pregnancy, especially considering the stability of miRNA in maternal 
serum [46].

Kisspeptin could also have diagnostic utility in identifying women at risk of 
preeclampsia. A study by Qaio showed that the placentas of term preeclamptic 
pregnancies express significantly lower kisspeptin levels compared to healthy preg-
nancies [49]. These findings were reproduced by Farina et al., which demonstrated 
lower KISS-1 expression in preeclamptic patients compared to healthy pregnant 
patients [50]. The study also suggested KISS-1 cell-free mRNA has potential to 
serve as a predictive biomarker of preeclampsia [50]. Matjila et al. investigated 
the relationship between maternal kisspeptin levels and placental kisspeptin 
expression in preeclamptic pregnancies – they found that preeclamptic placentas 
demonstrated high kisspeptin expression but low maternal kisspeptin levels [30]. It 
is speculated that elevated kisspeptin expression in diseased placentas may inhibit 
trophoblast invasion and contribute to the development of preeclampsia [30, 34]. 
Kisspeptin therefore has potential to offer predictive information about the risk of 
preeclampsia.

6. Kisspeptin in in vitro fertilization

Because of its apparent role in reproduction and fertility, there is interest in the 
use of kisspeptin as a tool to aid in assisted reproductive technology. Exogenous 
kisspeptin has been used to trigger oocyte maturation in women undergoing in 
vitro fertilization (IVF) with very low rates of ovarian hyperstimulation syndrome 
(OHSS) [41, 51]. Oocyte maturation is the process during which an oocyte transi-
tions from metaphase I to metaphase II; at this time, it is capable of becoming fertil-
ized [51]. Jayasena et al. demonstrated that a single kisspeptin bolus was capable 
of producing an LH surge that induced oocyte maturation in women undergoing 
IVF [41]. This was an important study, as it was the first to label kisspeptin as an 
effective maturation trigger. 92% of the study participants who received kisspeptin 
had at least one embryo available for transfer [41]. A study by Owens et al. then 
demonstrated that when kisspeptin is administered as an oocyte trigger during 
IVF cycles, granulosa cell gene expression is altered in such a way that increases 
FSH and LH receptor expression [52]. This altered gene expression is postulated to 
augment downstream signaling, resulting in increased sex steroid synthesis [52]. In 
fact, kisspeptin is currently considered to be the most potent stimulator of GnRH 
secretion [53, 54].

OHSS is considered a serious adverse event during IVF treatment and is typi-
cally related to the use of hCG as a trigger for oocyte maturation. This syndrome 
is characterized by extreme vascular permeability, which can result in pleural 
effusions, ascites, renal impairment, and in severe cases, death [51]. This vascular 
permeability is a downstream effect of hCG-mediated release of vascular endo-
thelial growth factor (VEGF) from the ovary [55]. Kisspeptin has been shown to 
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directly inhibit ovarian VEGF production, which significantly decreases the risk 
of OHSS when used as a trigger for ovulation induction [56]. Moreover, kis-
speptin acts to release endogenous GnRH, which triggers an LH surge dependent 
on the individual’s own GnRH reserves, and is unlikely to excessively or patho-
logically stimulate the ovaries [57].

7. Kisspeptin in puberty

In addition to its role in pregnancy and fertility, kisspeptin is also implicated in 
sexual development in humans. The target of the kisspeptin molecule is G-protein 
coupled receptor 54 (GPR54) [58]. A study by de Roux et al. demonstrated that 
humans with a defect in the GPR54 gene exhibit isolated hypogonadotrophic 
hypogonadism, suggesting that kisspeptin is an important regulator of gonadal axis 
development [59]. This finding was then reproduced by an independent study by 
Seminara et al., who evaluated a large family with idiopathic hypogonadotrophic 
hypogonadism and generated GPR54 knockout mice, which failed to undergo 
adult sexual development and had low serum gonadotropin levels [47]. In contrast, 
exogenous kisspeptin administration in prepubertal rodents and primates has 
been shown to induce precocious puberty [60]. Furthermore, Teles et al. describes 
a female with an activating mutation of GPR54 who exhibited idiopathic central 
precocious puberty [61].

Kisspeptin is thought to be imperative in all phases of sexual development, 
beginning in the embryonic phase. During the second trimester of pregnancy, 
GnRH secretion first occurs and is required for normal testicular development 
[62]. Aberrant gonadal pathways can result in male infants born with microphallus 
or cryptorchidism [63]. Kisspeptin is suspected to be crucial in the stimulation of 
GnRH secretion in both infancy and puberty [62].

8. Conclusion

Kisspeptins have a multitude of regulatory neuroendocrine functions that span 
the sexual life cycle. Though its mechanisms are not entirely characterized, there is 
strong evidence supporting its involvement in puberty and development, ovulation, 
implantation, and pregnancy. Because of their role in these reproductive processes, 
kisspeptins have potential to be useful as biomarkers in a variety of contexts, such 
as ovulation prediction and diagnosis of viable IUP. Kisspeptins may also be useful 
in the advancement of assisted reproductive technology. Continued exploration of 
kisspeptin function will help to develop and standardize practices that harness its 
diagnostic and therapeutic potential.
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Abstract

Main differences of incubators are humidity, temperature and gas control ways, 
which play important roles in regulating the steady state of culture media. In this 
study, we compared the effects of different types of incubators (air jacket incuba-
tors and water jacket incubators) on embryo development and clinical outcomes in 
human assisted reproduction. We found that temperature recovery time in air jacket 
incubators was significantly shorter than that in water jacket incubators. Although 
the O2 recovering time was also significantly shorter in air jacket incubators as 
compared with the water jacket incubator, no significant differences were observed 
in CO2 recovering time between two groups, which was also verified by pH recover-
ing time of culture media. Besides, the temperature of culture medium in the dish 
covered with oil recovered more quickly in the air jacket incubators. However, there 
were no significant differences observed in the fertilization rate, Day 3 high-quality 
embryo rate, blastocyst rate, good blastocyst rate and clinical outcomes between 
two groups. These results indicate that the microenvironment, especially the tem-
perature, in air jacket incubator recover faster than that in water jacket incubators, 
however, there were no significant differences in embryo development and clinical 
outcomes between two types of incubators.

Keywords: Embryo culture, Incubator, Temperature, CO2

1. Introduction

For most kinds of cell culture, a suitable culture condition depending on the 
cell type is used. Human embryos are usually cultured in incubators in a humidi-
fied condition with 5–7% CO2 with or without reduced oxygen at 37°C condition. 
Although culture media are very important for embryo development, the environ-
ment of embryo culture is also a critical factor, which provides stable conditions for 
embryo development by controlling pH and temperature of the culture media.

During oocyte fertilization and embryo development, maintaining an appropri-
ate and stable culture environment for gametes and embryos is the guarantee for 
protecting the developmental competence of embryos. The primary functions of 
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incubators are to maintain stable temperature, optimal pH levels for embryo growth 
and stable osmolality of the media [1, 2]. Different types of incubators based on 
these principles have been developed in the past few years, which include water 
jacket incubators, benchtop incubators, drawer incubators and time-lapse incuba-
tors [3]. The main differences of these incubators are temperature control system, 
gas control system (the gas premixed incubator, the conventional gas incubator 
with CO2 only) and humidity. For the air jacket incubator, the gas is pre-heated. 
While the warming process of culture medium in the water jacket incubator is 
thermal conductivity by gas, which is heated by the water jacket.

As for embryo culture, the culture medium is usually covered by mineral oil for 
maintaining a normal range of osmolarity for embryo development. Besides, with 
the development of CO2 sensors, conventional thermal conductivity sensors were 
replaced by infrared sensors [3]. Therefore, the dry incubator becomes a new choice 
for embryo culture. Compared with the conventional incubator, the dry incubator 
is easier to clean due to its smaller size and the risk of contamination is also reduced 
significantly under the moisture-free environment [4].

Although dry incubators have been widely applied to the field of human IVF, 
their effects, especially the clinical outcomes, are reported rarely. It was reported 
that the early stage embryo and blastocyst formation rates in top-load mini-
incubators are superior to that in front-load conventional incubators [5]. However, 
Mohamed Fawzy and colleagues reported that embryos cultured in dry incubators 
showed significantly decreased implantation and clinical ongoing pregnancy rates 
[6]. However, in their study, live-birth rate was not reported and the paired com-
parison for embryos derived from the same patient was also of lack.

In the present study, we compared the effects of the air jacket incubator and 
conventional water jacket incubator on embryo development and the final clini-
cal outcomes. We found that the temperature and gas concentration in air jacket 
incubators recovered more quickly than conventional water jacket incubators, but 
there were no significant differences observed for embryo development and clinical 
outcomes.

2. Materials and methods

2.1 Patients

Ethical approval was obtained from the Medical Ethics Committee of Weihai 
Maternal and Child Health Hospital (WFEY-QR-CR-825, 3 January 2017). The writ-
ten cognitive and approval consents were also signed by patients. Patients undergo-
ing routine IVF treatment (the number of COCs acquired ≥10) at the Reproductive 
Medical Center of Weihai Second Municipal Hospital between Jun 2017 and Aug 
2019 were treated as candidates for this study. The characteristics of patients were 
listed in Table 1, including age, body mass index (BMI), basal sex hormone levels, 
duration of infertility. Women with endometriosis, poor endometrium (<8 mm 
diameter), premature ovarian insufficiency on the hCG trigger day or the transfer 
day were excluded. Samples from their husbands were also excluded if they had 
severe asthenospermia/oligospermia and aspermia.

The follicles of women receiving gonadotropin releasing hormone agonist 
(GnRH-a) long protocol were monitored by ultrasound. When 10 or more follicles 
had reached a mean diameter of ≥14 mm, the women were given appropriate dose 
of hCG to induce oocyte meiotic maturation. Cycles with more than 10 COCs 
retrieved were assigned in this study and all COCs were allocated equally and non-
selectively to either incubator.



225

Effects of Different Types of Incubators on Embryo Development and Clinical Outcomes
DOI: http://dx.doi.org/10.5772/intechopen.97833

To avoid frequent opening/closing of the incubator door, the ‘one patient one 
incubator’ strategy was conducted in our study, which means COCs or embryos 
from one patient were cultured separately in one incubator.

2.2 Incubators and parameters monitoring

As showed in Figure 1A and B, the air jacket incubator (EC9 triple gas bench-
top incubator, ASTEC CO., LTD. Japan) and a conventional water jacket incubator 
(Penguin AQ series/APM30D, triple gas incubator, ASTEC CO., LTD. Japan) were 
used in our research. The specifications of different incubators were listed in 
Figure 1C. A range of 12–15 repeated opening/closing processes were conducted in 
a single ART cycle (from oocyte collection to blastocyst transfer).

For temperature monitoring, a handheld temperature measuring equipment 
with a long and soft linear sensor (TES 1310 TYPE-K, China) was used to monitor 
the variation of temperature in a center-well organ culture dish (FALCON, 353037) 
with 1 ml medium covered with 1 ml mineral oil in the dishes. Briefly, accord-
ing to the length of time consuming in routine embryo culture, we made a single 
10-seconds door opening/closing process, after which the temperature of incubator 
chambers was detected. It should be noted that 5-seconds door opening/closing 
was enough for air jacket incubator, in which only one dish was usually placed. 
Considering the consistency of this study, 10-seconds opening/closing treatment 
was accepted for two kinds of incubators. CO2 and O2 recovering times were 
recorded according to the corresponding display panels.

For pH measurement, 5 ml medium was poured into a tube and equilibrated for 
overnight. At the second day, we tested the initial pH values (initial state) by a pH 
meter (PB-10 Sartorius). As temperature monitoring, after a 3 min holding on the 
thermostatic desk, pH values were recorded again (out for 3 min), after which the 
medium was put back into incubators and detected at 10 min, 30 min and 1 hour 
(showed ‘in for 10 min’, ‘in for 30 min’ and ‘in for 1h’ respectively).

2.3 Sperm preparation, fertilization and embryo culture

After semen liquefaction (nearly 30 minutes), density gradient centrifugation 
combined with swim-up was used to sort sperm with normal morphology and 
high motility [7]. G-IVF (vitrolife) was used to wash sperm and120,000 motile 
sperm/ml was used for short-time in vitro fertilization. After 4 hours co-culture, 
oocyte denudation was performed using mechanical method and the remaining 

Age 30.88 ± 0.57

BMI(kg/m2) 23.91 ± 0.51

Basal E2 297.2 ± 69.45

Basal FSH 6.53 ± 0.46

Duration of infertility (y) 5.4 ± 0.62

Antral follicle count(≥14 mm) 10 ± 2.22

No. of oocytes collected 23.56 ± 1.05

No. of matured oocytes 18.6 ± 0.65

No. of embryo transferred 1.63 ± 0.08

Note: data showed mean ± SEM.

Table 1. 
Characteristics of patients in this study.
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sperm was also removed. Depending on the presence of the second polar body, we 
judged if oocytes were fertilized and only these oocytes with two polar bodies were 
then transferred into cleavage culture medium (G1 medium, vitrolife). At day 1 
(16–18 hours after fertilization), the number of pronucleus (PN) was recorded and 
2PN-gametes were identified as normal fertilization, after which these gametes 
were transferred into new G1 medium. At day 3 and day 5, embryos were trans-
ferred into G2 medium (vitrolife) for blastocyst culture.

2.4 Embryo and blastocyst scoring

Embryos and blastocysts were graded according to the Istanbul consensus 
and Gardner criteria [8, 9]. Briefly, embryos (day 3) with 7–9 cells, less than 10% 
fragmentation by volume and symmetric blastomeres were identified the good. 
Blastocysts (day 5) graded 4BB or even better were identified the good, including 
4BB, 4AB, 4BA and 4AA. Embryos on day 3 or blastocysts on day 5 were assessed by 
three experienced embryologists and the assessments were recorded individually. 
Although most of the results were consistent between embryologists, the lowest 
score (when exist) was accepted.

2.5 Embryo transfer and clinical follow-up

Using abdominal ultrasound guidance, one or two embryos (fresh or frozen–
thawed embryos) were transferred to each woman. In some situations, such as the 

Figure 1. 
Comparison of the air jacket incubator and water jacket incubator. (A) and (B): Photograph of the air jacket 
incubator (A) and the water jacket incubator (B). (C): Physical parameters of different types of incubators. 
(D) and (E): Incubator temperature recovering process after a 10 seconds opening/closing process. The solid 
line and right vertical axis represented the changing process of the air jacket incubator. The dotted line and 
left vertical axis represented the change of temperature in the water jacket incubator. (F): Statistical data of 
temperature in different incubators. ***: P < 0.001. (G) and (H): CO2 and O2 recovering process in different 
incubators (G was the air jacket incubator; H was the water jacket incubator). (I): CO2 recovering time in 
different incubators. Ns: no significant differences.
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patient with ovarian hyper-stimulation syndrome (OHSS), embryos were cryo-
preserved and the frozen–thawed embryos were transferred later. Serum β-hCG 
levels were monitored on day 14 after embryo transfer, which was used to confirm 
biochemical pregnancy. When the gestational sac (should have heartbeat) was 
observed using ultrasound one month after embryo transfer, clinical pregnancy 
was confirmed. Considering the possibility of failure in one cycle, we calculated 
the successful rate of every transfer cycles to compare the clinical outcomes in two 
groups. For example, if one patient was conducted two times of frozen–thawed 
embryo transfer (FET) (all embryos from the air jacket incubator) and was verified 
pregnant at last, the clinical pregnancy rate would be 50%.

2.6 Statistical analysis

Statistical analysis was performed using Student’s t-test or Fisher’s exact test 
with GraphPad Prism 7 software. Data were expressed as mean ± SEM. As for com-
paring the proportion of pregnancies, dichotomous outcomes data were showed as 
frequency and percentage. The differences between two groups were represented by 
computing the odds ratio with 95% confidence interval, and Fisher’s exact tests was 
used. P < 0.05 was considered statistically significant.

3. Results

3.1  Microenvironment in air jacket incubators recovers faster than  
that in water jacket incubators

As shown in Figure 1A and B the gas preprocessing tank takes up a large space 
of the incubator, which is used to heat and mix the gas (6% CO2, 5% O2, and 89% 
N2). After that, the warmed and mixed gas was released into culture chamber. The 
volume, heating method, gas control system and humidity are main differences 
between two kinds of incubators (Figure 1C). Besides, the gas control system of air 
jacket incubators is duty control, which provide better fault-tolerant capabilities 
than the on–off control system (Figure 1C).

During embryo culture, the door of an incubator was opened and closed fre-
quently. We monitored the temperature recovering process after a 10s-opening/
closing procedure. As shown in Figure 1D, after an opening-10s-closing procedure, 
the chamber temperature of air jacket incubators decreased steeply (the lowest 
temperature was 31.8°C). However, in less than 3 min (2.7 ± 0.12 min, n = 4), the 
chamber temperature of air jacket incubators recovered to the normal. On the con-
trary, despite the gentle decline of temperature in water jacket incubators (the lowest 
temperature was 36.5°C), it taken nearly 37 min to recover its intra-environment 
temperature (37 ± 2.48 min, n = 4; P < 0.0001) (Figure 1E and F). For gas recover-
ing process, as shown in Figure 1G and H, CO2 recovering time was 4 min and O2 
recovering time was 3.5 min in air jacket incubators. However, O2 recovering time 
was more than 30 min in water jacket incubators. There was no significant difference 
in the CO2 recovering time between two types of incubators (air jacket incubator vs. 
water jacket incubator: 4 ± 0.35 min vs. 3.1 ± 0.15 min, n = 4; P > 0.5)) (Figure 1I).

The temperature of culture medium in air jacket incubators recovers faster 
than in water jacket incubators, but there are no differences in pH values between 
two groups.

We also detected the change of medium temperature over time. Simulating the 
observation and operation of embryos, we taken out the dishes from the incuba-
tor and placed on a 37°C thermostatic desk for 3 min (Figure 2A). As shown in 
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Figure 2B, we found that the temperature of medium covered with mineral oil 
recovered to 37°C within 31.5 min in air jacket incubators. However, more than 
65 min were taken for temperature recovering in the conventional water jacket 
incubator. As shown in Figure 2C, the pH values of G-IVF, G1 and G2 (Vitrolife) 
represented similar changing trends between two groups and no significant dif-
ferences were observed.

3.2  There are no differences in short time IVF and embryo development 
between two types of incubators

Since the differences in intra-incubator micro-environment regulating method 
between two types of incubators, we investigated if the fertilization and embryo 
development were affected due to the factors of culture environment fluctuat-
ing. As shown in Table 2, there were no differences in fertilization rate between 
two groups (water jacket incubator group: 77.84 ± 2.15%, n = 498 vs. air jacket 
incubator group: 74.57 ± 2.24%, n = 478; P > 0.05). The normal fertilization rates 
(2PN rates) at day 1 were also similar between two groups (water jacket incubator 
group: 53.99 ± 3.04%, n = 498 vs. air jacket incubator group: 52.18 ± 2.74%, n = 478; 
P > 0.05) (Table 2). Meanwhile, there were also no significant statistical differences 
in the abnormal fertilization rates (≥3PN for IVF, 1 PN or ≥ 3PN for ICSI) between 
two groups (water jacket incubator group: 8.04 ± 1.65%, n = 498 vs. air jacket 
incubator group: 7 ± 1.77%, n = 478; P > 0.05).

On day 3, we assessed the quality of embryos in two groups and found that 
there were also no differences in good quality of embryos that with 7–9 symmetric 
blastomeres and less than 10% fragmentation by volume (water jacket incubator 

Figure 2. 
Temperatures and pH values of culture medium recovering process in different incubators. (A): The cartoon 
indicating the timing of temperature and pH monitoring. (B): Temperature variation of culture medium 
covered with oil in incubators after a 3-min-handling outside the incubator. The solid line represented the 
changing process of air jacket incubators, the dotted line represented the water jacket incubator. (C): pH values 
of G-IVF, G1 and G2 recovering processes in different types of incubators.



229

Effects of Different Types of Incubators on Embryo Development and Clinical Outcomes
DOI: http://dx.doi.org/10.5772/intechopen.97833

group: 50.97 ± 3.32%, n = 336 vs. air jacket incubator group: 49.48 ± 4.18%, n = 315; 
P > 0.05) (Table 2). As for blastocyst formation rate, the water jacket incubator 
group was 65.54 ± 3.97% (n = 288), compared to 60.74 ± 3.82% (n = 269) blastocyst 
formation of the air jacket incubator group (P > 0.05). There were no significant 
differences observed in good blastocyst formation (water jacket incubator group: 
48.14 ± 4.67%, n = 191 vs. air jacket incubator group: 43.97 ± 4.92%, n = 166; n = 43, 
P > 0.05). All these results indicated that intra-incubator microenvironment regu-
lating method does not affect fertilization and embryo development.

3.3 The clinical outcomes were also similar between two groups

As shown in Table 3, the rates of biochemical pregnancy and clinical pregnancy 
were 53.85% and 42.31% respectively in air jacket incubators, which were similar as 
that in water jacket incubator (rates of biochemical pregnancy and clinical preg-
nancy were 66.67% and 54.55% respectively). No statistically significant differences 
were observed between two groups (P > 0.05). The implantation rate and live-birth 
rate of the air jacket incubator were 40.54% and 34.62% respectively, which were 
also similar with that in the water jacket incubator (the implantation rate was 
43.48% and the live-birth rate was 33.33%, P > 0.05).

4. Discussion

Although many types of incubators have been successfully applied for human 
IVF, there were few studies compared the effects of the incubators with different 

Air jacket incubator Water jacket incubator P value

Fertilization rate 74.57 ± 2.24% (n = 478) 77.84 ± 2.15% (n = 498) 0.14

Normal fertilization rate 67.57 ± 2.61% (n = 478) 69.8 ± 2.51% (n = 498) 0.47

Abnormal fertilization rate 7 ± 1.77% (n = 478) 8.04 ± 1.65% (n = 498) 0.61

D3 good embryo rate 49.48 ± 4.18% (n = 315) 50.97 ± 3.32% (n = 336) 0.7

Blastocyst formation rate 60.74 ± 3.82% (n = 269) 65.54 ± 3.97% (n = 288) 0.33

Good blastocyst rate 43.97 ± 4.92% (n = 166) 48.14 ± 4.67% (n = 191) 0.52

Note: Data presented as mean ± SEM (n). Paired t test was used for the statistical analysis between two groups. P 
values >0.05 indicated there were no differences between two groups.

Table 2. 
Fertilization and embryo development in different types of incubators.

Air jacket 
incubator

Water jacket 
incubator

Odds ratio 
(95% Cl)

P value

Biochemical pregnancy 14/26(53.85%) 22/33(66.67%) 1.71(0.62–4.92) 0.42

Clinical pregnancy 11/26(42.31%) 18/33(54.55%) 1.64(0.58–4.52) 0.43

Implantation 15/37(40.54%) 20/46(43.48%) 1.13(0.46–2.63) 0.83

Live birth 9/26(34.62%) 11/33(33.33%) 0.94(0.32–2.92) >0.99

Note: Data presented as proportions, n(%). Fisher’s exact test was used for between-group data comparisons. Odds 
ratio with 95% confidence interval (Cl) were also listed. P values>0.05 indicated there were no differences between 
two groups.

Table 3. 
Clinical outcome comparisons between two types of incubators.
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features on embryo development and clinical outcomes. We noticed two related 
reports about the effects of intra-incubator environment on embryo development; 
however, their results were inconsistent [5, 6]. Besides, it is worth noting that 
previous conclusions were based on ‘one patient, one incubator’ and strictly paired 
comparisons (‘one patient, two types of incubators’) were lacking. We allocated 
COCs from one patient equally and non-selectively to either incubator from 
fertilization to day-6-embryo-culture and found that the microenvironment of air 
jacket incubator could recover quickly, but there were no significant differences for 
embryo development and clinical outcomes between two types of incubators.

The pH levels, temperature, osmolality and humidity of embryo culture micro-
environment are maintained by the incubator [6]. However, different incubators 
have different methods to heat, control gas and humidity. In our study, we found 
that the air jacket incubator represented a better performance in temperature 
recovering (including the atmosphere temperature and culture medium tempera-
ture) and O2 recovering. For air jacket incubators, the gas pre-processing tank was 
used to heat and mix different gas, after which the warmed and mixed gas (37°C, 
6% CO2, 5% O2, and 89% N2) was released into the culture chamber. Besides, 
with a smaller volume and heated lid, the parameters of incubator micro-envi-
ronment are easy to recover. On the contrary, for the conventional water jacked 
incubator, due to the large volume, the distance of thermal transmission to dishes 
is relatively long, which leads to a long time needed for temperature recovering. On 
the other hand, the gas control system is different between two types of incubators 
(Figure 1C). On–off control is a simple form of gas feedback control in conven-
tional water jacket incubators, which drives CO2/O2 from fully closed to full open 
depending on the set point. Therefore, during the process of steady state recover-
ing, the related parameters could fluctuate around the set point. However, the duty 
control is a stricter and precise method for gas control in air jacket incubators.

Although air jacket incubators have better properties than water jacket incubators, 
there were no significant differences in fertilization, embryo development and clinical 
outcomes observed in our study (Tables 2 and 3). As shown in Figure 2B, after 3 min 
operation outside of the incubator (still placed on a 37°C thermostatic platform), the 
temperature of culture medium dropped to 35°C. It appears that this low temperature 
in a short time might not affect embryo development. Actually, the temperatures 
in the cervix, oviduct and the ovary are between 36°C and 37°C [10]. Therefore, 
although a temperature recovering in water jacket incubators is longer, the short 
duration of limited low temperature did not affect embryo development and clinical 
outcomes. It was reported that incubator door openings could lead to measurable, 
significant changes in mouse embryo morphokinetics [11], suggesting that frequent 
disruption of intra-incubator environment is harmful for embryo development.

Overall, we concluded that, types of incubators could not affect embryo develop-
mental competence and clinical outcomes as long as the intra-incubator environments 
are maintained to be stable and it should avoid frequent and prolonged door openings.
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