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The field of In Vitro Fertilization is a relatively new field in medicine, constantly on 
the move. This field is an exquisite example of the vast power in the complementary 
use of basic research with clinical practice and opened a new route of great basic and 
clinical research possibilities. The knowledge base that allowed the accomplishment 

of the idea of in vitro fertilization and embryo transfer has much developed since. The 
vast body of research pertaining to this field allowed deepening our understanding in 
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new and interesting updated information in various aspects of this field.  This work is 
a result of collaborative work of an international group of professionals dedicated to 
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Preface 
 

No doubt that one of the major advancements in the field of medicine in the last 
millennium, include the introduction of in-vitro fertilization and embryo transfer, to 
alleviate female and male infertility. Prof. Robert Edwards, the 2010 Nobel laureate in 
medicine represents this field. Cambridge physiologist Prof Edwards, now 85, and the 
late Patrick Steptoe, a gynecologic surgeon, developed IVF technology in which 
oocytes are fertilized outside the body and implanted in the uterine cavity. The 
groundbreaking work led to the birth of the world's first test tube baby, Louise Brown, 
in 1978. Today this technology has affected the lives of millions of infertile patients. 
The pioneering and inspirational work that started in the early '60s led to a 
breakthrough that has enhanced the lives of millions of people worldwide resulting in 
the birth of more than 3 million babies.  

Since then, there was not a dull moment in the advancements and developments in 
this field. Mentioning just a few, includes embryo cryopreservation, a technology that 
allows preservation of surplus embryos, to be used after the fresh cycle, reducing the 
need of the patients to undergo another cycle of controlled ovarian hyperstimulation 
and oocyte retrieval, oocyte cryopreservation enabling to revolutionize the field of egg 
donation which enables women without fertilizable oocytes to fulfill their wish for 
conception and delivery. The introduction of Intracytoplasmic Sperm Injection 
revolutionized the treatment possibilities of male infertile patients allowing patients 
suffering from severe OTA and even azoospermia, to father a child. Although the field 
of ART exists now for more than three decades, in many of its practical aspects there is 
no consensus and continuing basic and clinical research relevant to the various aspects 
of this field contribute to its improvement. 

Presently, the basic routines that IVF-ET treatments are well known to those involved 
in the field of reproductive medicine. In this book we present a variety of chapters 
expressing new and exciting data relevant to various aspects of this field, indicating 
the vast potential of innovations in the variable parts that comprise the puzzle of this 
treatment's methodology.  

The first chapter relates to new aspects of the treatment protocols used for COH for 
IVF, specifically considering the role of low dose hCG in the late follicular phase of 
COH protocol. In the following chapter light is shed upon the importance of 
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premature progesterone rise during COH, investigating the endometrial gene 
expression affected by it that may lead to impairment of uterine receptivity. The 
improvements in the instrumentation and technical ability of the new ultrasound 
machinery had a serious impact on the role of ultrasound in the evaluation of uterine 
receptivity as well as establishing the new standard of guided embryo transfer. This 
will be presented in our third chapter. In our fourth chapter we present a current 
update on the variable methods of sperm selection for IVF, including the newest ideas 
in this expertise. Current data indicate the importance of the preimplantation 
development of embryos, that may affect not only their implantation potential but also 
their health during their lifespan. Using in vitro fertilized bovine embryos as a 
mammalian model, the fifth chapter presents some histone modifications marks 
observed during embryonic genomic activation and how their monitoring can provide 
useful information about early embryo development. IVF offers hope to couples and 
women who might not otherwise achieve pregnancy, but there are risks which are not 
elucidated yet. The sixth chapter presents insights from gene expression studies 
during preimpantation development , essential for the evaluation of IVF safety. In our 
seventh chapter we present an overview on one of the newest advancement in the 
field of IVF. Namely, the introduction of oocyte cryopreservation by vitrification, is a 
methodology that may revolutionize the field of oocyte donation and fertility potential 
preservation. A concise overview regarding current knowledge of Preimplantation 
genetic testing is presented in our last chapter, presenting the current technique of 
PGD and PGS as well as and its future prospects using cutting edge genomic 
technologies allowing to prevent inherited genetic disorders.  

This book is a result of collaborative work of an international group of professionals 
dedicated to contribute to the advancement of our knowledge that invested their time 
and effort in contributing their chapters. We hope that this book, presenting current 
new aspects pertaining to the variable aspects of the steps leading to a more effective 
and safer IVF, will have the ability to challenge and satisfy the curiosity of the variable 
potential readers seeking to enrich their knowledge in the challenging field of IVF. 

 
Prof. Shevach Friedler 

The Sackler School of Medicine, Tel Aviv University, Ramat Aviv, 
Israel 
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The Role of Low-Dose hCG1 in  
the Late Follicular Phase of Controlled  

Ovarian Hyper Stimulation (COH) Protocols 
Mahnaz Ashrafi1,2 and Kiandokht Kiani2 

1Department of Obstetrics & Gynecology, Shahid Akbarabadi Hospital, 
Tehran University of Medical Sciences, Tehran, 

2Department of Endocrinology and Female infertility, Reproductive Biomedicine  
Research Centre, Royan Institute for Reproductive Biomedicine, ACECR, Tehran, 

Iran 

1. Introduction 
Controlled ovarian hyper-stimulation (COH) is one of the most important stages in ART 
treatments. The main goal of COH is to achieve efficient follicle numbers without 
compromising oocyte quality.  

During the natural ovarian cycle, different pituitary hormones are responsible for follicle 
recruitment and growth. In the early follicular phase, follicle stimulating hormone (FSH) is 
responsible for early follicular growth and development. However, in the middle or late 
phase, reduction in FSH levels will occur and LH gains the more important role. The more 
COH protocol can mimic the natural hormonal situations, the more efficacious it will be. 

In most infertile women, the administration of exogenous FSH2 alone is usually sufficient for 
ovarian stimulation. In these patients, dominant follicles have LH receptors in addition to 
FSH ones and therefore can respond to endogenous LH. However, subgroups of cases either 
do not respond or over-respond to FSH. These patients may benefit from LH3 activity 
supplementation during their mid or late follicular phase. 

Different studies have found that LH activity supplementation may lead to improved 
outcome in patients over the age of 35, patients with initial abnormal response to 
recombinant human FSH (r-hFSH), and those at risk for poor ovarian response (Alviggi et 
al., 2006). In patients beyond 35 years, the addition of LH in form of human menopausal 
gonadotropin (hMG) to r-FSH regimen may only improve the ovarian response but does not 
improve overall pregnancy rates (Sohrabvand et al., 2010). 

On the other hand, LH components induce the local production of various molecules such 
as inhibin B and IGF-14 from granulose cells and these factors in turn promote the growth of 
                                                 
1 Human Chorionic Gonadotropin  
2 Follicle Stimulating Hormone 
3 Luteinizing Hormone 
4 Insulin growth factor 1 
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granulose cells and regulate oocyte maturation (Alviggi et al., 2006). LH is also secreted in 
the theca compartment and induces androgen production. Then these theca-driving 
androgens are converted into estradiol by aromatize enzymes (Hillier et al., 1994). These 
mechanisms may have an important role in the improvement of oocyte quality and LH or 
hCG supplementation could be a successful method for achieving the physiologic 
conditions for follicle growth.  

Different sources of LH activity including hMG, recombinant LH and low-dose hCG are 
accessible. HCG is a normal natural analogue of LH. It selectively binds to LH receptors and 
exerts the same actions as LH (Ross 1977). It has a longer half-life than LH (Nargand et al., 
2006). HCG is able to occupy LH receptors for more than 24 hours and allow stable 
stimulation of the LH receptors (Damewood et al., 1989). HCG is at least six times more 
potent than LH (Stokman et al., 1993; The European LH Study group, 2001). In other words, 
200 IU hCG is equal to 1200 IU LH. It is also less expensive than recombinant FSH or hMG 
(Fillicori et al., 2002; Filicori et al., 2005a).  

A novel gonadotropin protocol for ovarian stimulation adds low-dose hCG (50- 200 IU) in 
the late follicular phase (Filicori et al., 2002a; Filicori et al., 2002b; Filicori et al., 2005a; Lee et 
al., 2005; Sullivan et al., 1999). This component can be used alone to complete controlled 
ovarian stimulation (Filicori et al., 2005a). Usage of it in the late stage of ovarian stimulation 
(after the follicles reach≥ 12 mm) reduces gonadotropin consumption while the fertilization 
outcome is comparable (Filicori et al., 2005; Ashrafi et al., 2011). Furthermore this regimen 
reduces the number of small pre-ovulatory follicles which could reduce the risk of OHSS5 
(Fillicori et al., 2005). Adequate ovarian hormonal levels (Fillicori et al., 2005a; Branigan et 
al., 2005), oocyte maturation (Branigan et al., 2005), avoidance of a premature LH surge 
(Fillicori et al., 2005a; Branigan et al., 2005), and increased pregnancy rate (Fillicori et al., 
1999; Filicori et al., 2001) are the other benefits of this regimen. This protocol also reduces the 
stimulation duration and the dose of exogenous FSH administration (Filicori et al., 2005a); 
therefore it can minimize the patient costs. HCG might also affect endometrial function, 
stimulate endometrial growth and maturation and enhance the endometrial angiogenesis. 
These effects could extend the angiogenesis. These results could lengthen the implantation 
window (Fillicori et al., 2005a). Tesarik et al. (2003) showed that the administration of hCG 
to oocyte recipients increased the endometrial thickness on the day of embryo transfer and 
improved the implantation rate. Adding the low-dose hCG in ovarian stimulation regimens 
in PCOS patients has been associated with fewer immature oocytes (Ashrafi et al., 2011). 

Compounds containing LH activity have different risks and benefits. It is believed that LH 
has a central role in mono-follicular selection and dominance in the physiological ovulatory 
cycle (Fillicori et al., 2005a; Filicori et al., 2002c). Mono-folliculogenesis is ideal for 
intrauterine insemination (IUI), but not for IVF/ICSI treatments. In addition, LH may exert 
a deleterious effect on controlled ovarian stimulation. Unnecessary elevated levels of LH 
during the pre-ovulatory period may also negatively influence post-ovulatory events such 
as conception and implantation (Chappel & Howles, 1991). In addition, because hCG is at 
least six times more potent than LH, there is a concern that this might result in premature 
luteinization of the follicle. 
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2. Indications of LH or hCG in ovarian stimulation cycles 
As mentioned before, the use of low-dose hCG leads to suitable follicle growth and 
prevention of OHSS by small follicle atresia. Therefore, the application of LH or low-dose 
hCG in the late follicular phase could be divided to two parts. 

2.1 LH supplementation could be used for accelerating leading follicle development 

2.1.1 In patients over 35 years of age 

Women, of advanced reproductive age, have low follicular recruitment. These patients also 
have a low number of functional LH receptors and may have low biological activity of 
endogenous LH (Mitchell et al., 1995; Vihko et al., 1996). In women aged over 35 undergoing 
intra cytoplasmic sperm injection (ICSI), LH administration led to improved outcomes 
(Humaidan et al., 2004; Marrs et al., 2004). 

Ovarian paracrine activity also decreases with age (Hurwitz and Santoro, 2004). These 
paracrine variables including growth factors and cytokines may cause adequate follicular 
growth and steroidogenesis even when LH concentrations are very low (Alviggi et al., 2006). 

2.1.2 In poor ovarian responders with GnRH antagonist protocols 

In patients treated with GnRH6 antagonists, a dramatic decline in serum concentrations of 
both LH and estradiol usually occurs after administration of the drug. Therefore follicles are 
deprived of their LH substances (Alviggi et al., 2006). A stimulation regimen consisting of 
GnRH-antagonist and exogenous LH in normal responders increases estradiol production 
but has no significant effect on improvement of IVF outcomes (Cedrin-Durnerin et al., 2004; 
Griesinger et al., 2005). However, this regimen is useful for women at risk for poor ovarian 
response (patients with less than four follicles in prior cycles and/or with basal FSH 
concentrations of more than 10 IU/L) (De placido et al., 2006). 

2.2 LH supplementation could be used for patients with a tendency to over-respond 
(hyper stimulate) with standard FSH stimulation 

Some patients over-respond to FSH administration and lowering of FSH can also lead to 
follicular growth disruption. In these patients low-dose hCG substitution could be a useful 
method.  

2.2.1 In patients with polycystic ovarian syndrome 

Women with polycystic ovarian syndrome (PCOS) are the other group that may benefit 
from substituting LH for FSH in the late follicular phase. They often have multi-follicular 
development during ovarian stimulation and are at risk for ovarian hyper-stimulation 
syndrome (OHSS) or multiple pregnancy. LH activity supplementation would permit the 
more mature follicles to continue to develop while the less mature follicles would undergo 
atresia due to insufficient FSH stimulation (Zelenik & Hillier, 1984; Fillicori et al., 2002). This 
is because the more mature follicles have acquired the adequate amount of LH receptors 
during the intermediate follicular phase (Fillicori et al., 2003 a,b). 
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2.2 LH supplementation could be used for patients with a tendency to over-respond 
(hyper stimulate) with standard FSH stimulation 

Some patients over-respond to FSH administration and lowering of FSH can also lead to 
follicular growth disruption. In these patients low-dose hCG substitution could be a useful 
method.  
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from substituting LH for FSH in the late follicular phase. They often have multi-follicular 
development during ovarian stimulation and are at risk for ovarian hyper-stimulation 
syndrome (OHSS) or multiple pregnancy. LH activity supplementation would permit the 
more mature follicles to continue to develop while the less mature follicles would undergo 
atresia due to insufficient FSH stimulation (Zelenik & Hillier, 1984; Fillicori et al., 2002). This 
is because the more mature follicles have acquired the adequate amount of LH receptors 
during the intermediate follicular phase (Fillicori et al., 2003 a,b). 
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In our research, we assessed the effect of two low-dose hCG regimens on folliculogenesis and 
cycle outcome in PCOS patients and these regimens were compared with r-FSH alone. 
Stimulation protocol for all the patients was according to the standard long protocol (Madani 
et al., 2009). Gonadotropin stimulation commenced 14 days following subcutaneous GnRH 
agonist injection with recombinant FSH (Gonal F, Serono, Switzerland), 150 IU daily. In group 
B, ovarian priming with r-FSH7 was reduced to 75 IU once the lead follicle reached 14 mm in 
mean diameter and low-dose hCG (100 IU/day) was administered and continued until at least 
two to three follicles with a mean diameter of ≥17 mm were achieved. In group C, ovarian 
stimulation with r-FSH was discontinued and low- dose hCG (200 IU/day) was administered 
when the lead follicle reached 14 mm in mean diameter and continued until at least 2–3 
follicles with a mean diameter of 17 mm were achieved. 

We found that the substitution of hCG for r-FSH during controlled ovarian stimulation in 
infertile women with PCOS reduced the rates of immature oocytes and OHSS while yielding 
comparable fertility outcomes, since follicles in women with PCOS, as with follicles in 
eumenorrheic women, become LH responsive as they mature. We also observed lower 
gonadotropin consumption following the addition low-dose hCG in the late follicular phase 
in PCOS patients (Ashrafi et al., 2011). 

3. Low-dose hCG starting time 
Low-dose hCG supplementation could be used in most ART protocols. However, the start 
time of hCG administration and discontinuation or decreasing of FSH are two important 
issues. In most trials, the administration of low-dose hCG was started during the middle or 
late follicular phase or when the follicle reached a size of more than 10 mm. In these 
conditions receptors for LH or hCG on the granulose cells are capable of supporting 
continued growth of the follicles in the absence of FSH administration (Filicori et al., 2005b). 
Low-dose hCG has also been started at the time of beginning stimulation with r-FSH (Van 
horn et al. 2007).  

4. Low-dose hCG administration in assisted reproductive technologies 
The addition of low-dose hCG has been used in different protocols: 

4.1 In patients undergoing ovarian stimulation for timed intercourse and intra uterine 
insemination (IUI) 

The main aim of ovarian stimulation in IUI cycles is mono follicular development. Ovarian 
stimulation regimens containing the FSH alone or combining the FSH and LH usually cause 
multi-follicular development. The low-dose hCG supplementation after the FSH priming 
may reduce the number of developing follicles (Fillicori et al., 2002a; 2002c; 2003a). 

This regimen is also useful for patients who have previously failed to ovulate with 
clomiphen citrate. Branigan et al. (2006) in their RCT evaluated the effect of the low dose- 
hCG in previously anovulatory patients on clomiphen citrate (CC) alone. These patients 
underwent ovarian stimulation with CC at the 100 mg dose for timed intercourse in their 
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previous cycles and failed to ovulate on this regimen. They found that the use of low dose- 
hCG (200IU) after CC in the late follicular phase resulted in good ovulation and pregnancy 
rates in these patients. 
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Fig. 1. Clomiphen Citrate + Low-dose hCG 

4.2 Low dose hCG administration in conjunction with GnRH antagonists 

The use of GnRH antagonist instead of GnRH agonist in IVF cycles has increased in recent 
years. Different strategies could be used for GnRh antagonist administration. A single depot 
maybe used on cycle stimulation day eight or nine which lasts four days and is sufficient to 
prevent the LH surge in 80%of women (Olivennes et al., 1998). Alternatively, multiple small 
doses may be used daily from cycle day six as a fixed order, or when the leading follicle has 
reached a 14 mm diameter in a more flexible manner, until the hCG trigger. 

This protocol has some benefits. For example, it can lead to immediate pituitary suppression 
(Tarlatzis et al., 2006). The decreasing of OHSS, lowering the gonadotropin consumption, and 
avoidance of the gonadotropin flare are the other benefits of this protocol (Tarlatzis et al., 2006; 
Griesinger et al., 2010). However, the LH level in the GnRH antagonist protocol decreases 
(Duijkers et al., 1998; Griesinger et al., 2010) and this may negatively affect implantation or 
pregnancy rate (Esposito et al., 2001). LH secretion is necessary for appropriate follicular and 
endometrial development (Shoham et al., 2008; Kaufmann et al., 2007).  

Adding the low-dose hCG to the GnRH antagonist protocol may compensate for its 
shortcomings. It can be added to all types of GnRH antagonist protocols which have been 
mentioned before. It may improve the implantation and live birth rates in patients with low 
LH levels (Propst et al., 2011). Low-dose hCG supplementation results in higher estradiol 
secretion of granulose cells and cumulous cell expansion that causes better oocyte maturation 
rates and endometrial preparation (Cedrin-Durnerin et al., 2004; Ben-Ami et al., 2009). The 
effect of hCG on endometrium regulation and implantation has been suggested in previous 
studies (Filicori et al., 2005; Cameo et al., 2006; d’Hauterive et al., 2007). LH administration can 
increase the LH/hCG receptors during the pre-implantation window and also prevents 
apoptosis of the endometrial stromal cells (Lovely et al., 2005; Jasinska et al., 2006).  
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Serafini et al. (2006) showed that using a low-dose hCG protocol along with a GnRH 
antagonist treatment in normal ovarian responders avoids premature ovulation, and OHSS. 
It also decreases the total dose of recombinant FSH. This protocol permitted follicles and 
oocytes to develop fully and aided normal fertilization along with the generation of top-
quality embryos and establishment of clinical pregnancies. 

Van Horne et al., (2007) also found a reduction in r-FSH requirements and an average cost 
saving of $600 per cycle in patients who used low-dose hCG supplementation in the GnRH 
antagonist cycles. These patients had similar implantation and pregnancy rates compared 
with GnRH antagonist cycles that used r-FSH alone. 
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Fig. 2. GnRH antagonist (Single Dose) + Low dose hCG 
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4.3 Low-dose hCG administration in women undergoing IVF cycles down-regulated 
with GnRH agonists 

There are two protocols for the usage of GnRH agonists in ART cycles. 

1. Long protocol 

For this protocol, all patients usually receive Buserelin 500 µgr (0.5 mg) via subcutaneous 
injection starting on day 21 of their menstrual cycles. Down-regulation is confirmed by a 
linear endometrium in ultrasonography (endometrium below 3 mm) and suppressed 
ovaries by serum estradiol concentration< 60 pg/ml. Gonadotropin stimulation commence 
14 days following subcutaneous GnRH agonist injection with recombinant FSH, 150 IU 
daily. The dose of GnRH agonist will be decreased at this moment (to 200 µgr). The dose 
and duration of FSH treatment are adjusted by monitoring follicular development with 
ultrasound and estradiol levels. FSH administration is discontinued and low-dose hCG is 
added when the lead follicle reached to more than 12 mm. The goal of ovarian stimulation is 
to achieve at least two ovarian follicles with a mean diameter of ≥17 mm on the day of hCG 
administration. Then, 10,000 IU of hCG is administered and oocyte retrieval is performed 
34–36 hours later. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1719 20 21 22 23

H
C

G
 1

0,
00

0 
IU

O
vu

m
 P

ic
ku

p

E.
T.

FSH 150IU/day

GnRH 0.2 mg SQ

GnRH  0.5mg Sq

Suppression 
Stimulation 

Mens DaysPrevious Mens

hCG
200 IU

Fo
lli

cl
e 

> 
12

 m
m

 
Fig. 4. GnRH Agonist Long Protocol+ 200 IU Low Dose hCG 

2.  Short protocol 

The short or flare protocol employs the agonist-induced flare-up of endogenous FSH to 
stimulate the ovary in addition to exogenous FSH administration. The agonist is started on 
day two of the cycle with gonadotrophins on day three. Follicular growth takes 10–12 days 
which is adequate to down-regulate the pituitary gland and prevent a premature LH surge 
(Daya, 2000). The administration of recombinant FSH, 150 IU daily will be discontinued 
when the lead follicle reached to more than 12 mm. In this condition low dose hCG is 
added. The goal of ovarian stimulation is to achieve an average of two ovarian follicles with 
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2.  Short protocol 

The short or flare protocol employs the agonist-induced flare-up of endogenous FSH to 
stimulate the ovary in addition to exogenous FSH administration. The agonist is started on 
day two of the cycle with gonadotrophins on day three. Follicular growth takes 10–12 days 
which is adequate to down-regulate the pituitary gland and prevent a premature LH surge 
(Daya, 2000). The administration of recombinant FSH, 150 IU daily will be discontinued 
when the lead follicle reached to more than 12 mm. In this condition low dose hCG is 
added. The goal of ovarian stimulation is to achieve an average of two ovarian follicles with 
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a mean diameter of ≥17 mm on the day of hCG administration. Then, 10,000 IU of hCG is 
administered and oocyte retrieval is performed 34–36 h later. 
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Fig. 5. GnRH Agonist Short Protocol+ 200 IU Low Dose hCG 

5. Conclusion 
Use of low-dose hCG in the mid to late follicular phase of COH provides these results: 

1. This protocol provides adequate ovarian estradiol secretion, oocyte maturation, and 
acceptable fertilization rates. 

2. This protocol provides significant reduction of FSH dosage and reduced cost of treatment. 
3. This protocol has no adverse effects on the number of oocyte retrieved and pregnancy 

rate but can prevent the occurrence of OHSS with a reduced number of follicles and 
cancelled cycles. 
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a mean diameter of ≥17 mm on the day of hCG administration. Then, 10,000 IU of hCG is 
administered and oocyte retrieval is performed 34–36 h later. 
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Fig. 5. GnRH Agonist Short Protocol+ 200 IU Low Dose hCG 
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1. Introduction  
In present stimulation protocols for IVF, some patients experience a rise in serum 
progesterone (P) concentration in the late follicular phase. Premature P rise affects about 5 to 
as high as 38% of IVF patients (Edelstein et al., 1990; Silverberg et al., 1991; Ubaldi et al., 
1996; Bosch et al., 2003) and is associated with lower implantation and pregnancy rates. It is 
defined as a rise in P concentration towards the end of the follicular phase above a certain 
threshold, which is set arbitrarily. There is an ongoing debate about the definition of 
premature luteinisation, or better defined as ‘premature progesterone rise’, as to which 
threshold for premature P rise should be established (Van Vaerenbergh et al., 2011; Labarta 
et al., 2011). Therefore, the changes in gene expression were studied in patients with 
premature progesterone rise. 

2. Research methods 
2.1 Patients 

This study was approved by the Ethics Committee of the University Hospital of the Vrije 
Universiteit Brussel. All patients signed an informed consent. The patients included in the 
study were women below 37 years of age who underwent a first or second treatment cycle 
of in-vitro fertilisation (IVF) with intracytoplasmic sperm injection (ICSI). Patients were 
excluded from the study if they requested preimplantation genetic diagnosis, had an 
azoospermic partner or  had a  serum follicle-stimulating hormone (FSH) level on day 3 of 
the menstrual cycle of more than 12 IU/L. A single embryo transfer policy was applied in all 
cycles. Patients with endometriosis ≥ stage III (AFS (American Fertility Society) 
classification), with PCOS (polycystic ovary syndrome; defined according to the Rotterdam 
2003 criteria, Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 
2004) or with any other endometrial pathology were excluded from the study. 

2.2 Stimulation protocol 

Ovarian stimulation was performed with a median starting dose of 200 IU rec-FSH (follicle 
stimulating hormone, Puregon®, MSD, Oss, The Netherlands), from day 2 until day 6 of the 
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cycle. From day 7 onwards, the dose was adjusted individually. To inhibit premature LH 
surge, daily GnRH-antagonist (Orgalutran® 0,25mg, MSD) was used from the morning of 
day 6 of stimulation. Final oocyte maturation was achieved by administration of 10 000 IU of 
hCG (human chorionic gonadotrophin, Pregnyl®, MSD) as soon as 3 (or more) follicles ≥ 17 
mm were present. Oocyte retrieval was carried out 36 hours after hCG administration. The 
luteal phase was supported with 600 mg micronized progesterone (Utrogestan®, Piette, 
Brussels, Belgium) (Figure 1). IVF and ICSI procedures have been described in detail 
elsewhere (Van Landuyt et al., 2005). 

Freshly ejaculated sperm was used. One or two embryos were transferred in the same cycle 
on day 3 or day 5 of embryo culture, according to the Belgian reimbursement law. Embryo 
quality was comparable between patients. 

 
ET: embryo transfer, OPU: oocyte pick-up or oocyte retrieval.  

Fig. 1. Stimulation protocol in a GnRH antagonist/rec-FSH IVF cycle. The day of oocyte 
retrieval in a stimulated cycle is analogous to the day of ovulation in a natural cycle. 

2.3 Human uterine tissue collection 

Endometrial biopsies were taken with a pipelle (Pipelle de Cornier®, Prodimed, Neuilly-en- 
Thelle, France) under sterile conditions on the day of oocyte retrieval. The biopsies were 
divided into two parts. One part of the endometrial tissue was used for classical histological 
analysis with haematoxylin and eosin staining. Endometrial dating was performed on all 
samples according to the criteria of Noyes (Noyes et al., 1950) by a pathologist, blinded for 
clinical outcome. The other part was snap-frozen in liquid nitrogen under sterile conditions 
for further RNA isolation and gene expression analysis with microarray technology, 
followed by validation with a more quantitative PCR.  

2.4 Gene expression profiling 

RNA extraction was performed using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). 
Total RNA concentration was measured with the NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA) and integrity of the RNA samples was 
controlled using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit (Agilent 
Technologies Inc., Palo Alto, CA, USA). 
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The human genome encodes for approximately 25 000 genes, however only a subset is active 
or expressed in any cell and the levels and timing of RNA expression regulate cellular 
development, differentiation and function. Microarrays are a tool to make a snapshot of the 
gene expression situation in a cell or tissue at a particular moment. 

For the gene expression analysis, 2 μg of the total amount of isolated RNA was reverse 
transcribed with the SuperScript Choice System (Invitrogen, Carlsbad, CA, USA) with oligo-
dT primers containing a T7 RNA polymerase promotor site (Figure 2). Then, cDNA was in 
vitro transcribed and labelled with biotin using the IVT labelling kit (Affymetrix, Santa 
Clara, CA, USA) followed by the fragmentation of the biotinylated cRNA. The fragmented 
cRNA was hybridized overnight to the Affymetrix Human Genome (HG) U133 Plus 2.0 
Array (Affymetrix). This array contains more than 54 000 probe sets. Each probe set is 
designed to detect one specific gene or transcript. The microarray contains a redundant 
number of probe sets. A gene can be represented by 2 or even more than 10 probe sets. This 
means that about 54 000 probe sets on the Affymetrix HG U133 Plus 2.0 Array cover the 
whole human genome of about 20 000-30 000 genes. 

 
Fig. 2. Microarray work flow. Attributed to The Science Creative Quarterly (scq.ubc.ca).   
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2.5 Data analysis 

2.5.1 Significant differential expression 

Affymetrix GeneChip Operating Software (GCOS) version 1.4 with the MAS 5.0 algorithm 
was used to analyse the resulting image files. Transcripts were considered as differentially 
expressed when the following criteria were met: (i) present (P) ‘calls’ in all samples of the 
selected group; (ii) consistent (minimum in 2/3 of the comparisons) decreased or increased 
change in expression for pair-wise comparisons between the two selected groups; (iii) a 
mean absolute value of the signal log ratio (SLR) ≥ 0.5; this equals a fold change ratio (FC) of 
1.4 or higher and (iv) a two-tailed unpaired Student’s t-test with a significant result (P ≤ 
0.05). The data files have been deposited in NCBI’s public database Gene Expression 
Omnibus (GEO) according to MIAME (Minimum Information About a Microarray 
Experiment) guidelines. 

2.5.2 PCA and clustering 

Principal component analysis (PCA) and hierarchical clustering was performed in an 
unsupervised way with GeneSpring GX software (Agilent Technologies). Principal component 
analysis is mainly used to visually assess the quality of replicate samples. Each point in the 3D 
plot represents a sample. With multiple replicates in each group, the replicates should be 
grouped together. If any of the biological replicates mix with another group, this sample may 
be further examined. PCA is a tool to visualize multidimensional data, like microarray data, 
into two or three dimensions. Each dimension represents a principal component (PC) with a 
certain percentage of variance. The percentage of variation is captured along three axes with 
the first axis (PCA 1) having the largest percentage of variation. 

Hierarchical cluster analysis is a statistical method to group samples unsupervised in different 
clusters or branches of the hierarchical or condition tree. In this way, the relationships between 
the different groups are shown (Eisen et al., 1998). The condition tree can be displayed as a so-
called ‘heat map’, based on the measured expression levels of the probe sets. 

2.5.3 Network and pathway analysis 

Further gene ontology study was performed with Ingenuity Pathways Analysis (IPA) 
software (Ingenuity® Systems, www.ingenuity.com, Redwood City, CA, USA) for further 
network and pathway analysis. A data file was uploaded that contained the gene identifiers 
for the differentially expressed probe sets and the corresponding expression values. Each 
gene identifier was mapped to its corresponding gene (object) in the Ingenuity Pathways 
Knowledge Base (IPKB). A log ratio threshold of 0.5 was set to identify focus genes whose 
expression was significantly differentially regulated. Networks of these genes were then 
algorithmically generated based on their connectivity in the IPKB. The networks were 
assigned a score, according to their relevance to the list of focus genes. Each network was 
arbitrarily set to have a maximum of 35 focus genes. Networks are shown as nodes and 
lines: nodes represent genes and lines represent the relationships between the genes (see 
Figure 4 in the Results section). All lines are supported by at least one reference from the 
literature. The intensity of the node colour indicates the degree of up- (red) or down- (green) 
regulation. Nodes are displayed using various shapes representing the functional class of 
the gene product (see legend Figure 4).  
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The functional analysis identified the biological functions and/or diseases that were most 
significant to the data set (see Figure 5). Genes from the data set that met the P-value 
threshold of 0.05 (Fisher’s exact test) and were associated with biological functions and/or 
diseases in the IPKB were considered for the analysis.  

Canonical pathway analysis (see Figure 6) identified the pathways most significant to the 
data set, based on two parameters: (i) a ratio of the number of genes from the data set that 
map to the pathway divided by the total number of genes that map to the canonical 
pathway; (ii) Fisher’s exact test was used to calculate a P-value determining the probability 
that the association between the genes in the dataset and the canonical pathway is explained 
by chance alone (www.ingenuity.com/company/pdf/Citation_Guidelines_2005-09-13.pdf). 

2.6 QPCR validation 

Quantitative validation was performed with QPCR for selected genes. Genes were selected for 
validation by quantitative real-time PCR (QPCR) because of their highly significant p-value or 
fold change ratio (FC) and/or because more than one probe set for the same gene was 
significantly differentially expressed. The selection also occurred on the available literature. 

A two-step real-time PCR was performed. A reverse-transcription reaction from total RNA 
was achieved with the High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, 
CA, USA) following the manufacturer’s protocol. The quantitative real-time PCR was 
performed with the TaqMan Gene Expression Assay (Applied Biosystems), containing two 
unlabeled primers and one TaqMan FAM dye-labelled MGB (‘minor groove binding’) 
probe. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the control 
housekeeping gene using the TaqMan Endogenous Control Assay (Applied Biosystems) 
containing two unlabeled primers and one TaqMan FAM dye-labelled MGB probe. Both 
assays are cDNA specific, since the probes span an exon junction.  

All real-time PCR assays were run using the TaqMan Universal PCR Master Mix plus 
AmpErase UNG (Applied Biosystems) on the 7900 HT Fast System (Applied Biosystems). 
Thermal cycling parameters were set as follows: 2 min. at 50°C (AmpErase UNG activation), 
10 min. at 95°C (AmpliTaq Gold activation), followed by 40 cycles of denaturation, 
annealing and extension (15 sec. at 95°C and 1 min. at 60°C, respectively). No-template and 
no-RT (reverse transcriptase) controls were included to verify the quality and cDNA 
specificity of the primers. All samples were analysed in triplicate. The relative quantification 
was performed by the standard curve method. For each sample, the amount of target gene 
and endogenous control (GAPDH) was determined from their respective standard curves. 
First, the target gene amount was divided by the endogenous control amount to obtain a 
normalized value. In a second step, the samples were normalized again to the sample with 
the lowest normalized expression, the calibrator sample or 1x sample. Therefore, each of the 
normalized values was divided by the calibrator normalized value to generate the relative 
expression levels. Significance was achieved when p < 0.05 (with t-test). 

3. Results 
3.1 Patient groups 

The endometrial gene expression profile on the day of oocyte retrieval in rec-FSH stimulated 
GnRH-antagonist cycles for IVF with embryo transfer in the same cycle was studied and 
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The functional analysis identified the biological functions and/or diseases that were most 
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performed with the TaqMan Gene Expression Assay (Applied Biosystems), containing two 
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correlated with the serum P concentration on the day of hCG administration (Van 
Vaerenbergh et al., 2011). Three groups of patients (n= 14 in total) with different serum P 
concentrations on the day of hCG were analysed: a group with P below 0.9 ng/ml, an 
intermediate group with P from 1 to 1.5 ng/ml and a high concentration group with P above 
1.5 ng/ml. These cut-offs were based on the recent literature (Papanikolaou et al., 2009; 
Venetis et al., 2007). In these articles, 0.9 ng/ml was found as the lowest threshold for P 
concentration and 1.5 ng/ml was found as the highest threshold. Although different cut-offs 
have been used over the years ranging from 0.8 to even 2 ng/ml (Hofmann et al., 1993; 
Ubaldi et al., 1996; Silverberg et al., 1994; Edelstein et al., 1990; Givens et al., 1994), in recent 
publications the upper cut-off level is set at 1.5 ng/ml. 

In these three groups of patients, the patients with a clinical pregnancy (defined according 
to ICMART/WHO terminology, as a pregnancy diagnosed by ultrasonographic 
visualization of one or more gestational sacs or definitive clinical signs of pregnancy; 
Zegers-Hochschild et al., 2009) were observed in the low and intermediate group. No 
clinical pregnancies occurred when the P concentration on the day of hCG administration 
was above 1.5 ng/ml. 

Histological dating demonstrated an advanced secretory endometrial maturation for the 
majority of patients (13 out of 14 or 92.8%), ranging from +day 2 (two days advanced as 
compared to the chronological cycle day, which is the day of oocyte retrieval, considered as 
day 0)  to +day 4. 

3.2 Gene expression 

In the comparison between 3 groups, a small difference in gene expression between the first 
two groups was found. However, the gene expression profile from patients with high P 
concentration (> 1.5 ng/ml) was significantly different from the patients in the other two 
groups. These results were also confirmed with principal component analysis and 
hierarchical clustering, where a separate cluster for patients with high P concentration (> 1.5 
ng/ml) was found (Figure 3a and 3b). In this way, the threshold of 1.5 ng/ml, as suggested 
in recent literature (Papanikolaou et al., 2009; Bosch et al., 2010), was confirmed at the 
molecular level.  

3.3 Validation with QPCR 

The results obtained with the microarray gene expression analysis have been validated for 
selected genes with a more quantitative real-time PCR technique. Some of the genes that 
were selected for validation had already known roles in the reproductive system. For 
example DKK3 (Dickkopf homolog 3) is a known molecule in the Wnt/ β catenin 
signalling pathway. Other genes that were selected for validation with QPCR were: 
PAPPA (pregnancy associated plasma protein A or pappalysin), PRSS23 (protease serine 
23), IL17RB (interleukin 17 receptor B), and THSD4 (thrombospondin type 1 domain 
containing 4). 

These genes all showed a significant fold change (compared between the intermediate P 
concentration group and the high concentration group) comparable with their fold changes 
obtained in the microarray experiment. 
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Fig. 3a. Principal component analysis (PCA) of 14 endometrial biopsies of patients with 
premature P rise on the day of hCG administration: low P concentration group (dark blue), 
an intermediate P concentration group (light blue) and high P concentration group (red). 

 
Fig. 3b. Hierarchical clustering analysis (condition tree) of the 14 endometrial samples, 
displayed as a heat map. Colour code: see legend figure 3a. 
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3.4 Pathway and network analysis 

The list of significantly differentially expressed probe sets (or genes) was further studied 
with Ingenuity to find the associated canonical pathways and to discover networks 
between the genes that can be formed based on the available literature. Biological 
functions that were most significant to the dataset were assigned. In total, 41 networks 
were derived from the gene list, from which 30 were made up of at least 13 focus 
molecules (Figure 4).  

 
 

Fig. 4. Network formed on the basis of the literature findings in the Ingenuity database. 
Upregulated genes from our dataset are coloured red, downregulated genes are coloured 
green. The shape of the nodes represents the type of molecule (for example enzyme, 
transcription regulator, group or complex). The lines represent the relationships between the 
genes (direct or indirect interaction). 

The functional analysis identified the biological functions that were most significant to the 
data set. The top functions were cancer, cellular growth and proliferation, genetic disorders, 
cellular movement and development and reproductive system diseases (Figure 5). 
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Fig. 5. Overview of the most relevant biological functions or diseases. 

Pathway analysis was performed as well (Figure 6). A significant canonical pathway 
associated with both SOX family members and DKK family members from our data set was 
the Wnt/ β catenin signalling pathway (Figure 7). This pathway is well known for its role in 
the reproductive system.  

 
Fig. 6. Overview of the most relevant canonical pathways associated with the data set. 
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Fig. 7. Wnt/β catenin signalling pathway, in which the DKK (Dickkopf) molecules are 
upregulated (coloured red) and the SOX family members are downregulated (coloured 
green), according to our data set. 

4. Discussion 
Some patients undergoing a stimulated IVF protocol experience premature progesterone 
elevation towards the end of the follicular phase. Currently, there is an ongoing debate (Van 
Vaerenbergh et al., 2011 Hum Rep; Al-Azemi et al., submitted to Hum Rep Update) about 
the aetiology of this premature progesterone rise. It is hypothesized this is due to the high 
response of the ovary to the stimulation protocol and is associated with lower clinical 
pregnancy rates (Kyrou et al., 2009: Papanikolaou et al., 2009). In other recent studies, the 
effect of higher progesterone levels on the endometrial receptivity has been studied as well 
on the RNA level (Labarta et al., 2011), and even on the microRNA level (Li et al., 2011).  
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In our study, several groups of patients with premature P rise were compared according to 
their serum P concentration on the day of hCG administration and in relationship with their 
gene expression profile on the day of oocyte retrieval. Several genes were selected out of the 
list of genes which were significantly differentially regulated between the groups with 1 ≤ P 
≤ 1.5 ng/ml and P > 1.5 ng/ml and confirmed with quantitative real-time PCR. The selection 
of genes occurred according to the criteria described above.  

Some of the selected genes were already known for their role(s) in reproductive processes.  

During each menstrual cycle, an extensive tissue remodelling process takes place. In the 
mammalian ovary, proteases are also required for remodelling of the extracellular matrix 
during follicular growth, breakdown of the follicular wall during ovulation, luteal formation 
and regression (Curry and Osteen, 2003; Ny et al., 2002). Up to date, several proteases have 
been implicated in the degradation of the extracellular matrix in the ovary as well as in the 
endometrium, such as MMPs (matrix metalloproteinases)/TIMPs (Tissue Inhibitor of 
Metalloproteinases) and ADAMTSs (A Disintegrin And Metalloproteinase with 
Thrombospondin Motifs).  

Protease, serine 23 or PRSS23 is an extracellular serine protease expressed in the mouse 
ovary and may play a role in follicular development in the mouse. PRSS23 is highly 
expressed in atretic follicles and in the ovarian stroma and thecal layers just before 
ovulation. Its dynamic expression pattern suggests that PRSS23 is involved in different 
tissue remodelling processes in the ovary, possibly by allowing extracellular matrix 
degradation and/or regulating growth factor availability (Miyakoshi et al., 2006; Wahlberg 
et al., 2008).  

THSD4 (thrombospondin, type I, domain containing 4) is an ADAMTS-like protein and has 
been described in human endometrium in a stimulated cycle in another study performed in 
the Centre for Reproductive Medicine (Blockeel et al., 2011).  

The interleukin 17 receptor B (IL17RB or IL17BR) is an estrogen-regulated gene (Wang et al., 
2007) and found to be a prognostic marker, together with homeobox 13 expression, for 
breast cancer (Jerevall et al., 2008; Ma et al., 2008). In general, interleukins, chemokines, 
cytokines and other immunological molecules are known to play a major role during 
implantation. (Lindhard et al., 2002). 

Another protease is PAPP-A or IGFBP4 (insulin-like growth factor-binding protein-4), a 
metalloproteinase from the metzincin superfamily (Boldt and Conover, 2007; Conover et al., 
2004; Ohnishi et al., 2005; Overgaard et al., 1999). This family also includes the astacins, 
serralysins, adamalysins (ADAMTS) and the matrix metalloproteinases (MMP) (Huxley-
Jones et al., 2007; Reiss et al., 2006). PAPP-A acts as a protease for IGFBP4 and in this way 
helps releasing IGF (insulin-like growth factor). IGF-II has a major role in implantation and 
trophoblast invasion (Giudice et al., 2002). Insuline-like growth factors can bind to six IGF-
binding proteins, IGFBP1-6, which are able to modulate IGF actions in various ways (Suzuki 
et al., 2006). PAPP-A is produced by the trophoblasts and also known as a sensitive marker 
for adverse pregnancy outcome in the first trimester (Suzuki et al., 2006). Human 
decidualized endometrial stromal cells secrete PAPP-A as well (Giudice et al., 2002). 

The Wnt/β-catenin signalling pathway has been described before in different implantation-
related and endometrial receptivity studies (Tulac et al., 2003; Van Vaerenbergh et al., 2009). 
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Fig. 7. Wnt/β catenin signalling pathway, in which the DKK (Dickkopf) molecules are 
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green), according to our data set. 
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Furthermore, another member of the Dickkopf family, DKK1, has been observed in the mid-
secretory phase (LH+7) of a natural cycle in several endometrial receptivity gene expression 
studies (Carson et al., 2002; Haouzi et al., 2009; Riesewijk et al., 2003; Talbi et al., 2006). 

Previous studies (Kolibianakis et al., 2002; Ubaldi et al., 1997) with endometrial biopsies on 
the day of oocyte retrieval and following embryo transfer demonstrated that an endometrial 
advancement of more than 3 days never resulted in a clinical pregnancy. From an earlier 
study in our group (Van Vaerenbergh et al., 2009), these findings were confirmed on the 
gene expression level with microarrays. It was found that endometrial samples taken on the 
day of oocyte retrieval from patients in a GnRH antagonist/ rec-FSH stimulation protocol 
for IVF with embryo transfer all showed an advanced endometrial maturation and that the 
samples with an advanced endometrium of more than 3 days clustered together in a 
separate molecular profile. 

In this study, no clinical pregnancies were seen when the P concentration was higher than 
1.5 ng/ml. All four clinical pregnancies ensued in patients from groups with P  0.9 ng/ml 
and with 1  P  1.5 ng/ml. 

A large group of significantly differentially expressed probe sets was observed between the 
group with progesterone levels between 1 and 1.5 ng/ml (1  P  1.5 ng/ml) and the group 
with progesterone levels above 1.5 ng/ml. Moreover, hierarchical clustering analysis and 
principal component analysis showed a separate cluster for patients in the group with 
progesterone concentrations above 1.5 ng/ml. The clustering pattern possibly also reflects 
the state of endometrial maturation of the biopsy, as one sample dated as +day 4, is more 
closely situated near the cluster from the group with the highest progesterone 
concentrations. Although, there is a trend noticeable that patients with premature 
progesterone rise on the day of hCG administration have a morphological advanced 
secretory endometrium, this is not always true. In the current study, it can be demonstrated 
from the clustering analyses and the available histological dating results that the elevation of 
progesterone levels in the follicular phase seems somehow related to the endometrial 
maturation state, although predicting the histological date of the endometrial biopsy is not 
possible. 

5. Conclusion  
This is the first study to investigate the endometrial gene expression on the day of oocyte 
retrieval in stimulated cycles for IVF with embryo transfer, according to the concentration of 
progesterone on the day of hCG administration. 

In conclusion, the early elevation of progesterone on the day of hCG administration seems 
to have an instant effect on the endometrial gene expression, as shown by a biopsy sample 
taken only 36 hours later, on the day of oocyte retrieval. The threshold for P concentration 
with a distinct different molecular profile was found at 1.5 ng/ml. 

These significant changes observed at the gene expression level may explain the impairment 
of endometrial receptivity in the presence of elevated progesterone, reflected in the lower 
clinical pregnancy rates as reported in recent publications (Bosch et al., 2003; 2010; 
Kolibianakis et al., 2011).  
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1. Introduction 
Improvements in in vitro fertilization (IVF) and embryo transfer (ET) have resulted from 
evaluating each step of the process, analyzing effects of different techniques, then assessing 
outcomes to select the best method, whether related to preparation of the patient, choice of 
stimulation protocol, culture technique, embryo selection, mechanics of transfer, or 
posttransfer management. Despite numerous developments in assisted reproduction, the 
clinical pregnancy rate (CPR) in IVF and intracytoplasmatic sperm injection (ICSI) remains 
low. It has been estimated that up to 85% of the embryos replaced into the uterine cavity fail 
to implant (Edwards RG, 1995). The cause of this low CPR may reside in the technique of 
embryo transfer, the endometrial receptivity, or the capacity of the embryo to properly 
invade the endometrium. 

Endometrial receptivity is defined as a temporary unique sequence of factors that make the 
endometrium receptive to the embryonic implantation. It is the window of time when the 
uterine environment is conductive to blastocyst acceptance and subsequent implantation. 
The process of implantation may be separated into a series of developmental phases starting 
with the blastocyst hatching and attachment to the endometrium and culminating in the 
formation of the placenta. The steps start with apposition, and progress through adhesion, 
penetration and invasion. Evaluation of endometrial receptivity remains a challenge in 
clinical practice. 

Ultrasonography has an increasingly important role in the evaluation and treatment of 
infertility patients, being an efficient and cost-effective modality for studying the female 
reproductive organs and for monitoring functional changes during spontaneous and 
induced cycles (Blumenfeld et al., 1990; Goldberg et al., 1991). 

Two-dimensional (2D) ultrasound imagining is limited by the movement of the transvaginal 
transducer in the narrow space of vagina. Therefore, it allows presentation of two planes: 
sagital and transverse. Real time ultrasonography allows us the study of two main 
implantation markers: endometrial thickness and endometrial morphological patterns. 
(Merce, 2002). Pulsed and color Doppler assessment is applied to the study of different 
variables of uterine and endometrial/subendometrial perfusion that are also used as 
receptivity factors (Fanchin, 2001).  



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 

 

30

Tulac S, Nayak NR, Kao LC, Van Waes M, Huang J, Lobo S, Germeyer A, Lessey BA, Taylor 
RN, Suchanek E, Giudice LC. Identification, characterization, and regulation of the 
canonical Wnt signaling pathway in human endometrium. J Clin Endocrinol 
Metab, 2003;88(8):3860–3866. 

Ubaldi F, Albano C, Peukert M, Riethmuller-Winzen H, Camus M, Smitz J, Van Steirteghem 
A, Devroey P. Subtle progesterone rise after administration of the gonadotrophin-
releasing hormone antagonist cetrorelix in intracytoplasmic sperm injection cycles. 
Hum Reprod 1996;11:1405-1407. 

Ubaldi F, Bourgain C, Tournaye H, Smitz J, Van Steirteghem A, Devroey P. Endometrial 
evaluation by aspiration biopsy on the day of oocyte retrieval in the embryo 
transfer cycles in patients with serum progesterone rise during the follicular phase. 
Fertil Steril, 1997;67(3):521–526. 

Van Landuyt L, De Vos A, Joris H, Verheyen G, Devroey P, Van Steirteghem A. Blastocyst 
formation in in vitro fertilization versus intracytoplasmic sperm injection cycles: 
influence of the fertilization procedure. Fertil Steril 2005;83:1397-1403. 

Van Vaerenbergh I, Fatemi HM, Blockeel C, Van Lommel L, In’t Veld P, Schuit F, 
Kolibianakis EM, Devroey P, Bourgain C. Progesterone rise on hCG day in GnRH 
antagonist/rec-FSH stimulated cycles affects endometrial gene expression. RBM 
Online, 2011;22(3):263-271.  

Van Vaerenbergh I, Fatemi HM and Bourgain C. Premature progesterone rise and gene 
expression. Hum Reprod. 2011 Oct;26(10):2913. 

Van Vaerenbergh I, Van Lommel L, Ghislain V, In’t Veld P, Schuit F, Fatemi HM, Devroey P, 
Bourgain C. In GnRH antagonist/rec-FSH stimulated cycles, advanced endometrial 
maturation on the day of oocyte retrieval correlates with altered gene expression. 
Hum Reprod, 2009;24(5):1085-1091. 

Venetis CA, Kolibianakis EM, Papanikolaou E, Bontis J, Devroey P, Tarlatzis BC. Is 
progesterone elevation on the day of human chorionic gonadotrophin 
administration associated with the propability of pregnancy in in vitro fertilization? 
A systematic review and meta-analysis. Hum Reprod Update, 2007;13(4):343-355. 

Wahlberg P, Nylander A, Ahlskog N, Liu K, Ny T. Expression and localization of the serine 
proteases high-temperature requirement factor A1, serine protease 23, and serine 
protease 35 in the mouse ovary. Endocrinology, 2008;149(10):5070-5077. 

Wang H, Xie H, Sun X, Tranguch S, Zhang H, Jia X, Wang D, Das SK, Desvergne B, Wahli 
W, DuBois RN, Dey SK. Stage-specific integration of maternal and embryonic 
PPARdelta signaling is critical to pregnancy success. J Biol Chem, 
2007;282(52):37770–82. 

Zegers-Hochschild F, Adamson GD, de Mouzon J, Ishihara O, Mansour R, Nygren K, 
Sullivan E, van der Poel S; International Committee for Monitoring Assisted 
Reproductive Technology; World Health Organization. The International 
Committee for Monitoring Assisted Reproductive Technology (ICMART) and the 
World Health Organization (WHO) Revised Glossary on ART Terminology, 2009. 
Hum Reprod 2009;24(11):2683-2687. 

3 

The Role of Ultrasound in  
the Evaluation of Endometrial Receptivity  

Following Assisted Reproductive Treatments 
Mitko Ivanovski 

St. Lazar Hospital, Skopje 
Macedonia 

1. Introduction 
Improvements in in vitro fertilization (IVF) and embryo transfer (ET) have resulted from 
evaluating each step of the process, analyzing effects of different techniques, then assessing 
outcomes to select the best method, whether related to preparation of the patient, choice of 
stimulation protocol, culture technique, embryo selection, mechanics of transfer, or 
posttransfer management. Despite numerous developments in assisted reproduction, the 
clinical pregnancy rate (CPR) in IVF and intracytoplasmatic sperm injection (ICSI) remains 
low. It has been estimated that up to 85% of the embryos replaced into the uterine cavity fail 
to implant (Edwards RG, 1995). The cause of this low CPR may reside in the technique of 
embryo transfer, the endometrial receptivity, or the capacity of the embryo to properly 
invade the endometrium. 

Endometrial receptivity is defined as a temporary unique sequence of factors that make the 
endometrium receptive to the embryonic implantation. It is the window of time when the 
uterine environment is conductive to blastocyst acceptance and subsequent implantation. 
The process of implantation may be separated into a series of developmental phases starting 
with the blastocyst hatching and attachment to the endometrium and culminating in the 
formation of the placenta. The steps start with apposition, and progress through adhesion, 
penetration and invasion. Evaluation of endometrial receptivity remains a challenge in 
clinical practice. 

Ultrasonography has an increasingly important role in the evaluation and treatment of 
infertility patients, being an efficient and cost-effective modality for studying the female 
reproductive organs and for monitoring functional changes during spontaneous and 
induced cycles (Blumenfeld et al., 1990; Goldberg et al., 1991). 

Two-dimensional (2D) ultrasound imagining is limited by the movement of the transvaginal 
transducer in the narrow space of vagina. Therefore, it allows presentation of two planes: 
sagital and transverse. Real time ultrasonography allows us the study of two main 
implantation markers: endometrial thickness and endometrial morphological patterns. 
(Merce, 2002). Pulsed and color Doppler assessment is applied to the study of different 
variables of uterine and endometrial/subendometrial perfusion that are also used as 
receptivity factors (Fanchin, 2001).  



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 32

Three – dimensional (3D) sonography permits multiplanar display of all three sections: 
coronal, sagittal and transverse. The three-dimensional (3D) approach to assessing uterine 
receptivity, which considers endometrial thickness as well as volume, uterine artery 
Doppler and also endometrial tissue vascularization itself, might lead to a better 
understanding of this very specific and crucial endometrial preparation for implantation. 
The 3D technique allows reliable quantification of the two crucial phenomena—tissue 
remodeling pattern and tissue associated angiogenic dynamics—with quantification of the 
sub-endometrial vascular flow index. 

The Embryo transfer (ET) procedure is the final important step in IVF process. It is a 
critically important procedure. No matter how good the IVF laboratory culture environment 
is, the physician can ruin everything with a carelessly performed embryo transfer. The entire 
IVF cycle depends on delicate placement of the embryos at the proper location of the 
endometrial cavity - with minimal trauma and manipulation. It has been suggested that 
ultrasound-guided ET (2D end 3/4D) facilitates ET and improves pregnancy rates, because 
it is thought that visualization of the cavity and the embryo deposition point have an 
advantage in comparison with blind ET technique.  

2. Assessment of the endometrium implantation markers with ultrasound 
Assessment of the endometrium has become a standard procedure during the diagnostic 
workup and treatment of infertility.  Ultrasound sees the endometrium as a single thin line 
immediately after menstruation. This then expands under the influence of oestrogen in the 
follicular phase of the cycle to the typical trilaminar hypoechoic appearance. After ovulation 
there is little increase in size. The change to a secretory state is characterized by increasing 
echogenicity beginning at the periphery of the endometrium and progressing towards the 
midline over a period of 24–48 h. The mature luteal endometrium appears homogenous and 
hyperechoic compared with the myometrium. 

Real time ultrasonography allows us the study of three main possible implantation markers: 
endometrial thickness, endometrial volume and endometrial morphological patterns. 

2.1 Endometrial thickness 

Endometrial thickness is defined as the maximal distance between the echogenic interfaces 
of the myometrium and the endometrium, measured in the plane through the central 
longitudinal axis of the uterus.  

Dynamic change in endometrial thickness in assisted conception cycles was first described 
by Rabinowitz et al. (1986). Using transvaginal scanning, Gonen et al.(1989) suggested that 
endometrial thickness, on the day before oocyte recovery, was significantly greater in 
pregnant than in non-pregnant women, and postulated that it may predict the likelihood of 
implantation. In IVF stimulated cycles, the endometrium increases 1.9 mm between days 7 
and 9 of the stimulation treatment, 0.9 mm between days 9 and 11 and 0.6 mm between the 
latter and the day of hCG administration (Bassil et al.,2001). Significant differences have not 
been observed in endometrial thickness between hCG day and the day of embryo transfer 
(Khalifa et al., 1992), which clearly has practical implications to choose the timing for the 
measurement. In the conception cycles there is an accelerated increase in the endometrial 
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thickness during the luteal phase that reaches significant differences regarding to that in 
non-conception cycles 14 days after the day of oocyte retrieval (Leibovitz et al., 1999; 
Rhabinowitz et al.,1986). 

As an implantation marker, endometrial thickness is characterized by its significant 
sensitivity (95-100%), but also shows a high number of false positives (78-97%) (Friedler et 
al., 1996), therefore, the main advantage is a high negative predictive value (87-100%). The 
main advantage of measuring endometrial thickness lies in its high negative predictive 
value in cases where there is minimal endometrial thickness. In IVF cycles, Khalifa et al. 
(1992) reported a minimal endometrial thickness of 7 mm to be accepted as a reliable sign of 
sub-optimal implantation potential. Although it is possible to achieve pregnancies with a 
thin endometrium (Remohi et al., 1997; Sundstrom 1998), this is always a bad predictive 
factor that requires further study of the endometrium (Noyes et al.,2001). It has also been 
reported that implantation , pregnancy and miscarriage rates are negatively affected by the 
endometrium being thicker than 14mm (Dickey at al., 1992; Noyes et al.,2001; Remohi et 
al.,1997; Weisman et al.,1999), although data from recent studies do not support this finding 
(Krampl and Feichtinger ,1993; Dietterich et al.,2002; Zhang et al.,2005). There is a positive 
correlation between increased endometrial thickness and pregnancy rates and further 
explained that this effect is dependent on the age of the patient, duration of stimulation, and 
embryo quality (Rabinowitz et al., 1986; Zhang et al., 2005).  Contrary to these data, other 
studies show that measurement of endometrial thickness had no predictive value for 
pregnancy in ART (Fleischer et al., 1986; Glissant et al., 1985; Ivanovski et al., 2007a; Li et al., 
1992; Welker et al., 1989).  

Amir et al. (2007) reported that the possibility of a thick endometrium in IVF administered 
women over the age of 40 is less than that of the younger patient group; however, he also 
reported that pregnancy rate increases in the presence of thick endometrium. 

Freidler et al. (1996) reviewed 2665 assisted conception cycles from 25 reports. Eight reports 
found that the difference in the mean endometrial thickness of conception and non-
conception cycles was statistically significant, while 17 reports found no significant 
difference. They concluded that results from various trials are conflicting and that 
insufficient data exist describing a linear correlation between endometrial thickness and the 
probability of conception. There is not enough data to demonstrate if a linear relationship 
exists between endometrial thickness and the probability of pregnancy after an ART 
(Friedler et al., 1996). 

2.2 Endometrial volume 

Transvaginal 2D ultrasonography is an ideal non-invasive method for assessment of 
endometrium, but lacks specificity (Friedler et al., 1996). The use of 3 D ultrasonography to 
examine the uterine cavity in detail and reconstruct the images of the uterus surpasses the 
diagnostic potential of Two Dimensional (2D) ultrasound (Jurkovic et al., 1995; Lev-Toaff et 
al., 2001). Using two dimensional transvaginal ultrasound to measure endometrial thickness 
does not include the total volume of the endometrium (Friedler et al., 1996). Several studies 
have confirmed a high degree of reproducibility and accuracy of endometrial volume 
estimation using 3D ultrasound (Lee et al., 1997; Yaman et al., 2000). 
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Photo 1. 3D Ultrasound of uterus and endometrium 

3D US images can be obtained by two methods: freehand and automated. The freehand 
method requires manual movement of the transducer through the region of interest. The 
automated method acquires the images using dedicated 3D transducers. The digitally stored 
volume data can be manipulated and presented in various displays: multiplanar display, 
"niche" mode or surface rendering mode (Alcasar, 2006). Probably, the most used and useful 
display is multiplanar display, which simultaneously shows three perpendicular planes 
(axial, sagital and coronal), allowing navigation through these three planes with the 
possibility of switch over any desired plane. Another important ability of 3D US is volume 
calculation, even in irregularly shaped structures, using the Virtual Organ Computer-aided 
AnaLysis (VOCAL). 

This method has been demonstrated to be more accurate than 2D-volume estimation, with 
an error estimation of 7% for 3D US as compared of 22% for 2D US (Yaman et al., 2003)]. 
Other investigators described a mean absolute error rate of 12.6% for two dimensional 
volume measurements, while the absolute error rate for 3D volume measurement was only 
6.4% (Riccabona et al., 1996). 

During spontaneous menstrual cycles endometrial volume increased significantly during 
the follicular phase, reaching a plateau around the time of ovulation and remaining 
relatively stable throughout the luteal phase (Jakubkiene et al., 2006; Reine-Fenning et al., 
2004). Parous women showed endometrial volumes significantly larger than nulliparous 
women (Reine-Fenning et al., 2004).  

3D technology has added to daily practice in reproduction the use of endometrial volume as 
an implantation marker (Merce, 2004). Schild at al. (1999) was the first to correlate 
endometrial volume on the day of oocyte retrieval and pregnancy rate in an IVF program. 
They found that endometrial volume failed to predict outcome of IVF and that estradiol 
levels did not correlate with endometrial volume. Almost simultaneously, Raga et al. (1999) 
reported on 72 patients who underwent IVF cycle, using the same technique that Schild et 
al. (1999) for calculating endometrial volume but ultrasound examination was performed on 
the day of embryo transfer. These authors found that pregnancy rate was significantly lower 
(15%) if endometrial volume was < 2 ml than if it was > 2 ml (34.5%). No pregnancy was 
achieved with endometrial volume below 1 ml. Yaman et al.(2000) reported subsequently in 
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65 patients undergoing IVF program [47]. They found that endometrial volume did not 
differ significantly in women that became pregnant from those who did not. No pregnancy 
occurred of endometrial volume was < 2.5 ml. Zollner et al.(2003) evaluated endometrial 
volume in 125 women undergoing IVF. They found that pregnancy rate was lower in 
patients with endometrial volume < 2.5 ml (9.4%) compared with those with endometrial 
volume ≥2.5 ml (35%).  

All studies more recently published have not demonstrated that endometrial volume is 
predictive for pregnancy after IVF program (Jarvela et al., 2005; Kupesic et al., 2001; Ng et 
al., 2006; Schild et al., 2000; Wu et al., 2003). This could be explained by methodological 
differences in volume calculation. 

In our study clear morphology of the endometrium was obtained in 106 patients using 3D 
transvaginal ultrasound at the time of embryo transfer. The mean endometrial volume 
(±2SD) vas 3.27±0.69 (range 1.7 – 7.9). Women were divided into three groups depending on 
the endometrial volume data: group 1: < 2ml; group 2 : 2-5 ml; group 3 ; > 5 ml respectively. 
No differences in age, number of days of ovarian stimulation, total , number of oocyte 
retrieved, and number of good quality embryios were found between these groups (table 1). 
Patients with an andometrial volume < 2ml (group1) had significantly ( p<0.05) lower 
pregnancy and implantation rates as compared with the groups of women with 2-5 ml 
(group 2) and >5ml (group 3) endometrial volume. Moreover, no differences were observed 
between the latter two groups. 
 

Parameter Group1:  
< 2 ml 

Group 2:  
2-5 ml 

Group 3:  
> 5 ml p 

Cycles No 30 42 36  
Age (years) 35±0.9 34±0.8 32±0.5 NS 
Treatment ( days) 9.6±0.3 9.3±0.49 9.1±0.36 NS 
Oocytes retrieved No 9±2.9 11±2.1 12±2.7 NS 
No embryo transfer 2.4±0.5 2.2±0.3 25±0.6 NS 
No of pregnancies 5 (16.6%) 14 (33%) 13 (36%) P<0.05 

Table 1. Patients grouped according to endometrial volume on the day of embryo transfer 

An endometrial volume of 2.5 ml on the day of embryo transfer has been proposed as a 
reliable threshold value to predict pregnancy after embryo transfer in IVF/ICSI cycles. 
However, again these findings lacked of specificity.  

2.3 Endometrial pattern 

Endometrial pattern is defined as the relative echogenicity of the endometrium and the 
adjacent myometrium as demonstrated on a longitudinal ultrasound scan. During the 
proliferative phase of the menstrual cycle the endometrium achieves a “triple line” 
morphology.  In principle, the central echogenic line represents the uterine cavity; the outer 
lines represent the basal layer of the endometrium, or the interface between the 
endometrium and myometrium. The relatively hypo-echogenic regions between two outer 
lines and the central line may represent the functional layer of endometrium (Forest et al., 
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1988). During the secretory phase of the menstrual cycle, the endometrium acquires a 
hyperechogenic morphology that is due to stromal edema, spirilization and secretion of the 
endometrial glands caused by the action of progesterone (Bassil et al., 2001; Fanchin et al., 
2000; Fanchin et al., 2001; Leibovitz et al., 1999). However, since a correlation between 
echogenicity and progesterone has not been demonstrated (Bakos et al., 1993; Khalife et al., 
1992) other factors such as androgen and gonadotropin effects could explain these changes 
(De Ziegler and Fancin, 1994; Tang and Gurpide, 1993). 

Classification of the types of appearance of the endometrium has been simplified over time. 
Nowadays, intermediate patterns are often discarded and the endometrium is simply 
described as multilayered or non-multilayered (Sher et al., 1991; Smith et al., 1984). In a 
prospective study, Serafimi et al.(1994) found the multilayered pattern to be more predictive 
of implantation than any other parameter measured. The “triple line” endometrial pattern 
has high sensitivity (79-100%) but an elevated percentage of false positives (57-91%) also, 
subsequently it has an additional interest by its high negative predictive value (75-100%). 
Although achieving a pregnancy with a “non triple-line” pattern is possible, its frequency is 
low (Tan et al., 2000). 

 
Photo 2. Multilayered endometrium 

 
Photo 3. Non multilayered endometrium 

The normal luteal endometrial pattern has been also implied as an implantation marker. A 
non-homogeneous hyperechogenic pattern 3 days after embryo transfer has been associated 
with lower pregnancy rates (Check et al., 2000). In addition, the midluteal endometrial 
pattern of women with unexplained infertility is related to the chance of pregnancy. The 
pregnancy rate is significantly higher when the endometrium displays a homogenous 
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hyperechogenic pattern comparatively with non-homogenous pattern (Check et al., 2003). It 
is, however, important to emphasize that a poor endometrial pattern does not exclude 
pregnancy.  

Our observation showed that 15(17.65%) patients have homogenous endometrium, and the 
other 70 (82.35%) have triple line endometrium. There was not statistical significant 
difference, p>0.05(p=1.00)/ Fisher) according pregnancy rates between both groups of 
patients (Table 2). 
 

Endometrial pattern BHCG + BHCG - Total 
Homogenous  5 10 15 
Total % 5.88 11.76 17.65 
Triple line  24 46 70 
Total % 28.24 54.12 82.35 
Total 29 56 85 
Total % 34.12 65.88 100 

Table 2. Endometrial pattern and pregnancy outcome 

The effect of endometrial thickness and hyperechogenic pattern on determining pregnancy 
outcomes have been presented with various results. Increased endometrial thickness, 
endometrial pattern, and volume affect IVF outcomes, and this effect is dependent on 
patient’s age, duration of stimulation, and embryo quality (Richter et al., 2007; Zhang et al., 
2005). Tsai et al.(2000) reported that in ovulation induction by administering CC and 
gonadotropin and in IUI cycles, in terms of endometrial parameters, endometrial pattern 
has a significant effect on pregnancy positive and pregnancy negative patients; however, 
thickness and vascularity do not change pregnancy results. Fanchin et al. (2000) supported 
this view and reported that hyperechogenic endometrium deteriorates IVF outcomes.   

Kepic et al.(1992) determined that endometrial thickness and pattern, follicle size and 
estradiol levels correlated to both the likelihood of pregnancy and subsequent outcome. 
Contrary to these data, other studies found no correlation between endometrial thickness, 
endometrial pattern and embryo implantation (Fleischer et al., 1986; Friedler et al., 1996; 
Ivanovski et al., 2007a;  Rashidi et al.,2005). Such conflicting results can be explained by the 
variability of the endometrial appearance according to the timing of the ultrasound scan 
(day of human chorionic gonadotropin administration, day of oocyte pick-up or day of 
embryo transfer). It seems that the most promising data are obtained when the study is 
performed on the day of human chorionic gonadotropin (hCG) administration, since 
progesterone production does not interfere with endometrial characteristics at this period of 
the menstrual cycle. 

2.4 Uterine artery blood flow 

The introduction of transvaginal Doppler ultrasound makes the measurement of uterine 
artery blood flow possible, with hope that uterine arterial resistance changes might reflect 
receptivity of endometrium (Fleischer et al., 1991; Goswamy et al., 1988; Steer et al., 1994;).  
Color Doppler signals are measured at the uterine arteries and their ascending branches 
located in the outer third of the myometrium.  
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Steer et al.(1994) used transvaginal color Doppler to study the uterine arteries in 23 normally 
cycling women, and they found that the lowest pulsatility index (PI) occurred 9 days after 
the LH peak. This indicates that the maximum uterine perfusion occurs at about the time of 
expected implantation. Another index of blood flow, the resistance index, was measured on 
the day of embryo transfer in a series of women undergoing IVF, and it was found to be 
lower in those who subsequently became pregnant. 

 
Photo 4. Arteria uterine blood flow 

Doppler Studies have demonstrated the uterine and endometrial arteries resistance 
decreases significantly during the mesoluteal phase, i.e. in the period of embryo 
implantation (Agrawal et al., 1999; Bourne et al., 1996; Scholtes et al., 1989; Sladkevicius et 
al., 1993; Tan et al., 1996). It is probable that these vascular changes play a significant role in 
the implantation process because they are present from the beginning of the embryo 
nidation. 

Sterzik et.al (1989) reported that the resistance index measured on the day of embryo 
transfer in IVF cycles was significantly lower in patients who subsequently became pregnant 
as compared with those who failed to achieve pregnancy. 

Steer et al. (1992) have used transvaginal color Doppler to study the uterine arterial blood 
flow in 82 women undergoing IVF on the day of embryo transfer. The PI was calculated and 
the patients were grouped according to whether the PI was low (1-1.99), medium (2-2.99) or 
high (3.0+). There were no pregnancies in the high PI group and the PI was significantly 
lower in the women who become pregnant as compared with those who did not. However, 
although measurement of uterine artery blood flow impedance on the day of embryo 
transfer may be able to predict pregnancy, it would be more useful to detect flow 
abnormalities earlier in the cycle. To investigate this Zaidi et al.(1996) recently measured 
uterine artery PI in 135 women undergoing IVF on the day of hCG injection. They found 
significantly lower implantation rates in women with uterine artery PI > 3.0. The authors 
suggested that the PI on the day of embryo transfer could be used to alter the management, 
such that a high value (> 3) would lead to elective freezing of the embryos for transfer at a 
later date in a more favorable cycle. If the PI is normal, the number of embryos transferred 
could be reduced to minimize the risk of a multiple pregnancy.  
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The ability of Color Doppler - PI to predict uterine receptivity presents high sensitivity (96-
100%) and a high negative predictive value (88-100%) although it has low specificity (13-
35%) and positive predictive value (44-56%) (Friedler et al., 1996). Inadequate blood flow 
would thus prevent implantation, although optimal uterine profusion does not always 
imply pregnancy. In addition to this, high uterine resistance is observed in less than 10% of 
non-conception cycles, suggesting that this parameter is responsible for implantation failure 
in very few cases (Caccitore et al., 1996). 

In our study, uterine artery and arcuate artery blood flow were measured with color 
Doppler ultrasonography at the hCG day. The average values of right or left uterine and 
intraovarian artery PI, RI, and Vs values were used in the analysis. In the pregnant group 
average uterine artery PI and RI were significantly lower than in the non-pregnant group. 
Arcuate artery RI in the pregnant group was significantly lower than that in the non-
pregnant group. (Table 3). 

In our results, there were statistically significant lower mean uterine artery PI and RI, 
arcuate artery in the pregnant group than in the non-pregnant group (P< 0.05). Arcuate 
artery PI value was lower in the pregnant group than in the non-pregnant group, but this 
did not reach statistical significance. Peak systolic velocity (Vs) values in both the mean 
uterine artery and arcuate artery were higher in the pregnant group than in the non-
pregnant group; however, the difference was not statistically significant.  

Vascular impedance was calculated with PI, RI, and Vs values, among which PI was found 
to be the most important. Optimal uterine receptivity can be accomplished by reduced 
vascular resistance and increased blood flow, which will improve pregnancy success. We 
suggest the use of transvaginal color Doppler ultrasonography to measure the blood flow in 
uterine arteries, arcuate arteries before hCG in IVF cycles. 
 

 
Prameter 

Doppler values  
t 

 
Z 

 
p     (29)  BHCG +   (56) BHCG – 

RI Aut HCG 0.71 ± 0.06 0.89 ± 0.07 -6.65  0.000*** 
PI Aut HCG 1.83 ± 0.14 2.19 ± 0.27  -4.79 0.000*** 
PVs Aut HCG 21.11 ± 3.47 0.83 ± 0.07 3.04  0.003** 
RI a.arcuata HCG 0.56 ± 0.05 0.71 ± 0.06 -3.69  0.000*** 
PI a.arcuata HCG 1.07 ± 0.09 1.29 ± 0.09 -4.09  0.000*** 
P Vs a.arcuata 11.07 ± 2.71 7.19 ± 2.94 -3.17  0.004** 

**p<0.01     ***p < 0.001 

Table 3. Average Doppler values in pregnant and non-pregnant group on HCG day 

Although pregnancy outcome tended to be poor in patients with higher mean uterine arterial 
impedance indices, the predictive value of using a specific resistance index (RI) or pulsatility 
index (PI) variable in assessing endometrial receptivity seems to be limited (Tekay et al., 1996; 
Friedler et al., 1996). One of the explanations is that the major uterine compartment is the 
myometrium and not the endometrium, and thus most of the blood passing through the 
uterine arteries never reaches the endometrium. These contradictory results are due to 
significant methodological variations such as the ovarian stimulation protocol used, the cycle’s 
day when the Doppler study was carried out or the sonographic examination route (Merce et 
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PI a.arcuata HCG 1.07 ± 0.09 1.29 ± 0.09 -4.09  0.000*** 
P Vs a.arcuata 11.07 ± 2.71 7.19 ± 2.94 -3.17  0.004** 
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Table 3. Average Doppler values in pregnant and non-pregnant group on HCG day 

Although pregnancy outcome tended to be poor in patients with higher mean uterine arterial 
impedance indices, the predictive value of using a specific resistance index (RI) or pulsatility 
index (PI) variable in assessing endometrial receptivity seems to be limited (Tekay et al., 1996; 
Friedler et al., 1996). One of the explanations is that the major uterine compartment is the 
myometrium and not the endometrium, and thus most of the blood passing through the 
uterine arteries never reaches the endometrium. These contradictory results are due to 
significant methodological variations such as the ovarian stimulation protocol used, the cycle’s 
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al., 2000). A more logical approach would be to evaluate the vascularization around the 
endometrium directly in an attempt to assess endometrial receptivity. 

2.5 Endometrial / subendometrial blood flow 

The assessment of the endometrial receptivity is the key for success of all ART procedures. 
Angiogenesis plays a critical role in various female reproductive processes such as 
development of a dominant follicle, formation of corpus luteum, endometrial growth and 
implantation (Demir et al., 2006; Nardo, 2005; Sherer and Abulafia, 2001). For this reason many 
researches have paid attention to ovarian and uterine/ endometrial vascularization for 
predicting outcome in IVF programs (Tekay et al., 1995). Invent of the Doppler in ultrasound 
has significantly improved the understanding of morphological changes occurring in the 
ovary and the uterus as a reflection of biochemical changes during the menstrual cycle. The 
vascular changes are reflection of the biochemical changes and can be studied by color 
Doppler. The spectral/pulse Doppler values give objective assessment of the endometrial 
vascularity. Therefore, color and pulse Dopplers speak about functional maturity of the 
endometrium. 3D ultrasound and 3D power Doppler assesses the global vascularity, as 
compared to vascularity in a single plane on 2D ultrasound and so may give better idea about 
follicular maturity and endometrial receptivity and therefore implantation rates. 

A good blood supply towards the endometrium is usually considered to be an essential 
requirement for implantation and therefore assessment of endometrial blood flow in IVF 
treatment has attracted a lot of attention in recent years. 

Doppler study allows us to evaluate endometrial blood flow by means of analyzing flow 
velocity waveforms of subendometrial and endometrial arteries (Achiron et al., 1995; Battaglia 
et al., 1997; Ivanovski et al., 2007b; Merce et al., 1995; Schild et al., 2001; Yuval et al., 1999; Zaidi 
et al., 1995) and the color mapping by two-dimensional (Applebaum, 1995; Battaglia et al., 
1997;Chien et al., 2002; Yang et al., 1999; Zaidi et al., 1995) or three-dimensional ultrasound 
(Jarvela et al., 2005; Kupesic et al., 2001; Ng et al., 2006; Wu et al., 2003). 

Blood vessels of the uterus and endometrium can be detected by color and power Doppler 
ultrasound where endometrium and myometrium constitute an anatomical and functional 
unit. Uterine arteries branch off the internal iliac arteries. Ultrasonically, they look like 
hyperechoic structures running along the cervix and the isthmic part of the uterus. Arcuate 
arteries are tortuotic anechoic structures that spread through myometrium. Radial arteries 
penetrate vertically the myometrial layers of smooth muscle cells and divides after passing 
through the myometrial-endometrial junction to form the basal arteries that supply the basal 
portion of the endometrium, and the spiral arterioles that continue up toward the 
endometrial surface and supply stratum functionale of endometrium. Their shape and size 
change during menstrual cycle and they shed during menstruation together with the 
glandular tissue. During pregnancy, these arteries become uteroplacental decidual arteries. 
Basal arterioles supply endometrial stratum basale. The vessels in genital tract undergo 
cyclic changes dictated by the hormonal cycle.  

At the myometrial- endometrial junction, a specific subendometrial area can be identified as 
a thin hypoechoic layer between the echogenic endometrium and myometrium on 
ultrasound examination (McCarthy et al., 1989; Scoutt et al., 1991; Tetlow et al., 1999). 
Different authors ascribe different names to this layer: junctional zone, inner myometrium, 
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subendometrial halo and subendometrial layer are all synonymous. The layer can be viewed 
by either ultrasound or MR ( Killick, 2007). Histological studies have confirmed that the 
subendometrial halo surrounding the endometrium represents the innermost layer of the 
myometrium, and compared with the outer myometrium, it consists of a distinct 
compartment of more tightly packed muscle cells with increased vascularity (Lesny et al., 
1999; Turnbull et al., 1995), suggesting a modified function. Many studies have shown that 
interactions between the junctional zone and the endometrium may play an important role 
in the implantation process (Chien et al., 2002; Salle et al., 1998). 

Conventionally, pulsed and color Doppler have been used to assess uterine and endometrial 
blood flow. However, conflicting results have been reported. 

Subendometrial radial arteries pulsatility was the only parameter that improved in those 
cycles where pregnancy was achieved after a previous non-conceptional cycle, except when 
implantation failed and subsequently a miscarriage or ectopic pregnancy was diagnosed 
(Merce et al., 1995; Merce et al., 2000a, 2000b). 

While some authors (Kupesic et al., 2001) have found that vascular resistance in the 
endometrial spiral arteries or the subendometrial radial arteries, also called intramyometrial 
subendometrial arteries (Merce et al., 1995; Merce et al., 2000) was significantly lower on the 
day of oocyte retrieval or embryo transfer in patients who achieve pregnancy (Battaglia et 
al., 1997;Ivanovski et al., 2004; Kupesic et al., 2001) others have found no differences (Schild 
et al., 2001; Yuval et al., 1999; Zaidi et al., 1995). 

Now, with the advance of ultrasonography, color Doppler energy imaging has been used in 
endometrial blood flow assessment. Color Doppler energy is a technology based on the total 
integral of energy frequency spectrum. It visualizes blood flow with the energy of moving 
reflectors and enjoys the advantages of high sensitivity to slow blood flow, while being less 
dependent on angles and providing a less cluttered image. In general, endometrial color 
mapping has been evaluated in a subjective way although the color area can also be 
quantified (Yang et al., 1999). 

Color mapping of endometrial vascularity can be classified in various types according to the 
degree of penetration into the endometrial thickness, using conventional color (Applebaum, 
1995; Battaglia et al., 1997; Zaidi et al., 1995) or power Doppler (Merce et al., 2002). 

The zones of vascularity are defined according to Applebaum (1995) as: zone 1 when the 
vascularity on power Doppler is seen only in the myometrium surrounding the 
endometrium; zone 2 when vessels penetrate through the hyperechogenic endometrial edge; 
zone 3 when it reaches internal hypoechogenic zone and zone 4 when they reach the 
endometrial cavity. 

The absence of color mapping of the endometrium and subendometrial areas means an 
absolute implantation failure (Zaidi et al., 1995) or a significant decrease (80) of the 
implantation rate. Conversly, the pregnancy rate increases when the vessels reach the 
subendometrial halo and endometrium (Zaidi et al., 1995; Chien et al., 2002). The presence of 
vessels within the endometrium is associated with a thicker endometrium, which suggests a 
correlation between the endometrial perfusion and endometrial growth. On the other hand, 
the absence of endometrial-subendometrial blood flow is accompanied by a high uterine 
artery resistance (Chien et al., 2002). 
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myometrium, and compared with the outer myometrium, it consists of a distinct 
compartment of more tightly packed muscle cells with increased vascularity (Lesny et al., 
1999; Turnbull et al., 1995), suggesting a modified function. Many studies have shown that 
interactions between the junctional zone and the endometrium may play an important role 
in the implantation process (Chien et al., 2002; Salle et al., 1998). 

Conventionally, pulsed and color Doppler have been used to assess uterine and endometrial 
blood flow. However, conflicting results have been reported. 

Subendometrial radial arteries pulsatility was the only parameter that improved in those 
cycles where pregnancy was achieved after a previous non-conceptional cycle, except when 
implantation failed and subsequently a miscarriage or ectopic pregnancy was diagnosed 
(Merce et al., 1995; Merce et al., 2000a, 2000b). 

While some authors (Kupesic et al., 2001) have found that vascular resistance in the 
endometrial spiral arteries or the subendometrial radial arteries, also called intramyometrial 
subendometrial arteries (Merce et al., 1995; Merce et al., 2000) was significantly lower on the 
day of oocyte retrieval or embryo transfer in patients who achieve pregnancy (Battaglia et 
al., 1997;Ivanovski et al., 2004; Kupesic et al., 2001) others have found no differences (Schild 
et al., 2001; Yuval et al., 1999; Zaidi et al., 1995). 

Now, with the advance of ultrasonography, color Doppler energy imaging has been used in 
endometrial blood flow assessment. Color Doppler energy is a technology based on the total 
integral of energy frequency spectrum. It visualizes blood flow with the energy of moving 
reflectors and enjoys the advantages of high sensitivity to slow blood flow, while being less 
dependent on angles and providing a less cluttered image. In general, endometrial color 
mapping has been evaluated in a subjective way although the color area can also be 
quantified (Yang et al., 1999). 

Color mapping of endometrial vascularity can be classified in various types according to the 
degree of penetration into the endometrial thickness, using conventional color (Applebaum, 
1995; Battaglia et al., 1997; Zaidi et al., 1995) or power Doppler (Merce et al., 2002). 

The zones of vascularity are defined according to Applebaum (1995) as: zone 1 when the 
vascularity on power Doppler is seen only in the myometrium surrounding the 
endometrium; zone 2 when vessels penetrate through the hyperechogenic endometrial edge; 
zone 3 when it reaches internal hypoechogenic zone and zone 4 when they reach the 
endometrial cavity. 

The absence of color mapping of the endometrium and subendometrial areas means an 
absolute implantation failure (Zaidi et al., 1995) or a significant decrease (80) of the 
implantation rate. Conversly, the pregnancy rate increases when the vessels reach the 
subendometrial halo and endometrium (Zaidi et al., 1995; Chien et al., 2002). The presence of 
vessels within the endometrium is associated with a thicker endometrium, which suggests a 
correlation between the endometrial perfusion and endometrial growth. On the other hand, 
the absence of endometrial-subendometrial blood flow is accompanied by a high uterine 
artery resistance (Chien et al., 2002). 
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Photo 5. Zone 1 of vascularity 

 
Photo 6. Zone 4 of vascularity 

We investigated the correlation of blood flow in the endometrial– subendometrial region 
detected by Power Doppler sonography with pregnancy outcome of an IVF-ET program. 
The endometrial–subendometrial blood flow distribution pattern was determined by 
demonstrating pulsatile color signals in the subendometrial and endometrial regions. For 
those with vascularization penetrating the subendometrial area, we adopted the definition 
from Applebaum (1999), summarized as follows: group1, vessels penetrating the outer 
hypoechogenic area surrounding the endometrium but not entering the hyperechogenic 
outer margin; group 2, vessels penetrating the hyperechogenic outer margin of the 
endometrium but not entering the hypoechogenic inner area; and group 3: vessels entering 
the hypoechogenic inner area in endometrial cavity. 

The degree of vascular penetration into the endometrium in relation to pregnancy outcome 
is shown in Table 4. Although pregnancy rates were significantly higher in patients with 
group 3 penetration compared with group 1 (P<0.001) or group 2 penetration, there was no 
significant difference between the groups with zone 1 and zone 2 penetration. There were 
also significant differences in miscarriage rate: on group of patients without flow was 
significantly higher than that of those in group 2 or group 3 (50% vs. 12.5% or 7.14%; 
P<0.001, respectively).  

There was significant correlation between group with higher miscarriage rate (S-; E-) and 
higher uterine artery PI (> 2,9) and RI (>0.96) values. 
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 Subend. Flow Subend. Flow Vascular penetration 
 Present Absent Group 1 Group 2 Group 3 
 85 21 23 38 24 

BHCG + 36 (42.35%) 4 (19%) 6 (26%) 16 (42%) 14 (53%) 
BHCG - 49 17 17 22 10 

Miscariage rate   3/6(50%) 2/16(12.5%) 1/14(7.14%) 

Table 4. Pregnancy and implantation rates in relation to the presence or absence of 
subendometrial blood flow and zone of vascular penetration. 

The report from Li-Wei Chien et al.(2002) showed that the absence of subendometrial blood 
flow is associated with poor pregnancy outcome; however, this condition is not indicative of 
a non-receptive endometrium as suggested in our and other study (Zaidi et al., 1995). 
Although women with no detectable endometrial/subendometrial flow on the day of ET 
tend to be older, it is noteworthy that more than half (9 of 14, 54.5%) of pregnancies in such 
women aborted spontaneously. Although these data suggest that development of the 
endometrial vessel system may play a role in maintaining pregnancy in the early stages, but 
the case number is too small to draw any conclusion. 

The three-dimensional ultrasound allows studying not only the endometrial volume but 
also the quantitative assessment of vessels density and blood flow within the endometrium 
and subendometrial region. Vascularization of tissues within the region of interest can be 
assessed using 3D Power-Doppler angiography and the VOCAL program (Pairleinter et al., 
1999). Using this method, three vascular indexes can be calculated: the Vascularization 
Index (VI), expressed as percentage, measures the number of color voxels in the studied 
volume, representing the blood vessels within the tissue. The Flow Index (FI) is the color 
value of all color voxels, representing average color intensity. And the Vascular-Flow Index 
(VFI) is the average color value of all grey and color voxels, which represents both blood 
flow and vascularization. Using the "shell" function it is possible to calculate a volume at 
different thickness around the predetermined endometrium and estimate the 
vascularization in this "shell". This allows the assessment of the so called "subendometrial 
region" 3D US has a very low inter-observer and intra observer variability for calculating 
endometrial volume, with intraclass correlation coefficients ≥0.97 (Bordes et al., 2002; Key-
Mensah et al., 1996; Raine-Fenning et al., 2002b; Yaman et al., 1999). However, this depends 
on the technique used, being the VOCAL method the most reproducible (Reine-Fenning et 
al., 2003). This technique has been also found to be highly reproducible for estimating 
ovarian and endometrial vascularization using 3D PD with intraclass correlation coefficients 
≥0.99 for all indexes (Alcazar et al., 2005; Raine-Fenning et al., 2002a; Jarvela et al., 2003).  

Endometrial and subendometrial blood flows assessed in the same patients by 3D power 
Doppler indices are significantly lower in stimulated than in natural cycles. (Ng et al., 
2004b) It has also been reported that endometrial and subendometrial blood flow are 
negatively affected by serum estradiol concentrations, but they are not affected by other 
factors such as women age, smoking habits, or types of infertility or parity during IVF 
treatment. (Ng et al., 2006)) This fact could explain that ovarian hyperresponders tend to 
have lower endometrial and subendometrial blood flows during the early luteal phase ( + 2 
hCG day). (Ng et al., 2004a) 
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A reduced endometrial blood flow after ovulation could be related to an increased uterine 
contractility (Hauksson et al., 1998) and may lead to endometrial hypoxia during the 
implantation period (Fischer et al., 1993).  

Some authors have provide that subendometrial vascularity indices may behave as 
predicting factors for pregnancy (Kupesic et al., 2001; Wu et al., 2003), on the other hand 
other authors prefer to calculate only the 3D power Doppler indices of the endometrium 
(Merce, Donald School Textbook, 2008 ). Even though most authors assess both endometrial 
and subendometrial vascularization as a pregnancy predictor (JARVELA ET AL., 2005; 
Kupesic et al., 2001; Ng et al., 2006; Wu et al., 2003). 

Schild at all.(2000) evaluated 96 patients undergoing IVF program by 3D-PDA. Only 
subendometrial vascularization was assessed. They found that all 3D-PDA indices were 
significantly lower in conception with non-conception cycles. However, a great overlapping 
existed. These findings were the same in a subgroup of patients in which at least two good 
quality embryos were transferred. Logistic regression revealed that subendometrial FI was 
the strongest predicting factor of IVF success. No association between uterine artery PI and 
PSV and IVF outcome was found.  

On the other hand, Raine-Fenning (2004) found that endometrial and subendometrial 
vascularity were significantly reduced in women with unexplained subfertility during the 
mid-late follicular phase, irrespective of estradiol or progesterone concentrations.  

A scoring system reported by Kupesic et al. (2004) for uterine receptivity, done on the day of 
embryo transfer, shows that subendometrial FI<11 was a cut off limit. No pregnancies 
occurred when it was <11 and the conception group showed its values of 13.2±2.2. No 
significant differences were found in subendometrial VI and VPI between conception and 
non-conception cycles. These results were opposite to those reported by Schild et al. (2000).  

Wu at al. (2003) reported that subendometrial VFI was significantly higher in those patients 
who become pregnant. The best prediction rate was achieved by a subendometrial VFI > 
0.24, with a sensitivity of 83.3%, specificity of 88.9%, positive predictive value of 93.8% and 
negative predictive value of 93.8% and negative predictive value of 72.7%.  

Järvelä at al.(2005) evaluated endometrial and subendometrial vascularization by 3D PDA 
using the VOCAL program with a 15°-rotation step. They did not find differences on 
endometrial and subendometrial vascularization between conception and non-conception 
cycles. However, they found than in both conception and non-conception cycles endometrial 
and subendometrial VI decreased significantly between the two examinations this finding 
would be in agreement with the findings of Raine-Fenning et al. (2004) in natural cycles, 
who reported a decrease of endometrial vascularity during the periovulatory period. 

Whereas Ng et al (2004) documented a lower endometrial VI and VFI in pregnant group on 
the day of oocyte retrieval and also a non-significant trend of higher implantation and 
pregnancy rates in patients with absent subendometrial and endometrial flow. This probably 
can be explained on the basis that hCG administration/LH peak causes increased uterine 
artery resistance and hence a decrease in endometrial perfusion on the day of oocyte retrieval. 
This also correlates with the observation by Ng et al, (2006) which says that subendometrial 
vascularization flow indices are significantly lower in patients with uterine artery RI≥0,95. 
Multiple logistic regression analysis showed that from multiple parameters only the number 
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of embryos replaced and endometrial VI significantly improved the chance of pregnancy, but 
this latter had only a marginal predictive value (odd ratio: 0.87, 95% CI: 0.76–0.99).  

These findings are in agreement with those reported by Schild et al.(2000) ; Ng et al (2006); 
who did not find differences in endometrial/ subendometrial VI, FI and VFI between 
pregnant and non-pregnant women when at least two good quality embryos was 
transferred. However, when first one or no good quality embryos were transferred all three 
endometrial VI, FI and VFI were significantly higher in those women who became pregnant 
as compared with those who did not. These data could indicate that endometrial 
vascularization might be a non-relevant factor when good quality embryos are transferred 
but could be an important factor when no quality embryos are transferred. 

These conflicting results might be explained by the fact of different timing when performing 
3D-PDA assessment.  

Our study, performed on ET day, showed that when endometrial FI was < 20 , 17% of 
patients became pregnant; FI=20-40, 35% became pregnant and when FI>40, 45% of patients 
became pregnant. The higher FI values correlate with pregnancy outcome (Table 5). 

Also, higher VFI significantly associated with higher pregnancy rates. When endometrial 
VFI was > 20 . 55.5% patients became pregnant, and when VFI < 2, no conception was seen 
(Table 6). 
 

End FI/Pregnancy rates <20 20- 40 >40 
BHCG  + 6 21 5 
BHCG - 31 48 6 

Total 35 (17.1%) 60 (35 %) 11 (45%) 

Table 5. Endometrial FI and pregnancy rate 
 

End VFI/Pregnancy rates <2 2- 10 11-20 >20 
BHCG  + / 20 7 5 
BHCG - 10 46 14 4 

Total 10 66 (30.3%) 21(33.3%) 9 (55.5%) 

Table 6. Endometrial VFI and pregnancy rate 

Summary, regarding the role of endometrial and subendometrial vascularity assessment the 
results of several studies are clearly controversial (Kupesic et al., 2001; Jarvela et al., 2005; 
Ng et al., 2005; Ng et al., 2006; Wu et al., 2003. An explanation for these controversial 
findings might be the different design of reported studies, specially the timing of ultrasound 
evaluation. A consensus about the timing of this technique to be used within an IVF 
program is needed to establish more precise values for endometrial VI, FI and VFI, in order 
to design new further prospective studies. 

On the other hand, the concept of evaluating uterine receptivity by a uterine score including 
the endometrial blood flow was first introduced by Applebaum (1995). With the absence of 
subendometrial blood flow, even in the presence of other favorable parameters, no 
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A reduced endometrial blood flow after ovulation could be related to an increased uterine 
contractility (Hauksson et al., 1998) and may lead to endometrial hypoxia during the 
implantation period (Fischer et al., 1993).  

Some authors have provide that subendometrial vascularity indices may behave as 
predicting factors for pregnancy (Kupesic et al., 2001; Wu et al., 2003), on the other hand 
other authors prefer to calculate only the 3D power Doppler indices of the endometrium 
(Merce, Donald School Textbook, 2008 ). Even though most authors assess both endometrial 
and subendometrial vascularization as a pregnancy predictor (JARVELA ET AL., 2005; 
Kupesic et al., 2001; Ng et al., 2006; Wu et al., 2003). 

Schild at all.(2000) evaluated 96 patients undergoing IVF program by 3D-PDA. Only 
subendometrial vascularization was assessed. They found that all 3D-PDA indices were 
significantly lower in conception with non-conception cycles. However, a great overlapping 
existed. These findings were the same in a subgroup of patients in which at least two good 
quality embryos were transferred. Logistic regression revealed that subendometrial FI was 
the strongest predicting factor of IVF success. No association between uterine artery PI and 
PSV and IVF outcome was found.  

On the other hand, Raine-Fenning (2004) found that endometrial and subendometrial 
vascularity were significantly reduced in women with unexplained subfertility during the 
mid-late follicular phase, irrespective of estradiol or progesterone concentrations.  

A scoring system reported by Kupesic et al. (2004) for uterine receptivity, done on the day of 
embryo transfer, shows that subendometrial FI<11 was a cut off limit. No pregnancies 
occurred when it was <11 and the conception group showed its values of 13.2±2.2. No 
significant differences were found in subendometrial VI and VPI between conception and 
non-conception cycles. These results were opposite to those reported by Schild et al. (2000).  

Wu at al. (2003) reported that subendometrial VFI was significantly higher in those patients 
who become pregnant. The best prediction rate was achieved by a subendometrial VFI > 
0.24, with a sensitivity of 83.3%, specificity of 88.9%, positive predictive value of 93.8% and 
negative predictive value of 93.8% and negative predictive value of 72.7%.  

Järvelä at al.(2005) evaluated endometrial and subendometrial vascularization by 3D PDA 
using the VOCAL program with a 15°-rotation step. They did not find differences on 
endometrial and subendometrial vascularization between conception and non-conception 
cycles. However, they found than in both conception and non-conception cycles endometrial 
and subendometrial VI decreased significantly between the two examinations this finding 
would be in agreement with the findings of Raine-Fenning et al. (2004) in natural cycles, 
who reported a decrease of endometrial vascularity during the periovulatory period. 

Whereas Ng et al (2004) documented a lower endometrial VI and VFI in pregnant group on 
the day of oocyte retrieval and also a non-significant trend of higher implantation and 
pregnancy rates in patients with absent subendometrial and endometrial flow. This probably 
can be explained on the basis that hCG administration/LH peak causes increased uterine 
artery resistance and hence a decrease in endometrial perfusion on the day of oocyte retrieval. 
This also correlates with the observation by Ng et al, (2006) which says that subendometrial 
vascularization flow indices are significantly lower in patients with uterine artery RI≥0,95. 
Multiple logistic regression analysis showed that from multiple parameters only the number 
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of embryos replaced and endometrial VI significantly improved the chance of pregnancy, but 
this latter had only a marginal predictive value (odd ratio: 0.87, 95% CI: 0.76–0.99).  

These findings are in agreement with those reported by Schild et al.(2000) ; Ng et al (2006); 
who did not find differences in endometrial/ subendometrial VI, FI and VFI between 
pregnant and non-pregnant women when at least two good quality embryos was 
transferred. However, when first one or no good quality embryos were transferred all three 
endometrial VI, FI and VFI were significantly higher in those women who became pregnant 
as compared with those who did not. These data could indicate that endometrial 
vascularization might be a non-relevant factor when good quality embryos are transferred 
but could be an important factor when no quality embryos are transferred. 

These conflicting results might be explained by the fact of different timing when performing 
3D-PDA assessment.  

Our study, performed on ET day, showed that when endometrial FI was < 20 , 17% of 
patients became pregnant; FI=20-40, 35% became pregnant and when FI>40, 45% of patients 
became pregnant. The higher FI values correlate with pregnancy outcome (Table 5). 

Also, higher VFI significantly associated with higher pregnancy rates. When endometrial 
VFI was > 20 . 55.5% patients became pregnant, and when VFI < 2, no conception was seen 
(Table 6). 
 

End FI/Pregnancy rates <20 20- 40 >40 
BHCG  + 6 21 5 
BHCG - 31 48 6 

Total 35 (17.1%) 60 (35 %) 11 (45%) 

Table 5. Endometrial FI and pregnancy rate 
 

End VFI/Pregnancy rates <2 2- 10 11-20 >20 
BHCG  + / 20 7 5 
BHCG - 10 46 14 4 

Total 10 66 (30.3%) 21(33.3%) 9 (55.5%) 

Table 6. Endometrial VFI and pregnancy rate 

Summary, regarding the role of endometrial and subendometrial vascularity assessment the 
results of several studies are clearly controversial (Kupesic et al., 2001; Jarvela et al., 2005; 
Ng et al., 2005; Ng et al., 2006; Wu et al., 2003. An explanation for these controversial 
findings might be the different design of reported studies, specially the timing of ultrasound 
evaluation. A consensus about the timing of this technique to be used within an IVF 
program is needed to establish more precise values for endometrial VI, FI and VFI, in order 
to design new further prospective studies. 

On the other hand, the concept of evaluating uterine receptivity by a uterine score including 
the endometrial blood flow was first introduced by Applebaum (1995). With the absence of 
subendometrial blood flow, even in the presence of other favorable parameters, no 
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conception was achieved. By using a similar approach, Salle et al. (1998) calculated a uterine 
score in the secretory phase of the menstrual cycle preceding IVF. Vascularization was 
considered to be positive if more than three vessels penetrating the outer hypo-echogenic 
area surrounding the endometrium could be seen. None of the individual ultrasonographic 
or Doppler parameters tested was of sufficient accuracy to predict uterine receptivity, 
whereas the uterine score seemed to be a useful predictor of implantation.  

However, research by Ng et al. (2006) reported no relationship between endometrial 
thickness, morphology and pregnancy outcome. End in a recent study, endometrium 
pattern, endometrium thickness, and end-diastolic blood flow was shown to be the most 
effective combination for evaluation of uterine receptivity (Dechaund et al., 2008)). Kupesic 
et al. (2001) compared the 2-D and 3-D ultrasonographic scoring systems by combining 
parameters including endometrial thickness, volume, echogenicity, and subendometrial 
blood flow and found the two systems had similar efficiencies in predicting pregnancy 
outcome of IVF-ET procedures. Ng at al. (2009) discuss the relationship of endometrial 
blood flow between those who with a thin (≤8mm) endometrium and those with a low 
volume (≤ 2.5 ml) endometrium. It was found that 3D power Doppler flow indices of the 
endometrial and subendometrial regions were significantly lower in patients with a low 
volume endometrium compared with those with a normal volume endometrium. 
Endometrial end subendometrial vascularity measured by 3D power Doppler ultrasound 
was significantly lower (p ≤ 0.003) in patients with a low volume endometrium, but not in 
those with a thin endometrium. Merce et al. (2008) conclude that endometrial volume and 
3D power Doppler indexes are statistically significant in predicting the cycle outcome. 

In summary, although 2D and 3D Doppler ultrasound seems to be very interesting tool for 
assessing the endometrial/subendometrial blood flow in assisted reproductive treatments, 
its current clinical value in predicting pregnancy in IVF should be considered as limited in 
view of the controversial results published to date. Though still larger studies are needed to 
established more precise ultrasound values/parameters to understand the endometrial 
physiological status better and achieve better pregnancy rates with ART procedures. 

3. Ultrasound and embryo transfer 
The vast majority of transferred embryos fail to implant in spite of improvements in 
ovulation induction, fertilization and embryo cleavage. On average, up to 90% of apparently 
healthy zygotes transferred in utero are destined to vanish, giving no signs of trophoblastic 
attachment and production of human chorionic gonadotrophin (HCG) (Nikas et al.,1999) 
The main variables that affect nidation are related to uterine/endometrial receptivity, 
embryo quality and the efficiency of embryo transfer.  

The Embryo transfer (ET) procedure is the final important step in IVF process. It is a 
critically important procedure. No matter how good the IVF laboratory culture environment 
is, the physician can ruin everything with a carelessly performed embryo transfer. The entire 
IVF cycle depends on delicate placement of the embryos at the proper location of the 
endometrial cavity with minimal trauma and manipulation.  

Apart from embryo quality and the age of the patient, success rates after embryo transfer 
seem to be mostly dependent on factors that relate to the degree of trauma that is inflicted 
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upon the endometrium and myometrium during the transfer procedure. Rigid catheters, blood 
contamination of the tip, increased myometrial contraction waves and the level of difficulty in 
introducing the catheter inside the uterine cavity all tend to reduce the probability of 
implantation of the embryo (Buckett, 2003;Gonen et al., 1991; Goudas et al., 1998; Fanchin et 
al., 1998; Levi Setti et al., 2003; Lesny et al., 1998; Mansour et al., 1990; Mansour and 
Aboulghar, 2002; Meriano et al., 2000; Mirkin et al., 2003;    Sallam and Sadek, 2003; Schoolcraft 
et al., 2001; Visser et al., 1993; Wisanto et al., 1989). Also, pregnancy rates may vary greatly 
among individual providers (Hearns‐Stokes et al., 2000; Karande et al., 1999). 

The technique used in the transfer procedure may be of importance by allowing for more or 
less traumatic procedures. The ‘clinical touch’ method was first described by Steptoe and 
Edwards and is a well‐known technique for embryo transfer (Steptoe and Edwards, 1976). 
This technique consists of the insertion of a catheter into the cavity until touching the fundal 
endometrium, followed by a 5/10 mm retreat and subsequent deposition of the embryos. 
The difficulties and uncertainties of this method have been widely questioned. One of these 
uncertainties is related to the fact that transfers based only on the sensitivity of the operator 
are associated with discrepancies between the presumed and true position of the catheter, 
especially considering the different levels of clinical experience (Buckett, 2003; Hurley et al., 
1991;  Levi Setti et al., 2003; Sallam and Sadek, 2003; Woolcott and Stanger, 1997). 

Waterstone et al. (1991) suggested that the site of deposition of the embryos within the 
uterine cavity could have profound effects on success rates. Later this finding was also 
substantiated by Naaktgeboren (1998). By applying a technique in which the embryos are 
expelled at a fixed distance from the external os, a remarkable decrease was observed in the 
variability in success rates among physicians: most physicians approximated the success 
rates of the best‐performing physician (Naaktgeboren et al., 1997, 1998). The wide variability 
between clinicians working in the same center (which to an extent nullifies the potential 
difference in the laboratory circumstances) clearly demonstrates the role of the clinician in 
embryo transfer and the magnitude of problem. A possible explanation for this effect may 
be that replacing embryos in the middle part of the uterus without touching the fundal 
endometrium allows for a less traumatic embryo transfer, especially for those physicians 
who have difficulties with approaching the fundal endometrium gently. 

Ultrasound-guided embryo transfer (UGET) during an IVF cycle was initially reported 
during the mid-1980s (Leong et al., 1986; Strickler et al., 1985) and has gradually become an 
integral part of the embryo transfer technique for many IVF clinics. The potential 
advantages of this technique compared with standard embryo transfer (performed by 
clinical feel) include the ability to visualize the uterocervical angle which may aid with 
difficult transfers, reliably determine the catheter distance from the fundus at the time of 
embryo transfer, and visualize any unforeseen uterine abnormalities before the transfer. 
Some studies have demonstrated a benefit in favor of UGET when compared to embryo 
transfer without ultrasound guidance (Coroleu et al., 2000; Ivanovski et al., 2006; Matorras et 
al., 2002; Prapas et al., 2001;   Sallam et al., 2002; Tang et al., 2001) although others have not 
(Al-Shawaf et al., 1993; Garcia-Velasco et al., 2002; Kan et al., 1999). Careful examination of 
the data from four properly randomized clinical trials (Coroleu et al., 2000; Garcia-Velasco et 
al., 2002; Matorras et al., 2002; Tang et al., 2001) showed a significant advantage to UGET 
with regard to implantation, clinical pregnancy, and ongoing pregnancy rates (Buckett, 
2003; Sallam and Sadek, 2003). 
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conception was achieved. By using a similar approach, Salle et al. (1998) calculated a uterine 
score in the secretory phase of the menstrual cycle preceding IVF. Vascularization was 
considered to be positive if more than three vessels penetrating the outer hypo-echogenic 
area surrounding the endometrium could be seen. None of the individual ultrasonographic 
or Doppler parameters tested was of sufficient accuracy to predict uterine receptivity, 
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was significantly lower (p ≤ 0.003) in patients with a low volume endometrium, but not in 
those with a thin endometrium. Merce et al. (2008) conclude that endometrial volume and 
3D power Doppler indexes are statistically significant in predicting the cycle outcome. 

In summary, although 2D and 3D Doppler ultrasound seems to be very interesting tool for 
assessing the endometrial/subendometrial blood flow in assisted reproductive treatments, 
its current clinical value in predicting pregnancy in IVF should be considered as limited in 
view of the controversial results published to date. Though still larger studies are needed to 
established more precise ultrasound values/parameters to understand the endometrial 
physiological status better and achieve better pregnancy rates with ART procedures. 

3. Ultrasound and embryo transfer 
The vast majority of transferred embryos fail to implant in spite of improvements in 
ovulation induction, fertilization and embryo cleavage. On average, up to 90% of apparently 
healthy zygotes transferred in utero are destined to vanish, giving no signs of trophoblastic 
attachment and production of human chorionic gonadotrophin (HCG) (Nikas et al.,1999) 
The main variables that affect nidation are related to uterine/endometrial receptivity, 
embryo quality and the efficiency of embryo transfer.  

The Embryo transfer (ET) procedure is the final important step in IVF process. It is a 
critically important procedure. No matter how good the IVF laboratory culture environment 
is, the physician can ruin everything with a carelessly performed embryo transfer. The entire 
IVF cycle depends on delicate placement of the embryos at the proper location of the 
endometrial cavity with minimal trauma and manipulation.  

Apart from embryo quality and the age of the patient, success rates after embryo transfer 
seem to be mostly dependent on factors that relate to the degree of trauma that is inflicted 
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upon the endometrium and myometrium during the transfer procedure. Rigid catheters, blood 
contamination of the tip, increased myometrial contraction waves and the level of difficulty in 
introducing the catheter inside the uterine cavity all tend to reduce the probability of 
implantation of the embryo (Buckett, 2003;Gonen et al., 1991; Goudas et al., 1998; Fanchin et 
al., 1998; Levi Setti et al., 2003; Lesny et al., 1998; Mansour et al., 1990; Mansour and 
Aboulghar, 2002; Meriano et al., 2000; Mirkin et al., 2003;    Sallam and Sadek, 2003; Schoolcraft 
et al., 2001; Visser et al., 1993; Wisanto et al., 1989). Also, pregnancy rates may vary greatly 
among individual providers (Hearns‐Stokes et al., 2000; Karande et al., 1999). 

The technique used in the transfer procedure may be of importance by allowing for more or 
less traumatic procedures. The ‘clinical touch’ method was first described by Steptoe and 
Edwards and is a well‐known technique for embryo transfer (Steptoe and Edwards, 1976). 
This technique consists of the insertion of a catheter into the cavity until touching the fundal 
endometrium, followed by a 5/10 mm retreat and subsequent deposition of the embryos. 
The difficulties and uncertainties of this method have been widely questioned. One of these 
uncertainties is related to the fact that transfers based only on the sensitivity of the operator 
are associated with discrepancies between the presumed and true position of the catheter, 
especially considering the different levels of clinical experience (Buckett, 2003; Hurley et al., 
1991;  Levi Setti et al., 2003; Sallam and Sadek, 2003; Woolcott and Stanger, 1997). 

Waterstone et al. (1991) suggested that the site of deposition of the embryos within the 
uterine cavity could have profound effects on success rates. Later this finding was also 
substantiated by Naaktgeboren (1998). By applying a technique in which the embryos are 
expelled at a fixed distance from the external os, a remarkable decrease was observed in the 
variability in success rates among physicians: most physicians approximated the success 
rates of the best‐performing physician (Naaktgeboren et al., 1997, 1998). The wide variability 
between clinicians working in the same center (which to an extent nullifies the potential 
difference in the laboratory circumstances) clearly demonstrates the role of the clinician in 
embryo transfer and the magnitude of problem. A possible explanation for this effect may 
be that replacing embryos in the middle part of the uterus without touching the fundal 
endometrium allows for a less traumatic embryo transfer, especially for those physicians 
who have difficulties with approaching the fundal endometrium gently. 

Ultrasound-guided embryo transfer (UGET) during an IVF cycle was initially reported 
during the mid-1980s (Leong et al., 1986; Strickler et al., 1985) and has gradually become an 
integral part of the embryo transfer technique for many IVF clinics. The potential 
advantages of this technique compared with standard embryo transfer (performed by 
clinical feel) include the ability to visualize the uterocervical angle which may aid with 
difficult transfers, reliably determine the catheter distance from the fundus at the time of 
embryo transfer, and visualize any unforeseen uterine abnormalities before the transfer. 
Some studies have demonstrated a benefit in favor of UGET when compared to embryo 
transfer without ultrasound guidance (Coroleu et al., 2000; Ivanovski et al., 2006; Matorras et 
al., 2002; Prapas et al., 2001;   Sallam et al., 2002; Tang et al., 2001) although others have not 
(Al-Shawaf et al., 1993; Garcia-Velasco et al., 2002; Kan et al., 1999). Careful examination of 
the data from four properly randomized clinical trials (Coroleu et al., 2000; Garcia-Velasco et 
al., 2002; Matorras et al., 2002; Tang et al., 2001) showed a significant advantage to UGET 
with regard to implantation, clinical pregnancy, and ongoing pregnancy rates (Buckett, 
2003; Sallam and Sadek, 2003). 
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It has been described that Mock Embryo Transfer (MET) in a cycle preceding the actual IVF 
procedure or immediately before the actual transfer procedure might provide information 
about what to expect during the ET and thereby facilitate the procedure (Sharif et al., 1995). 
In one randomized controlled trial employing the “dummy transfer” it was stated that this 
procedure could influence the choice of catheter and could improve pregnancy rates 
(Mansour et al., 1990).  

Shamonki at al. (2005a) proposed that ultrasound guided trial transfer (UTT) in the office 
can be performed as an alternative to UGET for most patients. UTT can theoretically identify 
those patients with a discrepancy between perceived and actual uterine cavity length in an 
office setting where logistical issues are of less concern, and thus save UGET for only a select 
minority of patients where the trial transfer was challenging. The data from their study 
demonstrate that UTT can be useful method in identifying patients who will otherwise have 
an inaccurate trial transfer if the procedure were done blindly (Matorras et al., 2002; Sallam 
et al., 2002). Two studies demonstrated that cavity depth as noted by ultrasound at the time 
of embryo transfer differed from the cavity depth via office trial transfer by ≥1.0 cm in ≥30% 
of cases (Pope et al., 2004; Shamonki et al., 2005b). The main risk factor predicting a 
discrepancy between the perceived and actual uterine cavity length was a history of 
pregnancy, especially if the patient had a delivery (Shamonki et al., 2005b). Another far less 
likely theory explaining the discrepancy is that uterine length may be increased with 
exposure to estradiol. Research has demonstrated a positive correlation between estradiol 
exposure and uterine size (Adams et al, 1984; Gull et al., 2005). However, if ~2 weeks of high 
estradiol exposure significantly lengthened the uterus during an IVF cycle, one would 
expect a more uniform discrepancy between trial transfer and actual uterine cavity lengths 
in the majority of IVF patients, which is not the case. Physicians may argue that UGET has 
additional benefits over UTT other than the diagnosis of a trial transfer inaccuracy. The 
evidence from studies would imply that the addition of ultrasound guidance during trial 
transfer would further reduce the benefit of UGET when used routinely ( Diedrich et al., 
1989;  Englert et al., 1986; Ghazzawi et al., 1999; Goudas et al., 1998;  Hearns-Stokes et al., 
2000; Leeton et al., 1982; Wood et al., 1985).   

Among the various aspects of embryo transfer, the site of embryo placement in the uterine 
cavity has been postulated to influence embryo implantation rates. Whereas some 
investigators believe that higher levels in the endometrial cavity closer to the uterine fundus 
lead to higher rates (Krampl et al., 1995; Meldrum et al., 1987 ), others have suggested that 
improved embryo transfer results are obtained when the embryos are placed at lower levels 
in the uterine cavity (Coroleu et al., 2002a; Frankfurteret al., 2003;  Lesny et al., 1998; 
Naaktgeboren et al., 1997;  Naaktgeboren et al., 1998; Van de Pas et al., 2003; Waterstone et 
al., 1991; Woolcott and Stanger, 1997;). Waterstone et al. (1991) reported the results of 
embryo transfer performed by two clinicians who followed different techniques. The first 
introduced the catheter until he felt the fundus and then pulled it back 5 mm before injecting 
the embryos, and achieved a final pregnancy rate of 24%. The second clinician introduced 
the catheter until a depth of 5 cm from the external orifice of the cervix and deposited the 
embryos without touching the fundus, and obtained a pregnancy rate of 46%. When the first 
clinician modified his technique according to that of the second, improvement in pregnancy 
rates was observed. Coroleu et al. (2002) demonstrated in a prospective randomized trial of 
women undergoing UGET that the pregnancy rate was significantly higher when the 
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embryos were transferred at 1.5–2.0cm instead of at 1.0 cm from the uterine fundus. 
Frankfurter et al. (2003) retrospectively analyzed 23 patients who underwent two cycles of 
ultrasound-guided embryo transfer each, considering for each patient a transfer that 
resulted in pregnancy and one that did not. The results showed better pregnancy rates when 
the site of embryo placement relative to the length of the endometrial cavity was more 
distant from the uterine fundus. No significant difference was observed when comparing 
the absolute distance. 

In our study 106 patients underwent a standard down regulation protocol for ovarian 
stimulation in IVf cycles. Embryo transfer took place 2-4 days after oocyte retrieval. The 
patients were grouped according to the distance between the tip of the catheter and the 
uterine fundus at transfer: group 1 : 10 ± 2.5mm; group 2: 15 ± 2.5mm Patients were 
selected on the basis of the following inclusion criteria; main causes of infertility was 
tubal, ovaria, idiopatic or male factor and normal uterine cavity confirmed by ultrasound 
or hysterosalpingography. There were no differences in age, number of days of ovarian 
stimulation, total number of oocyte retrieved, and number of good quality embryos 
between these groups of patients. There was statistically significantly difference in 
pregnancy rate (group 1= 28,8 and group 2= 46,2% ) respectively, with (P<0.05). Our 
results suggest that depth of embryo replacement inside the uterine cavity may influence 
the implantation rates and should be considered as an important factor to improve the 
success of IVF cycles. 

One study retrospectively demonstrated that for every additional millimeter embryos are 
deposited away from the fundus, as noted by abdominal ultrasound, the odds of clinical 
pregnancy increased by 11% (Pope et al., 2004). However, not all studies show an 
association between embryo transfer location and outcome (Rosenlund et al., 1996). In 
addition, others demonstrate that the best site for embryo transfer is the center of the uterine 
cavity, and that the relative site of embryo deposition is more important than the actual 
distance from the fundus (Franco et al., 2004; Oliveira et al., 2004). Finally, some authors 
postulate that the question regarding the site of embryo transfer does is of no importance 
since it does not influence implantation as long as embryos are placed in the upper half of 
the cavity (Nazari et al., 1993; Roselund et al., 1996). 

Various studies have suggested implantation in locations ranging from the lower uterine 
segment, to various distances (0.5cm-2.0cm) from the uterine fundus. However, these 
distances still only represent generalized locations. Furthermore, the value to place on these 
distances as guidelines decreases when considering that the configuration and dimensions 
of the uterine cavity vary between women. The location of embryo transfer in respect to the 
uterine anatomy also varies among physicians. 

Two dimensional sonography has still only provided guidance as to the general area at 
which the embryo should be released for implantation. 3D sonography can improve 
visualization of the uterus in patients with normal anatomy and especially in those with 
congenital uterine anomalies. Thus, the present invention provides a maximal implantation 
potential (MIP) point as a target for embryo transfers.  

The uterine cavity resembles an inverted triangle and the fallopian tubes open into the 
cavity, one in each of the upper regions of the triangle. The MIP is the intersection of these 
two imaginary lines, one originating in each fallopian tube, within the inverted triangle. In 
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lead to higher rates (Krampl et al., 1995; Meldrum et al., 1987 ), others have suggested that 
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embryo transfer performed by two clinicians who followed different techniques. The first 
introduced the catheter until he felt the fundus and then pulled it back 5 mm before injecting 
the embryos, and achieved a final pregnancy rate of 24%. The second clinician introduced 
the catheter until a depth of 5 cm from the external orifice of the cervix and deposited the 
embryos without touching the fundus, and obtained a pregnancy rate of 46%. When the first 
clinician modified his technique according to that of the second, improvement in pregnancy 
rates was observed. Coroleu et al. (2002) demonstrated in a prospective randomized trial of 
women undergoing UGET that the pregnancy rate was significantly higher when the 
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embryos were transferred at 1.5–2.0cm instead of at 1.0 cm from the uterine fundus. 
Frankfurter et al. (2003) retrospectively analyzed 23 patients who underwent two cycles of 
ultrasound-guided embryo transfer each, considering for each patient a transfer that 
resulted in pregnancy and one that did not. The results showed better pregnancy rates when 
the site of embryo placement relative to the length of the endometrial cavity was more 
distant from the uterine fundus. No significant difference was observed when comparing 
the absolute distance. 

In our study 106 patients underwent a standard down regulation protocol for ovarian 
stimulation in IVf cycles. Embryo transfer took place 2-4 days after oocyte retrieval. The 
patients were grouped according to the distance between the tip of the catheter and the 
uterine fundus at transfer: group 1 : 10 ± 2.5mm; group 2: 15 ± 2.5mm Patients were 
selected on the basis of the following inclusion criteria; main causes of infertility was 
tubal, ovaria, idiopatic or male factor and normal uterine cavity confirmed by ultrasound 
or hysterosalpingography. There were no differences in age, number of days of ovarian 
stimulation, total number of oocyte retrieved, and number of good quality embryos 
between these groups of patients. There was statistically significantly difference in 
pregnancy rate (group 1= 28,8 and group 2= 46,2% ) respectively, with (P<0.05). Our 
results suggest that depth of embryo replacement inside the uterine cavity may influence 
the implantation rates and should be considered as an important factor to improve the 
success of IVF cycles. 

One study retrospectively demonstrated that for every additional millimeter embryos are 
deposited away from the fundus, as noted by abdominal ultrasound, the odds of clinical 
pregnancy increased by 11% (Pope et al., 2004). However, not all studies show an 
association between embryo transfer location and outcome (Rosenlund et al., 1996). In 
addition, others demonstrate that the best site for embryo transfer is the center of the uterine 
cavity, and that the relative site of embryo deposition is more important than the actual 
distance from the fundus (Franco et al., 2004; Oliveira et al., 2004). Finally, some authors 
postulate that the question regarding the site of embryo transfer does is of no importance 
since it does not influence implantation as long as embryos are placed in the upper half of 
the cavity (Nazari et al., 1993; Roselund et al., 1996). 

Various studies have suggested implantation in locations ranging from the lower uterine 
segment, to various distances (0.5cm-2.0cm) from the uterine fundus. However, these 
distances still only represent generalized locations. Furthermore, the value to place on these 
distances as guidelines decreases when considering that the configuration and dimensions 
of the uterine cavity vary between women. The location of embryo transfer in respect to the 
uterine anatomy also varies among physicians. 

Two dimensional sonography has still only provided guidance as to the general area at 
which the embryo should be released for implantation. 3D sonography can improve 
visualization of the uterus in patients with normal anatomy and especially in those with 
congenital uterine anomalies. Thus, the present invention provides a maximal implantation 
potential (MIP) point as a target for embryo transfers.  

The uterine cavity resembles an inverted triangle and the fallopian tubes open into the 
cavity, one in each of the upper regions of the triangle. The MIP is the intersection of these 
two imaginary lines, one originating in each fallopian tube, within the inverted triangle. In 
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natural pregnancies, fertilization usually occurs in the ampullary segment of the fallopian 
tube and the pre-embryo then travels down to the uterus and usually implants in the 
anterior or posterior segment of the uterus close to its trajectory line, where the 
endometrium is the thickest and has the greatest blood ow. In patients undergoing IVF, the 
fallopian tubes are bypassed, placing the embryos directly into the uterus (Gergely et al., 
2005). 

Liedholm et al. (1980) placed small spheres in a column containing 50 μl of fluid and 
performed a simulated embryo transfer immediately before hysterectomy. The uterine 
cavity was then inspected and the microspheres were found within a distance of 1 cm from 
the presumed deposition site. These results emphasize the importance of the site where the 
embryos were transferred. Baba et al. (2000) analyzed 60 embryo transfers that resulted in 22 
pregnancies and 32 gestational sacs. Twenty-six of the 32 sacs were detected by three-
dimensional ultrasound in the area where the air bubble had been observed immediately 
after transfer. 

From early work on surgically removed uteri of Adams et al. (1956) implantation was found 
to take place in the upper half of the uterine cavity, most on the posterior wall of the uterus. 
This further supports the MIP point as an advantageous spot, mimicking implantation in the 
general population. Since 3D/4D ultrasonography allows us to identify the MIP point with 
great ease, it is now possible to use the combination of MIP and 3D/4D sonography to 
accomplish embryo transfers accurately. Thus, the Maximal Implantation Potential Point can 
be readily identified and individualized for each patient. By using the MIP point, placement 
of the embryos occurs where nature intended. Because of individual anatomic differences, 
the MIP point can be individually tailored. Further advances in 3D ultrasonography as well 
as the introduction of 4D sonography have enabled us to visualize the transfer catheter in 
real time as it moves towards its target, the MIP point. Embryo transfers at the MIP were 
associated with good implantation and pregnancy rates (Gergely et al., 2005). 

It is not fully understood why the pregnancy rate is higher with the transfer of embryos lower 
in the uterine cavity. One theory suggests that catheter contact with the uterine fundus may be 
avoided when embryos are transferred to the lower part of the uterine cavity. Strong fundo-
uterine contractions can result from fundal contact (Fanchin et al., 1998; Lesny et al., 1998), 
which may have a negative impact on pregnancy rates (Lesny et al., 1999). It is inevitable that 
insertion of the catheter- after all a foreign body- may interfere with normal uterine peristalsis. 
Embryos often relocate from the uterine cavity after IVF/ET. They have been found in the 
vagina (Poindexter et al., 1986; Schulman et al., 1986) and there is a high ectopic pregnancy 
rate, raging from 2.1% (Azem et al., 1993) to 9.4% (Zouves et al., 1991) after assisted conception 
treatment. It is worth remembering that the very first pregnancy conceived after IVF/ET was 
an ectopic gestation in the fallopian tube (Steptoe and Edwards, 1976). The evidence that this 
relocation is the consequence of junctional zone contractions is considerable. Experimental 
studies of mock ET in humans have demonstrated the expulsion of methylene blue in 57% of 
transfers (Mansouret al., 1994) and the movement of X-ray contrast medium towards the 
fallopian tubes and cervix/vagina in 38% and 21%, respectively (Knutzen et al., 1992). In 
observations of junctional zone contractions after easy and difficult mock ETs,(Lesny et al., 
1998) use of different catheters,(63) application of a tenaculum to the cervix (lesny et al., 1999a) 
or stimulation of contractions after transmyometrial ET (Biervliet et al., 2002; Lesny et al., 
1999b) all report increased contractions following increasing trauma at the time of ET. Using 
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mock ET in oocyte donor patients as a model, it was shown that even minimal stimulation 
such as touching the uterine fundus with the soft end of the ET catheter is capable of 
generating evident contractions, which can relocate mock embryos (a bolus of the echogenic 
substance Echovist) from the upper part of the uterine cavity towards the cervix or into the 
fallopian tubes.  

There are only limited data from studies concerning the speed of withdrawal of the catheter. 
Some authors have suggested that it is preferable to wait before retiring the catheter so that 
the uterus can become stabilized (Wisanto et al., 1989), whereas others report good results 
withdrawing the catheter immediately after an easy transfer (Zech et al., 1997). No 
differences were observed in the pregnancy rate between withdrawals of the catheter 
immediately after embryo deposit or after a 30 s wait in a population of women with good 
response to stimulation and “easy” US- guided embryo transfer on at least two optimal 
embryos (Martinez et al., 2001). 

Various catheter types exist. They can be rigid or soft, with or without outer catheter, with 
or without metal sound catheter, with or without “memory”. Coroleu et al. (2006) In a pilot 
study suggested that the use of the echogenic Wallace catheter simplifies ultrasound-guided 
embryo transfer as it facilitates catheter identification under ultrasound, and thus the 
duration of the embryo transfer procedure was significantly shorter in the echogenic 
catheter group as compared with the standard catheter group. However, they could not find 
a definite benefit in terms of pregnancy rates. In contrast, the use of the new catheter was 
associated with a significant increase in the number of twin pregnancies.  

Several randomized and non-randomized studies have been performed to compare different 
brands of catheters (Mansour et al., 1990; Gonen et al., 1991; Wisanto et al., 1989). Soft 
catheters seem to lead to superior results, but insertion can be more difficult. Furthermore, 
the use of a soft catheter instead of a rigid one may cause less endometrial trauma and has 
been shown to improve outcome (Wood et al., 2000). 

Four of the randomized controlled trials (Garcia-Velasco et al., 2002; Matorras et al., 2002; 
Sallam et al., 2002; Tang et al., 2001; ) reported more ectopic pregnancies in the blind group 
than in the ultrasound-assisted ET group. Three randomized controlled trials did not 
mention ectopic pregnancies. One study retrospectively demonstrated that ectopic 
pregnancies occurred significantly less frequently when the embryos were placed away 
from the fundus (Pope et al., 2004).  

The main disadvantages of using ultrasound guidance during embryo transfer is patient 
discomfort due to a full bladder.  Some authors claim that a full bladder, required for UGET, 
can make the embryo transfer easier because this reduces the angle at the cervico-uterine 
junction and straightens the uterine cavity in relation to the cervical canal (Sharif et al., 1995; 
Sundstrom et al., 1984; Wood et al., 2000). When comparing a full bladder without the use of 
ultrasound during embryo transfer, some data have shown a benefit (Lewin et al., 1997) 
while others have not (Mitchell et al., 1989). In their study Lorusso et al., (2005); Kosmas et 
al. (2007) shows that high overall pregnancy rates can be achieved when ETs are performed 
in patients with an empty bladder, whether they are performed under ultrasound guidance 
or not. Also, studies that utilize transvaginal ultrasound, requiring an empty bladder during 
embryo transfer, show an improvement in the pregnancy rate (Anderson et al., 2002; Kojima 
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natural pregnancies, fertilization usually occurs in the ampullary segment of the fallopian 
tube and the pre-embryo then travels down to the uterus and usually implants in the 
anterior or posterior segment of the uterus close to its trajectory line, where the 
endometrium is the thickest and has the greatest blood ow. In patients undergoing IVF, the 
fallopian tubes are bypassed, placing the embryos directly into the uterus (Gergely et al., 
2005). 

Liedholm et al. (1980) placed small spheres in a column containing 50 μl of fluid and 
performed a simulated embryo transfer immediately before hysterectomy. The uterine 
cavity was then inspected and the microspheres were found within a distance of 1 cm from 
the presumed deposition site. These results emphasize the importance of the site where the 
embryos were transferred. Baba et al. (2000) analyzed 60 embryo transfers that resulted in 22 
pregnancies and 32 gestational sacs. Twenty-six of the 32 sacs were detected by three-
dimensional ultrasound in the area where the air bubble had been observed immediately 
after transfer. 

From early work on surgically removed uteri of Adams et al. (1956) implantation was found 
to take place in the upper half of the uterine cavity, most on the posterior wall of the uterus. 
This further supports the MIP point as an advantageous spot, mimicking implantation in the 
general population. Since 3D/4D ultrasonography allows us to identify the MIP point with 
great ease, it is now possible to use the combination of MIP and 3D/4D sonography to 
accomplish embryo transfers accurately. Thus, the Maximal Implantation Potential Point can 
be readily identified and individualized for each patient. By using the MIP point, placement 
of the embryos occurs where nature intended. Because of individual anatomic differences, 
the MIP point can be individually tailored. Further advances in 3D ultrasonography as well 
as the introduction of 4D sonography have enabled us to visualize the transfer catheter in 
real time as it moves towards its target, the MIP point. Embryo transfers at the MIP were 
associated with good implantation and pregnancy rates (Gergely et al., 2005). 

It is not fully understood why the pregnancy rate is higher with the transfer of embryos lower 
in the uterine cavity. One theory suggests that catheter contact with the uterine fundus may be 
avoided when embryos are transferred to the lower part of the uterine cavity. Strong fundo-
uterine contractions can result from fundal contact (Fanchin et al., 1998; Lesny et al., 1998), 
which may have a negative impact on pregnancy rates (Lesny et al., 1999). It is inevitable that 
insertion of the catheter- after all a foreign body- may interfere with normal uterine peristalsis. 
Embryos often relocate from the uterine cavity after IVF/ET. They have been found in the 
vagina (Poindexter et al., 1986; Schulman et al., 1986) and there is a high ectopic pregnancy 
rate, raging from 2.1% (Azem et al., 1993) to 9.4% (Zouves et al., 1991) after assisted conception 
treatment. It is worth remembering that the very first pregnancy conceived after IVF/ET was 
an ectopic gestation in the fallopian tube (Steptoe and Edwards, 1976). The evidence that this 
relocation is the consequence of junctional zone contractions is considerable. Experimental 
studies of mock ET in humans have demonstrated the expulsion of methylene blue in 57% of 
transfers (Mansouret al., 1994) and the movement of X-ray contrast medium towards the 
fallopian tubes and cervix/vagina in 38% and 21%, respectively (Knutzen et al., 1992). In 
observations of junctional zone contractions after easy and difficult mock ETs,(Lesny et al., 
1998) use of different catheters,(63) application of a tenaculum to the cervix (lesny et al., 1999a) 
or stimulation of contractions after transmyometrial ET (Biervliet et al., 2002; Lesny et al., 
1999b) all report increased contractions following increasing trauma at the time of ET. Using 
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mock ET in oocyte donor patients as a model, it was shown that even minimal stimulation 
such as touching the uterine fundus with the soft end of the ET catheter is capable of 
generating evident contractions, which can relocate mock embryos (a bolus of the echogenic 
substance Echovist) from the upper part of the uterine cavity towards the cervix or into the 
fallopian tubes.  

There are only limited data from studies concerning the speed of withdrawal of the catheter. 
Some authors have suggested that it is preferable to wait before retiring the catheter so that 
the uterus can become stabilized (Wisanto et al., 1989), whereas others report good results 
withdrawing the catheter immediately after an easy transfer (Zech et al., 1997). No 
differences were observed in the pregnancy rate between withdrawals of the catheter 
immediately after embryo deposit or after a 30 s wait in a population of women with good 
response to stimulation and “easy” US- guided embryo transfer on at least two optimal 
embryos (Martinez et al., 2001). 

Various catheter types exist. They can be rigid or soft, with or without outer catheter, with 
or without metal sound catheter, with or without “memory”. Coroleu et al. (2006) In a pilot 
study suggested that the use of the echogenic Wallace catheter simplifies ultrasound-guided 
embryo transfer as it facilitates catheter identification under ultrasound, and thus the 
duration of the embryo transfer procedure was significantly shorter in the echogenic 
catheter group as compared with the standard catheter group. However, they could not find 
a definite benefit in terms of pregnancy rates. In contrast, the use of the new catheter was 
associated with a significant increase in the number of twin pregnancies.  

Several randomized and non-randomized studies have been performed to compare different 
brands of catheters (Mansour et al., 1990; Gonen et al., 1991; Wisanto et al., 1989). Soft 
catheters seem to lead to superior results, but insertion can be more difficult. Furthermore, 
the use of a soft catheter instead of a rigid one may cause less endometrial trauma and has 
been shown to improve outcome (Wood et al., 2000). 

Four of the randomized controlled trials (Garcia-Velasco et al., 2002; Matorras et al., 2002; 
Sallam et al., 2002; Tang et al., 2001; ) reported more ectopic pregnancies in the blind group 
than in the ultrasound-assisted ET group. Three randomized controlled trials did not 
mention ectopic pregnancies. One study retrospectively demonstrated that ectopic 
pregnancies occurred significantly less frequently when the embryos were placed away 
from the fundus (Pope et al., 2004).  

The main disadvantages of using ultrasound guidance during embryo transfer is patient 
discomfort due to a full bladder.  Some authors claim that a full bladder, required for UGET, 
can make the embryo transfer easier because this reduces the angle at the cervico-uterine 
junction and straightens the uterine cavity in relation to the cervical canal (Sharif et al., 1995; 
Sundstrom et al., 1984; Wood et al., 2000). When comparing a full bladder without the use of 
ultrasound during embryo transfer, some data have shown a benefit (Lewin et al., 1997) 
while others have not (Mitchell et al., 1989). In their study Lorusso et al., (2005); Kosmas et 
al. (2007) shows that high overall pregnancy rates can be achieved when ETs are performed 
in patients with an empty bladder, whether they are performed under ultrasound guidance 
or not. Also, studies that utilize transvaginal ultrasound, requiring an empty bladder during 
embryo transfer, show an improvement in the pregnancy rate (Anderson et al., 2002; Kojima 
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et al., 2001; Lindheim et al., 1999) suggesting that a full bladder required for UGET is not a 
confounder for improving outcome. 

The majority of the published studies were done with abdominal ultrasound.. The value of 
abdominal ultrasound in addition of visualizing the catheter is to straighten the uterovesical 
angle which my make the insertion of the catheter easier (Sallam et al., 2000). Kojima et al. 
(2001) tried to use vaginal ultrasound as it allows visualization of the tip of the catheter 
precisely and concluded that it increases the pregnancy and implantation rate; in the same 
time they admitted that it technically more difficult. The procedure did not gain popularity 
because of its discomfort to the patient. Isobe et al. (2003) compared the transrectal approach 
in retroflexed uterus and found that it increases the incidence of easier transfer and 
pregnancy rate; however, there was no comment on the acceptance of the procedure. 

We believe that gentle and atraumatic ET is the simplest and cheapest way to improve 
disappointing pregnancy rates. In our routine clinical practice ET is performed by : 
transabdominal ultrasound guided with full bladder; with soft catheters; not touching the 
uterine fundus – distance between the tip of the catheter and the uterine fundus  > 1.5 cm ; 
not using a tenaculum; utilizing a mock ET…  

3.1 Conclusion 

Of all factors influencing the ET process, ultrasound guidance of the ET has been studied the 
most over the past decade. Issues related to the ET technique, ET provider/physician, 
transferred embryos and unloading site in the uterus and their relationship to ultrasound 
guidance were the most debatable aspects of the process.  

In summary, the reports regarding the effect of guiding the transferred embryo deposition 
by ultrasound are conflicting. Some showing an improvement in outcome (Al-Shawaf et al., 
1993; Baba et al., 2000; Ivanovski et al., 2006; Kan et al., 1999; Kojima et al., 2001;Woolcott et 
al., 1998 ), others demonstrating no difference (Coroleu et al., 2002; De Camargo et al., 2004; 
Garcia-Velasco et al., 2002; Li et al., 2005; Lindheim et al., 1999; Mirkin et al., 2003; Prapas et 
al., 1995 ) and others with mixed results (Fisser et al., 2006; Hurley et al., 1991; Prapas et al., 
2001). No study has shown a worsening of outcome when ultrasonography is used. 

Compared with the traditional method, abdominal ultrasound-guided embryo transfer has 
a number of potential benefits (Hearns-Stokes et al., 2000; Leeton et al., 1982; Nabi et al., 
1997; Sallam et al., 2002). First, with the guidance of ultrasound, the catheter can be bent to 
easily pass through the cervical canal and follow the uterine axis, which helps avoid 
overstimulation and reduction in incidence of difficult transfers, endometrial trauma 
(Letterie et al., 1999; Woolcott and Stanger, 1997), and bleeding ( Goudas et al., 1998; Nabi et 
al., 1997; Sallam et al., 2002) that can cause excessive fundo-uterine contractions (Lesny et al., 
1999) at the time of embryo transfer has been associated with lower clinical pregnancy rates 
(Goudas et al., 1998; Sallam et al., 2002). Second, the entire process of catheterization and 
release of the embryos can be visualized, making it easier to place the embryos in the correct 
position within the uterus (Woolcott and Stanger, 1997) and decrease the chance of 
improper embryo placement (Coroleu et al., 2002; Pope et al., 2004; Rosenlund et al., 1996; 
Shamonki et al., 2005; Woolcott and Stanger, 1997). The 3D US allows viewing the catheter 
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tip in a frontal as well as a sagittal and transverse plans, thus it facilitates precise embryo 
placement inside the uterus.  In addition, the full bladder required for transabdominal 
ultrasound itself is useful for the correction of uterine access through the cervical route in 
cases of pronounced anteversion–anteflexion. Because of individual anatomic differences 
the maximal implantation potential point should be readily identified and individualized 
for each patient. 

In particular, the main disadvantages of using ultrasound guidance during embryo transfer 
may be the additional time and personnel required, as well as patient discomfort due to a 
full bladder and the urge to urinate (Bucket et al., 2003) 
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et al., 2001; Lindheim et al., 1999) suggesting that a full bladder required for UGET is not a 
confounder for improving outcome. 

The majority of the published studies were done with abdominal ultrasound.. The value of 
abdominal ultrasound in addition of visualizing the catheter is to straighten the uterovesical 
angle which my make the insertion of the catheter easier (Sallam et al., 2000). Kojima et al. 
(2001) tried to use vaginal ultrasound as it allows visualization of the tip of the catheter 
precisely and concluded that it increases the pregnancy and implantation rate; in the same 
time they admitted that it technically more difficult. The procedure did not gain popularity 
because of its discomfort to the patient. Isobe et al. (2003) compared the transrectal approach 
in retroflexed uterus and found that it increases the incidence of easier transfer and 
pregnancy rate; however, there was no comment on the acceptance of the procedure. 

We believe that gentle and atraumatic ET is the simplest and cheapest way to improve 
disappointing pregnancy rates. In our routine clinical practice ET is performed by : 
transabdominal ultrasound guided with full bladder; with soft catheters; not touching the 
uterine fundus – distance between the tip of the catheter and the uterine fundus  > 1.5 cm ; 
not using a tenaculum; utilizing a mock ET…  

3.1 Conclusion 

Of all factors influencing the ET process, ultrasound guidance of the ET has been studied the 
most over the past decade. Issues related to the ET technique, ET provider/physician, 
transferred embryos and unloading site in the uterus and their relationship to ultrasound 
guidance were the most debatable aspects of the process.  

In summary, the reports regarding the effect of guiding the transferred embryo deposition 
by ultrasound are conflicting. Some showing an improvement in outcome (Al-Shawaf et al., 
1993; Baba et al., 2000; Ivanovski et al., 2006; Kan et al., 1999; Kojima et al., 2001;Woolcott et 
al., 1998 ), others demonstrating no difference (Coroleu et al., 2002; De Camargo et al., 2004; 
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al., 1995 ) and others with mixed results (Fisser et al., 2006; Hurley et al., 1991; Prapas et al., 
2001). No study has shown a worsening of outcome when ultrasonography is used. 

Compared with the traditional method, abdominal ultrasound-guided embryo transfer has 
a number of potential benefits (Hearns-Stokes et al., 2000; Leeton et al., 1982; Nabi et al., 
1997; Sallam et al., 2002). First, with the guidance of ultrasound, the catheter can be bent to 
easily pass through the cervical canal and follow the uterine axis, which helps avoid 
overstimulation and reduction in incidence of difficult transfers, endometrial trauma 
(Letterie et al., 1999; Woolcott and Stanger, 1997), and bleeding ( Goudas et al., 1998; Nabi et 
al., 1997; Sallam et al., 2002) that can cause excessive fundo-uterine contractions (Lesny et al., 
1999) at the time of embryo transfer has been associated with lower clinical pregnancy rates 
(Goudas et al., 1998; Sallam et al., 2002). Second, the entire process of catheterization and 
release of the embryos can be visualized, making it easier to place the embryos in the correct 
position within the uterus (Woolcott and Stanger, 1997) and decrease the chance of 
improper embryo placement (Coroleu et al., 2002; Pope et al., 2004; Rosenlund et al., 1996; 
Shamonki et al., 2005; Woolcott and Stanger, 1997). The 3D US allows viewing the catheter 
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tip in a frontal as well as a sagittal and transverse plans, thus it facilitates precise embryo 
placement inside the uterus.  In addition, the full bladder required for transabdominal 
ultrasound itself is useful for the correction of uterine access through the cervical route in 
cases of pronounced anteversion–anteflexion. Because of individual anatomic differences 
the maximal implantation potential point should be readily identified and individualized 
for each patient. 

In particular, the main disadvantages of using ultrasound guidance during embryo transfer 
may be the additional time and personnel required, as well as patient discomfort due to a 
full bladder and the urge to urinate (Bucket et al., 2003) 
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1. Introduction 
The outcome of assisted reproductive technologies (ARTs) depends mostly on the quality of 
input material (oocytes and sperm) used in these procedures. The number of transferable 
embryos produced in these programs depends on both provision of high quality mature 
oocytes and adequate numbers of good quality spermatozoa capable of supporting embryo 
development to term. Semen samples are cellular mixtures composed of: precursor germ 
cells, subpopulations of viable and nonviable spermatozoa, variable amounts of debris, and 
multiple leukocyte subtypes, all suspended in seminal plasma (SP). Based on these 
characteristics and the heterogeneity of the sperm population within the ejaculate, several 
separation techniques such as swim-up and density gradients (e.g. Percoll®) have been 
developed. These techniques not only allow for selection of sperm with enhanced motility 
but may also be used to remove the extender and dead cells (up 50% of total) present in 
frozen-thawed sperm samples. In addition, selection of normal spermatozoa is of upmost 
importance in cases of male infertility caused by semen deficiencies characterized by 
teratospermia, asthenozoospermia and/or oligospermia. 

The ideal protocol for enrichment/selection of sperm cells with high fertilizing ability 
should be: a) non-toxic for spermatozoa, b) easy to perform and inexpensive, c) able to 
support high-throughput sample processing, d) capable of selecting the best sperm 
subpopulation for ARTs, leaving behind, seminal plasma, extender (in case of frozen semen) 
and bioactive substances and cells (leukocytes) that could damage sperm cells. Despite the 
efforts invested in developing an ideal sperm selection technique by laboratories around the 
word, to date no single sperm selection protocol meets all desirable characteristics 
mentioned above. Today, it is recognized that the sperm is more than a mere DNA delivery 
vehicle to the oocyte; there is evidence that these highly specialized cells play a role far 
beyond the fertilization process by contributing paternal mRNAs, which it is believed to be 
crucial for normal early and late embryonic development (Barroso et al., 2009). Therefore, 
development of systems that allow for identifying the best spermatozoa for fertilization 
would contribute to improve the currently low live birth rates achieved by ARTs (Wright et 
al., 2008). 
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Most sperm selection protocols in use today for ARTs fall in one of the following categories: 
sperm migration, filtration, density gradient centrifugation or a combination of these methods. 
During the decision-making process to select a sperm separation protocol is important to 
consider both the type of infertility and the particular assisted reproductive approach to be 
used to treat it. For instance, high sperm numbers with vigorous motility are required for 
successful intrauterine insemination. On the other hand, few motile sperm cells, in the order of 
thousands, are required for conventional IVF, and even fewer to perform ICSI.  

It has been well documented in all mammal species studied so far that ejaculated 
spermatozoa are subjected to a natural-occurring sperm selection process in the female 
reproductive tract in order to maximize the chances of successful reproduction. This 
differential sperm transport favors the ascent of morphologically normal spermatozoa with 
enhanced fertilizing ability. These natural barriers encountered by spermatozoa in vivo are 
partially or completely absent when ARTs are applied. Therefore, there is real concern about 
the possibility of using spermatozoa with suboptimal fertilization and embryo development 
potential. This is especially true during ICSI in which a single spermatozoon is selected by 
the technician based solely on motility and morphology parameters. Experimental data 
indicate that normal sperm morphology is not necessarily associated with DNA integrity 
(Avendano & Oehninger, 2011) what raises concerns about potential transmission of DNA 
alterations to next generations. 

Knowledge from the natural sperm selection mechanisms that occur in vivo and insights 
from research in the area of the molecular mechanism that govern sperm physiology will 
provide basic information for improving current methods of sperm selection and 
developing novel procedures for accurately select the best spermatozoa for ARTs. In 
particular, the development of technologies in which a spermatozoon is mechanically 
introduced by the embryologist into the oocyte, bypassing all natural barriers for sperm 
selection, emphasize the need for more accurate sperm markers of fertilizing and normal 
developmental potential. 

In the first section of this review we will describe the principles and discuss advantages and 
disadvantages of established sperm selection methodologies currently in use in the clinical 
setting. In the second part of this chapter, we will introduce advanced sperm selection 
techniques and emerging approaches to enrich sperm samples for ARTs. 

2. Sperm selection techniques 
2.1 Sperm washing 

Sperm washing is a simple method which involves the centrifugation of the semen sample 
once or twice in order to pellet the sperm cells and remove the seminal plasma. The pellet is 
resuspended in appropriate media and used for ARTs (Bjorndahl et al., 2005; Edwards et al., 
1969; Lopata et al., 1978). One of the major disadvantages of this method for sperm 
preparation is the oxidative cell damage caused by reactive oxygen species (ROS) generated 
in packaged cells after centrifugation. Sperm plasma membrane contains high amounts of 
poly-unsaturated fatty acids which are highly susceptible to lipid peroxidation by ROS. 
Consequently, SP provides ROS metabolizing enzymes and small molecular mass, free 
radical scavengers such as vitamin C and uric acid to protect germinal cells from damage. 
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Therefore, sperm function and DNA integrity can be compromised when SP is removed 
from the ejaculate. 

Although centrifugation is useful to remove the SP, the overall sperm quality, in terms of 
motility remains unaltered or reduced since both motile and immotile fractions of sperm 
cells are subjected to the gravitational force, with the associated risk of removing part of the 
motile fraction with the supernatant that is discarded. In addition, centrifugation has been 
reported to be responsible for chromatin damage in human and stallion spermatozoa 
(Edwards et al., 1969; Morrell et al., 2011; Mortimer, 2000). 

Despite numerous drawbacks associated with this approach, sperm washing is routinely 
used in the livestock industry to remove most of SP prior to adding the extender for 
cryopreservation. Extenders for animal semen such as milk- or egg yolk-based extenders, 
typically contain antioxidants which may counteract oxidant metabolites released during 
the procedure (Morrell et al., 2011). 

2.2 Sperm migration 

Mahadevan & Baker (1984) developed the classical washing swim-up (WSU) method, which 
is easy to perform and very cost effective. It is based on spermatozoa self-propelled active 
movement from a single centrifuged, pre-washed cell pellet, into an overlaying medium 
which serves as a hospitable environment for healthy sperm. Normal spermatozoa move 
away from seminal plasma, but those with tail abnormalities are not capable of migrating 
into the swim-up medium. Only a small fraction of total motile sperm is recovered by the 
WSU methodology, therefore its use is mostly restricted to ejaculates with high sperm 
counts and good motility (Mahadevan & Baker, 1984). The WSU is currently the standard 
technique used in IVF laboratories for patients with normozoospermia and female 
infertility. Since WSU includes a centrifugation step, it raises concern about the possibility of 
sperm plasma membrane and DNA damage due to ROS buildup from pelleted sperm cells, 
debris and leukocytes (Ford, 1990). To reduce ROS generation and the consequent damage 
to sperm cells, a modification of the classic WSU procedure was introduced. In this 
alternative swim-up procedure the liquefied semen sample is directly subjected to swim-up 
avoiding the initial centrifugation step. Here, sperm population is either underneath, on top 
or to one side of the migration medium (Mortimer, 2000). Some studies show significantly 
better midpiece and tail morphology after swim-up than after washing (Hallap et al., 2004). 

It has also been shown that swim-up directly from semen into a migration medium 
supplemented with highly purified hyaluronic acid (HA) favors the selection of motile 
sperm with intact membranes, resulting in a higher pregnancy rate in clinical IVF programs 
(Jakab et al., 2005; Wikland et al., 1987). 

Side migration is another technique based on the sperm ability to selectively move from one 
point to another (Hinting & Lunardhi, 2001). Unlike swim-up in which sperm cells move 
upwards into the medium, in the side migration technique (SMT) sperm move horizontally 
leaving behind immotile spermatozoa, round cells and debris. According to Hinting & 
Lunardhi (2001), SMT is an effective and physiological approach to obtain sperm for ICSI 
from poor-quality semen samples. In their study, semen from men affected with 
oligozoospermia (sperm concentrations of less than 20 million spermatozoa/ml) were 
subjected to side migration. The subpopulation of spermatozoa recovered had better 
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2. Sperm selection techniques 
2.1 Sperm washing 

Sperm washing is a simple method which involves the centrifugation of the semen sample 
once or twice in order to pellet the sperm cells and remove the seminal plasma. The pellet is 
resuspended in appropriate media and used for ARTs (Bjorndahl et al., 2005; Edwards et al., 
1969; Lopata et al., 1978). One of the major disadvantages of this method for sperm 
preparation is the oxidative cell damage caused by reactive oxygen species (ROS) generated 
in packaged cells after centrifugation. Sperm plasma membrane contains high amounts of 
poly-unsaturated fatty acids which are highly susceptible to lipid peroxidation by ROS. 
Consequently, SP provides ROS metabolizing enzymes and small molecular mass, free 
radical scavengers such as vitamin C and uric acid to protect germinal cells from damage. 
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Therefore, sperm function and DNA integrity can be compromised when SP is removed 
from the ejaculate. 

Although centrifugation is useful to remove the SP, the overall sperm quality, in terms of 
motility remains unaltered or reduced since both motile and immotile fractions of sperm 
cells are subjected to the gravitational force, with the associated risk of removing part of the 
motile fraction with the supernatant that is discarded. In addition, centrifugation has been 
reported to be responsible for chromatin damage in human and stallion spermatozoa 
(Edwards et al., 1969; Morrell et al., 2011; Mortimer, 2000). 

Despite numerous drawbacks associated with this approach, sperm washing is routinely 
used in the livestock industry to remove most of SP prior to adding the extender for 
cryopreservation. Extenders for animal semen such as milk- or egg yolk-based extenders, 
typically contain antioxidants which may counteract oxidant metabolites released during 
the procedure (Morrell et al., 2011). 

2.2 Sperm migration 

Mahadevan & Baker (1984) developed the classical washing swim-up (WSU) method, which 
is easy to perform and very cost effective. It is based on spermatozoa self-propelled active 
movement from a single centrifuged, pre-washed cell pellet, into an overlaying medium 
which serves as a hospitable environment for healthy sperm. Normal spermatozoa move 
away from seminal plasma, but those with tail abnormalities are not capable of migrating 
into the swim-up medium. Only a small fraction of total motile sperm is recovered by the 
WSU methodology, therefore its use is mostly restricted to ejaculates with high sperm 
counts and good motility (Mahadevan & Baker, 1984). The WSU is currently the standard 
technique used in IVF laboratories for patients with normozoospermia and female 
infertility. Since WSU includes a centrifugation step, it raises concern about the possibility of 
sperm plasma membrane and DNA damage due to ROS buildup from pelleted sperm cells, 
debris and leukocytes (Ford, 1990). To reduce ROS generation and the consequent damage 
to sperm cells, a modification of the classic WSU procedure was introduced. In this 
alternative swim-up procedure the liquefied semen sample is directly subjected to swim-up 
avoiding the initial centrifugation step. Here, sperm population is either underneath, on top 
or to one side of the migration medium (Mortimer, 2000). Some studies show significantly 
better midpiece and tail morphology after swim-up than after washing (Hallap et al., 2004). 

It has also been shown that swim-up directly from semen into a migration medium 
supplemented with highly purified hyaluronic acid (HA) favors the selection of motile 
sperm with intact membranes, resulting in a higher pregnancy rate in clinical IVF programs 
(Jakab et al., 2005; Wikland et al., 1987). 

Side migration is another technique based on the sperm ability to selectively move from one 
point to another (Hinting & Lunardhi, 2001). Unlike swim-up in which sperm cells move 
upwards into the medium, in the side migration technique (SMT) sperm move horizontally 
leaving behind immotile spermatozoa, round cells and debris. According to Hinting & 
Lunardhi (2001), SMT is an effective and physiological approach to obtain sperm for ICSI 
from poor-quality semen samples. In their study, semen from men affected with 
oligozoospermia (sperm concentrations of less than 20 million spermatozoa/ml) were 
subjected to side migration. The subpopulation of spermatozoa recovered had better 
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morphology, viability, membrane integrity and nuclear chromatin integrity compared with 
those selected by traditional WSU and Percoll® gradient columns (PGC) (Hinting & 
Lunardhi, 2001). However, the number of sperm recovered is low, what limits the use of this 
technique to select sperm for ICSI procedures. 

2.3 Sperm sedimentation 

Tea et al. (1984) developed a very gentle separation method which combines swim-up from 
liquefied semen with a sedimentation step. The sperm selection is accomplished by using a 
special glass or plastic tube with an inner cone, design that allows for only those 
spermatozoa capable of swimming out from the liquidized semen to sediment in the inner 
cone. Since no centrifugation steps are required, generation of ROS is minimized and so is 
the sperm damage, rendering a very clean fraction of highly motile spermatozoa. The main 
disadvantage of this method is the very low recovery rate which makes it unpractical for 
intrauterine insemination or IVF. 

2.4 Filtration 

Glass wool filtration is a very simple, but more expensive procedure, which yields a higher 
total number of motile spermatozoa compared with those in the swim-up or migration 
centrifugation protocol, since the whole volume of the ejaculate can be filtrated. This 
method is also effective at eliminating leukocytes and cell debris, reducing ROS production 
and ROS-induced sperm damage (Henkel et al., 2005). A major advantage of this approach 
is that it selects normally chromatin-condensed spermatozoa, a parameter considered as 
predictive of fertilization ability in vitro. 

Motile and viable spermatozoa from poor-quality semen can be recovered using a column of 
glass beads. This procedure is quick and simple and results in enrichment of the population 
of spermatozoa of interest. Due to the high sperm recovery, glass filtration method is 
especially useful for intrauterine insemination. Unluckily, the potential risk of glass bead 
spilling over into the insemination media has precluded its widespread use in ARTs. An 
alternative filtration method uses columns of Sephadex beads to produce high yields of 
morphologically normal sperm cells. 

2.5 Density gradient centrifugation 

In this procedure, diluted semen is placed on top of a conical centrifuge tube containing 
increasingly dense layers of a liquid solution called density medium. In the standard 
procedure for sperm preparation two layers of density medium are used. After centrifuging, 
highly motile sperm cells are enriched in the soft pellet at the bottom of the tube. The 
recovered sperm pellet is then washed by centrifugation to remove the density medium. 
Sperm damage during density gradient selection has been attributed to ROS accumulation 
associated with multiple centrifugation steps. 

Polyvinylpyrrolidone (PVP)-coated silica particles (Percoll®) has been extensively used as a 
density medium to prepare fresh or frozen sperm specimens for human and animal ARTs. 
Vast experimental and clinical data support the effectiveness of the Percoll-based gradient 
methodology to produce viable, highly motile, morphologically normal populations of 
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spermatozoa for intrauterine insemination, gamete intrafallopian transfer, and conventional 
IVF and ICSI (Moohan & Lindsay, 1995). Studies that compared WSU with density gradient 
procedure indicated that the latter is capable of yielding sperm populations with higher 
percentages of morphologically normal forms and nuclear integrity (Sakkas et al., 2000; 
Tomlinson et al., 2001). However, exposure of sperm to Percoll® can damage sperm 
membranes and there exists the risk of contamination of Percoll® with endotoxins, which in 
turn can cause an inflammatory response in the female reproductive tract. This led to the 
withdrawal of Percoll® from the market for clinical use in human ARTs in 1996 (Henkel & 
Schill, 2003). 

Alternative commercial density gradients have been developed and are commonly used in 
human assisted reproduction: Nycodenz® (Nyegaard & Co., Oslo, Norway), PureSperm® 
(NidaCon Laboratories AB, Gothenburg, Sweden), IxaPrep® (MediCult, Copenhagen, 
Denmark), SilSelect® (FertiPro N.V., Beernem, Belgium), and ISolate® (Irvine Scientific, Santa 
Ana, CA, USA). Among these, PureSperm® IxaPrep®, SilSelect®, and ISolate® are silane-
coated products which have been promoted as being safer than the PVP-coated particles 
(Percoll®). These products are non-irritating and have been approved for human in vivo use 
as they are all bioassay endotoxin-tested and easy to wash out. 

2.6 Advanced and emerging sperm separation techniques 

In this section we introduce advanced sperm separation/selection procedures. Based on the 
main criteria used to select a sperm subpopulation, these procedures can be classified as: 
selection by differential sperm surface charge (electrophoretic separation and Zeta 
potential), selection of non-apoptotic spermatozoa (magnetic-activated cell sorting), 
selection based on the sperm membrane maturity (hyialuronic-acid sperm binding) and 
selection based on ultramorphologic criteria (real-time motile sperm organelle morphology 
examination –MSOME-, intracytoplasmic morphologically selected sperm injection –IMSI- 
and ICSI using polarization microscopy). Each advanced methodology has been subjected to 
prospective studies to determine its ability to affect sperm quality, fertility rate and clinical 
pregnancy rates. In general, application of these procedures have improved assisted 
reproductive technology (ART) outcomes, however, to date the number of clinical trials are 
insufficient to draw definitive conclusions. 

Finally, we will comment on emerging approaches for sperm selection which are currently 
in a developmental phase. These include: Raman spectroscopy, confocal light absorption 
and scattering microscopy –CLASS- and sperm chemotactic-based methods. 

2.6.1 Sperm surface charge for sperm selection 

There are two different approaches to select sperm based on the differential net electric 
charge on the sperm plasma membrane: electrophoretic system (SpermSep® CS-10, NuSep 
Ltd., Frenchs Forest, Australia) (Ainsworth et al., 2005) and zeta potential method (Chan et 
al., 2006). 

2.6.1.1 Electrophoretic system 

The electrophoresis-based technology was developed at Dr. Aitken´s laboratory in Australia 
(Ainsworth et al., 2005) and later commercialized by NuSep Ltd. as Microflow® CS-10 
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morphology, viability, membrane integrity and nuclear chromatin integrity compared with 
those selected by traditional WSU and Percoll® gradient columns (PGC) (Hinting & 
Lunardhi, 2001). However, the number of sperm recovered is low, what limits the use of this 
technique to select sperm for ICSI procedures. 

2.3 Sperm sedimentation 

Tea et al. (1984) developed a very gentle separation method which combines swim-up from 
liquefied semen with a sedimentation step. The sperm selection is accomplished by using a 
special glass or plastic tube with an inner cone, design that allows for only those 
spermatozoa capable of swimming out from the liquidized semen to sediment in the inner 
cone. Since no centrifugation steps are required, generation of ROS is minimized and so is 
the sperm damage, rendering a very clean fraction of highly motile spermatozoa. The main 
disadvantage of this method is the very low recovery rate which makes it unpractical for 
intrauterine insemination or IVF. 

2.4 Filtration 

Glass wool filtration is a very simple, but more expensive procedure, which yields a higher 
total number of motile spermatozoa compared with those in the swim-up or migration 
centrifugation protocol, since the whole volume of the ejaculate can be filtrated. This 
method is also effective at eliminating leukocytes and cell debris, reducing ROS production 
and ROS-induced sperm damage (Henkel et al., 2005). A major advantage of this approach 
is that it selects normally chromatin-condensed spermatozoa, a parameter considered as 
predictive of fertilization ability in vitro. 

Motile and viable spermatozoa from poor-quality semen can be recovered using a column of 
glass beads. This procedure is quick and simple and results in enrichment of the population 
of spermatozoa of interest. Due to the high sperm recovery, glass filtration method is 
especially useful for intrauterine insemination. Unluckily, the potential risk of glass bead 
spilling over into the insemination media has precluded its widespread use in ARTs. An 
alternative filtration method uses columns of Sephadex beads to produce high yields of 
morphologically normal sperm cells. 

2.5 Density gradient centrifugation 

In this procedure, diluted semen is placed on top of a conical centrifuge tube containing 
increasingly dense layers of a liquid solution called density medium. In the standard 
procedure for sperm preparation two layers of density medium are used. After centrifuging, 
highly motile sperm cells are enriched in the soft pellet at the bottom of the tube. The 
recovered sperm pellet is then washed by centrifugation to remove the density medium. 
Sperm damage during density gradient selection has been attributed to ROS accumulation 
associated with multiple centrifugation steps. 

Polyvinylpyrrolidone (PVP)-coated silica particles (Percoll®) has been extensively used as a 
density medium to prepare fresh or frozen sperm specimens for human and animal ARTs. 
Vast experimental and clinical data support the effectiveness of the Percoll-based gradient 
methodology to produce viable, highly motile, morphologically normal populations of 
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spermatozoa for intrauterine insemination, gamete intrafallopian transfer, and conventional 
IVF and ICSI (Moohan & Lindsay, 1995). Studies that compared WSU with density gradient 
procedure indicated that the latter is capable of yielding sperm populations with higher 
percentages of morphologically normal forms and nuclear integrity (Sakkas et al., 2000; 
Tomlinson et al., 2001). However, exposure of sperm to Percoll® can damage sperm 
membranes and there exists the risk of contamination of Percoll® with endotoxins, which in 
turn can cause an inflammatory response in the female reproductive tract. This led to the 
withdrawal of Percoll® from the market for clinical use in human ARTs in 1996 (Henkel & 
Schill, 2003). 

Alternative commercial density gradients have been developed and are commonly used in 
human assisted reproduction: Nycodenz® (Nyegaard & Co., Oslo, Norway), PureSperm® 
(NidaCon Laboratories AB, Gothenburg, Sweden), IxaPrep® (MediCult, Copenhagen, 
Denmark), SilSelect® (FertiPro N.V., Beernem, Belgium), and ISolate® (Irvine Scientific, Santa 
Ana, CA, USA). Among these, PureSperm® IxaPrep®, SilSelect®, and ISolate® are silane-
coated products which have been promoted as being safer than the PVP-coated particles 
(Percoll®). These products are non-irritating and have been approved for human in vivo use 
as they are all bioassay endotoxin-tested and easy to wash out. 

2.6 Advanced and emerging sperm separation techniques 

In this section we introduce advanced sperm separation/selection procedures. Based on the 
main criteria used to select a sperm subpopulation, these procedures can be classified as: 
selection by differential sperm surface charge (electrophoretic separation and Zeta 
potential), selection of non-apoptotic spermatozoa (magnetic-activated cell sorting), 
selection based on the sperm membrane maturity (hyialuronic-acid sperm binding) and 
selection based on ultramorphologic criteria (real-time motile sperm organelle morphology 
examination –MSOME-, intracytoplasmic morphologically selected sperm injection –IMSI- 
and ICSI using polarization microscopy). Each advanced methodology has been subjected to 
prospective studies to determine its ability to affect sperm quality, fertility rate and clinical 
pregnancy rates. In general, application of these procedures have improved assisted 
reproductive technology (ART) outcomes, however, to date the number of clinical trials are 
insufficient to draw definitive conclusions. 

Finally, we will comment on emerging approaches for sperm selection which are currently 
in a developmental phase. These include: Raman spectroscopy, confocal light absorption 
and scattering microscopy –CLASS- and sperm chemotactic-based methods. 

2.6.1 Sperm surface charge for sperm selection 

There are two different approaches to select sperm based on the differential net electric 
charge on the sperm plasma membrane: electrophoretic system (SpermSep® CS-10, NuSep 
Ltd., Frenchs Forest, Australia) (Ainsworth et al., 2005) and zeta potential method (Chan et 
al., 2006). 

2.6.1.1 Electrophoretic system 

The electrophoresis-based technology was developed at Dr. Aitken´s laboratory in Australia 
(Ainsworth et al., 2005) and later commercialized by NuSep Ltd. as Microflow® CS-10 
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(renamed to SpermSep® CS-10). This device uses an electric field to separate sperm cells 
based on size and electronegative charge. It is composed of four chambers: two outer 
chambers and two inner chambers (incubation and collection). The outer chambers (filled 
with buffer) house the platinum-coated titanium mesh electrodes. A polyacrilamyne 
membrane separates the outer chambers from the inner chambers allowing for the 
movement of small molecules, water and ions between them. The inner chambers comprise 
the inoculation compartment and the collection compartment separated by a polycarbonate 
separation membrane which pore size excludes leukocytes and precursor germ cells that 
normally contaminate semen samples. The semen specimen is loaded into the incubation 
chamber and allowed to equilibrate for 5 min before applying a current of 75 mA and 
variable voltage (18-21 V). The selected sperm subpopulation is recovered from the 
collection chamber after 5 min of application of the electric field and it is ready for ARTs. 

There is evidence that the electronegativity on the sperm surface indicates normal 
differentiation and is associated with CD52 expression on sperm membrane (Schroter et al., 
1999) and other glycoproteins (Ainsworth et al., 2011). These observations and the fact that 
CD52 is correlated with normal sperm morphology and capacitation (Giuliani et al., 2004), 
may account for the ability of the electrophoresis separation method to select sperm with 
significantly improved morphology with low levels of DNA damage (Ainsworth et al., 
2005). Key futures of the electrophoresis system that make it attractive for ART laboratories 
are: the whole process of selection can take only a few minutes and the generation of ROS is 
minimized because of lack of centrifugation steps. On the other hand, the cost associated 
with acquisition of the electrophoresis separation device may be prohibitive for andrology 
laboratories with limited resources. 

The first live birth from an embryo conceived with a spermatozoon selected by the novel 
electrophoretic approach was reported in 2007 (Ainsworth et al., 2007). The study involved a 
couple with long-term infertility associated with extensive sperm DNA damage. Later, a 
prospective controlled trial was performed to demonstrate that the membrane-based 
electrophoresis system is as effective as and considerably faster than the DGC to prepare 
spermatozoa for both IVF and ICSI (Fleming et al., 2008). 

2.6.1.2 Zeta potential method 

Sperm cells can be selected based on their negative zeta electrokinetic potential (Chan et al., 
2006) which is the overall charge a particle, in this particular case a spermatozoon, acquires 
in a specific medium. A mature sperm cell has a negative zeta potential of -16 to -20 mV 
(differential potential between the sperm membrane and its surroundings) (Ishijima et al., 
1991). The zeta potential method is very simple to perform and it does not require special 
equipment, therefore it is inexpensive. Briefly, washed sperm in serum-free medium is 
introduced in a conical tube which has been positively charged by rubbing or rotating the 
tube on a latex glove. Electronegatively charged sperm (mature) attach to the walls of the 
tube by electrostatic forces and the non-adherent sperm fraction and other contaminants are 
removed by inverting the tube. Selected adherent sperm cells are recovered by rinsing the 
tube with serum-supplemented medium. 

Regarding the morphology and functional characteristics of sperm selected by zeta 
potential, experimental data indicated that this method advantages the conventional DGC in 
terms of percentage of morphologically normal sperm, hyperactivation, DNA integrity and 
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maturity, but not motility (Chan et al., 2006). Results from a randomized prospective study 
with sperm selected with a combination of DGC/zeta potential or DGC alone previous to 
ICSI indicated that the combination may increase fertilization rates and possibly pregnancy 
rates in infertile couples associated with male factor infertility (Kheirollahi-Kouhestani et al., 
2009). However, definitive data that demonstrate the benefits of applying the zeta potential 
approach to select sperm for human assisted conception is still missing. 

2.6.2 Selection of non-apoptotic spermatozoa 

2.6.2.1 Magnetic-activated cell sorting (MACS) 

The externalization of the phospholipid phosphatidylserine (PS) to the sperm plasma 
membrane is a characteristic feature of the apoptotic phenomenon that occurs early during 
the process of sperm cell death. This basic knowledge has prompted investigators to 
develop a magnetic-based selection system for sperm cells that can separate early apoptotic 
from non-apoptotic germ cells (MACS, Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany). Since externalized PS has high affinity to Annexin V, apoptotic sperm cells bind 
to Annexin V-conjugated paramagnetic microbeads. The magnetically labeled sample is 
passed through a magnetic column where magnetically labeled apoptotic or dead 
spermatozoa are retained in the column while the unlabeled non-apoptotic spermatozoa are 
collected in the flow-through for further processing for ARTs (Grunewald et al., 2001; Manz 
et al., 1995). 

Despite magnetic cell sorting method is highly effective at removing apoptotic sperm cells, 
unfortunately it is not able to eliminate leukocytes, immature germ cells, seminal plasma 
and other contaminants from the semen sample. This is the reason why MACS separation is 
normally performed in conjunction with DGC (Said et al., 2005a; Said et al., 2005b). 
Repeated centrifugations and resuspensions associated with DGC can cause sperm loses 
imposing a limitation for semen samples characterized by limited sperm counts (Said  
et al., 2008). 

Non-apoptotic markers in the MACS-selected population such as high mitochondrial 
potential and low caspase activation are consistent with the known selection criterion of this 
methodology. In addition, sperm sample parameters that are improved in the 
subpopulation selected by MACS include: sperm motility and morphology, sperm DNA 
damage and hamster oocyte penetration potential of spermatozoa (Lee et al., 2010; Said et 
al., 2006a; Said et al., 2006b). Clinical pregnancy data collected so far indicate that the use of 
MACS may be of especial value for cases of male infertility associated with high incidence of 
apoptotic and DNA damaged sperm (Dirican et al., 2008). 

2.6.3 Selection based on sperm membrane maturity 

2.6.3.1 Hyaluronic acid sperm binding 

The presence of HA binding sites on sperm outer membrane is regarded as a sign of sperm 
maturity, and constitutes the basic principle for a sperm binding assay (Jakab et al., 2005). In 
this assay, HA is immobilized on a solid surface (polystyrene culture dish) and the washed 
sperm sample is allowed to interact with the HA coated surface for 15 min. An individual 
sperm attached to the dish is picked up with the ICSI pipette and used for oocyte injection. 
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(renamed to SpermSep® CS-10). This device uses an electric field to separate sperm cells 
based on size and electronegative charge. It is composed of four chambers: two outer 
chambers and two inner chambers (incubation and collection). The outer chambers (filled 
with buffer) house the platinum-coated titanium mesh electrodes. A polyacrilamyne 
membrane separates the outer chambers from the inner chambers allowing for the 
movement of small molecules, water and ions between them. The inner chambers comprise 
the inoculation compartment and the collection compartment separated by a polycarbonate 
separation membrane which pore size excludes leukocytes and precursor germ cells that 
normally contaminate semen samples. The semen specimen is loaded into the incubation 
chamber and allowed to equilibrate for 5 min before applying a current of 75 mA and 
variable voltage (18-21 V). The selected sperm subpopulation is recovered from the 
collection chamber after 5 min of application of the electric field and it is ready for ARTs. 

There is evidence that the electronegativity on the sperm surface indicates normal 
differentiation and is associated with CD52 expression on sperm membrane (Schroter et al., 
1999) and other glycoproteins (Ainsworth et al., 2011). These observations and the fact that 
CD52 is correlated with normal sperm morphology and capacitation (Giuliani et al., 2004), 
may account for the ability of the electrophoresis separation method to select sperm with 
significantly improved morphology with low levels of DNA damage (Ainsworth et al., 
2005). Key futures of the electrophoresis system that make it attractive for ART laboratories 
are: the whole process of selection can take only a few minutes and the generation of ROS is 
minimized because of lack of centrifugation steps. On the other hand, the cost associated 
with acquisition of the electrophoresis separation device may be prohibitive for andrology 
laboratories with limited resources. 

The first live birth from an embryo conceived with a spermatozoon selected by the novel 
electrophoretic approach was reported in 2007 (Ainsworth et al., 2007). The study involved a 
couple with long-term infertility associated with extensive sperm DNA damage. Later, a 
prospective controlled trial was performed to demonstrate that the membrane-based 
electrophoresis system is as effective as and considerably faster than the DGC to prepare 
spermatozoa for both IVF and ICSI (Fleming et al., 2008). 

2.6.1.2 Zeta potential method 

Sperm cells can be selected based on their negative zeta electrokinetic potential (Chan et al., 
2006) which is the overall charge a particle, in this particular case a spermatozoon, acquires 
in a specific medium. A mature sperm cell has a negative zeta potential of -16 to -20 mV 
(differential potential between the sperm membrane and its surroundings) (Ishijima et al., 
1991). The zeta potential method is very simple to perform and it does not require special 
equipment, therefore it is inexpensive. Briefly, washed sperm in serum-free medium is 
introduced in a conical tube which has been positively charged by rubbing or rotating the 
tube on a latex glove. Electronegatively charged sperm (mature) attach to the walls of the 
tube by electrostatic forces and the non-adherent sperm fraction and other contaminants are 
removed by inverting the tube. Selected adherent sperm cells are recovered by rinsing the 
tube with serum-supplemented medium. 

Regarding the morphology and functional characteristics of sperm selected by zeta 
potential, experimental data indicated that this method advantages the conventional DGC in 
terms of percentage of morphologically normal sperm, hyperactivation, DNA integrity and 
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maturity, but not motility (Chan et al., 2006). Results from a randomized prospective study 
with sperm selected with a combination of DGC/zeta potential or DGC alone previous to 
ICSI indicated that the combination may increase fertilization rates and possibly pregnancy 
rates in infertile couples associated with male factor infertility (Kheirollahi-Kouhestani et al., 
2009). However, definitive data that demonstrate the benefits of applying the zeta potential 
approach to select sperm for human assisted conception is still missing. 

2.6.2 Selection of non-apoptotic spermatozoa 

2.6.2.1 Magnetic-activated cell sorting (MACS) 

The externalization of the phospholipid phosphatidylserine (PS) to the sperm plasma 
membrane is a characteristic feature of the apoptotic phenomenon that occurs early during 
the process of sperm cell death. This basic knowledge has prompted investigators to 
develop a magnetic-based selection system for sperm cells that can separate early apoptotic 
from non-apoptotic germ cells (MACS, Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany). Since externalized PS has high affinity to Annexin V, apoptotic sperm cells bind 
to Annexin V-conjugated paramagnetic microbeads. The magnetically labeled sample is 
passed through a magnetic column where magnetically labeled apoptotic or dead 
spermatozoa are retained in the column while the unlabeled non-apoptotic spermatozoa are 
collected in the flow-through for further processing for ARTs (Grunewald et al., 2001; Manz 
et al., 1995). 

Despite magnetic cell sorting method is highly effective at removing apoptotic sperm cells, 
unfortunately it is not able to eliminate leukocytes, immature germ cells, seminal plasma 
and other contaminants from the semen sample. This is the reason why MACS separation is 
normally performed in conjunction with DGC (Said et al., 2005a; Said et al., 2005b). 
Repeated centrifugations and resuspensions associated with DGC can cause sperm loses 
imposing a limitation for semen samples characterized by limited sperm counts (Said  
et al., 2008). 

Non-apoptotic markers in the MACS-selected population such as high mitochondrial 
potential and low caspase activation are consistent with the known selection criterion of this 
methodology. In addition, sperm sample parameters that are improved in the 
subpopulation selected by MACS include: sperm motility and morphology, sperm DNA 
damage and hamster oocyte penetration potential of spermatozoa (Lee et al., 2010; Said et 
al., 2006a; Said et al., 2006b). Clinical pregnancy data collected so far indicate that the use of 
MACS may be of especial value for cases of male infertility associated with high incidence of 
apoptotic and DNA damaged sperm (Dirican et al., 2008). 

2.6.3 Selection based on sperm membrane maturity 

2.6.3.1 Hyaluronic acid sperm binding 

The presence of HA binding sites on sperm outer membrane is regarded as a sign of sperm 
maturity, and constitutes the basic principle for a sperm binding assay (Jakab et al., 2005). In 
this assay, HA is immobilized on a solid surface (polystyrene culture dish) and the washed 
sperm sample is allowed to interact with the HA coated surface for 15 min. An individual 
sperm attached to the dish is picked up with the ICSI pipette and used for oocyte injection. 
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As HA is a natural occurring compound present in cervical mucus, cumulus cells and 
follicular fluid, the binding method is considered to have minimal biosafety risks for both 
the embryo and the patient. 

The device called PICSI® (preselected intracytoplasmatical sperm injection), commercialized 
by ORIGIO MidAtlantic Devices Inc. (Mt Laurel, NJ, USA), uses a conventional polystyrene 
culture dish enhanced with tree microdots of hyaluronan where the sperm suspension is 
added. 

Sperm maturity has been associated with certain desirable sperm traits such as: improved 
viability and motility, intact acrosomes, lower caspase-3 activation and lower frequency of 
chromosomal aneuploidies (Huszar et al., 2007; Huszar et al., 2003). Studies documenting 
the use of sperm selected by HA method in the clinical ART setting are still scarce and 
somehow contradictory. While one study reported significantly increased fertilization rate 
of oocytes injected with HA-selected sperm and only a marginal effect on pregnancy rate 
(Nasr-Esfahani et al., 2008), in other studies by Permegiani et al. (2010a; 2010b) oocytes 
injected with sperm selected by the binding method originated better quality embryos but 
no effect was detected on fertilization and pregnancy rates. 

2.6.4 Selection based on live sperm morphology 

It has been long recognized that sperm morphology is one of the major determinants of male 
fertility both in vitro and in vivo. ICSI is an assisted reproductive technique that is gaining 
acceptance for treatment of different forms of male infertility. In this procedure, a sperm cell 
is selected by the embryologist based on sperm morphology and motility and introduced 
into the mature oocyte, bypassing all natural selection barriers at fertilization. However, 
sperm evaluation at x 400 magnification (which is the standard magnification used to select 
sperm for ICSI) is unable to provide enough resolution for an accurate sperm morphological 
assessment.  

With the objective of improving accuracy of sperm selection based on morphological 
features, Bartoov et al. (2002) developed a method for real-time sperm evaluation known as 
motile sperm organelle morphology examination (MSOME). MSOME sperm evaluation is 
performed in an inverted light microscope equipped with high-power differential 
interference contrast optics (Nomarski/DIC; magnification x150) enhanced by digital 
imaging (magnification, ×44) to achieve a total magnification of over 6000. At this 
magnification, it is possible to define the morphological normalcy of five sperm organelles 
(acrosome, postacrosomal lamina, neck, tail and nucleus) as observed at high magnification. 
Among these organelles, evaluation of sperm nucleus (shape and chromatin content) by 
MSOME appears be the most important feature conditioning ICSI outcome (Bartoov et al., 
2003). Intracytoplasmic morphologically selected sperm injection (IMSI) is a modification of 
ICSI, in which the injected spermatozoon is selected by the technician at high magnification 
using MSOME normalcy criteria. When these techniques are used correctly by trained 
personnel, a significant correlation between morphology and fertilization rate was 
demonstrated (Bartoov et al., 2002). In addition, pregnancy and live birth rates were 
significantly higher in the IMSI group compared with that in the conventional ICSI group, 
but IMSI failed to boost fertilization and cleavage rates and did not improve embryo 
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morphology. Similarly, Souza Setti et al. (2010) reported that IMSI improved pregnancy and 
abortion rates, but not fertilization rate. In conjunction, these results suggest that the sperm 
morphology traits that guide sperm selection during IMSI will have repercussions in late 
ART outcomes as evidenced by increased pregnancy and birth rates and diminished 
abortion rates. 

Another optical system used to select live sperm for ICSI is based on birefringency 
(Gianaroli et al., 2008) generated by the incidence of polarized light on longitudinally 
oriented protein filaments on the postacrosomal region of the sperm (Baccetti, 2004). Sperm 
birefringency is evaluated with an inverted microscope equipped with polarizing and 
analyzing lenses. The proportion of birefringent sperm in a sample is correlated positively 
with sperm concentration, motility and viability (Gianaroli et al., 2008). In addition, using 
this optical system, it is possible to differentiate acrosome-reacted from acrosome-intact 
sperm before microinjection. It has been hypothesized that microinjection of acrosome 
reacted sperm during ICSI would improve the outcomes of this technique since it mimics 
more closely the natural phenomenon of fertilization. Clinical data collected so far support 
this hypothesis, as pregnancy rates originated from embryos produced with acrosome-
reacted spermatozoa were significantly higher compared with those in the control group 
(ICSI with non-reacted spermatozoa) (Gianaroli et al., 2010). 

2.6.5 Emerging methods for sperm selection 

2.6.5.1 Raman spectroscopy 

It has been documented that sperm cells with apparently normal morphology may have 
DNA fragmentation and other types of DNA damage (Angelopoulos et al., 1998; Avendano 
et al., 2009), which can affect embryo quality and pregnancy outcome if ICSI is performed 
with such defective sperm cells (Avendano et al., 2010). In light of the worldwide use of ICSI 
as major tool to treat infertility, the development of a technique that can non-invasively 
provide information about sperm chromatin packaging and nuclear normalcy before sperm 
injection would impact positively on ART outcomes. Micro-Raman spectroscopy holds 
promise to provide information about packaging of nuclear DNA in individual living sperm 
cells. Raman spectroscopy is a spectroscopic technique that examines the inelastic scattering 
of photons (a change in frequency of photons) caused by molecular bonds. The photons 
originated from a laser source are absorbed by the sample and then reemitted with a 
frequency different to that in the original source what is called Raman effect. Photons can 
lose part of the energy and are red-shifted or gain energy and are blue-shifted. In biological 
specimens, photon shifting provides information about conformation, composition and 
intermolecular interaction in macromolecules (e.g. DNA-protein). There are a few reports on 
application of this technique to study molecular interactions in individual sperm cells 
(Huser et al., 2009; Mallidis et al., 2011; Meister et al., 2010). Huser et al. (2009) used Raman 
spectroscopy to obtain spectra from individual human sperm and reported that there are 
vibrational marker modes that can be valuable to assess sperm chromatin packaging. 
Results from this study also indicate that the DNA packaging in sperm with abnormal shape 
differs from that in normal sperm. In other study (Mallidis et al., 2011), Raman spectra were 
obtained from individual sperm cells before and after exposition to UVB radiation. Through 
the analysis of the spectra it was possible to detect the sites and location of UVB-induced 
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As HA is a natural occurring compound present in cervical mucus, cumulus cells and 
follicular fluid, the binding method is considered to have minimal biosafety risks for both 
the embryo and the patient. 

The device called PICSI® (preselected intracytoplasmatical sperm injection), commercialized 
by ORIGIO MidAtlantic Devices Inc. (Mt Laurel, NJ, USA), uses a conventional polystyrene 
culture dish enhanced with tree microdots of hyaluronan where the sperm suspension is 
added. 

Sperm maturity has been associated with certain desirable sperm traits such as: improved 
viability and motility, intact acrosomes, lower caspase-3 activation and lower frequency of 
chromosomal aneuploidies (Huszar et al., 2007; Huszar et al., 2003). Studies documenting 
the use of sperm selected by HA method in the clinical ART setting are still scarce and 
somehow contradictory. While one study reported significantly increased fertilization rate 
of oocytes injected with HA-selected sperm and only a marginal effect on pregnancy rate 
(Nasr-Esfahani et al., 2008), in other studies by Permegiani et al. (2010a; 2010b) oocytes 
injected with sperm selected by the binding method originated better quality embryos but 
no effect was detected on fertilization and pregnancy rates. 

2.6.4 Selection based on live sperm morphology 

It has been long recognized that sperm morphology is one of the major determinants of male 
fertility both in vitro and in vivo. ICSI is an assisted reproductive technique that is gaining 
acceptance for treatment of different forms of male infertility. In this procedure, a sperm cell 
is selected by the embryologist based on sperm morphology and motility and introduced 
into the mature oocyte, bypassing all natural selection barriers at fertilization. However, 
sperm evaluation at x 400 magnification (which is the standard magnification used to select 
sperm for ICSI) is unable to provide enough resolution for an accurate sperm morphological 
assessment.  

With the objective of improving accuracy of sperm selection based on morphological 
features, Bartoov et al. (2002) developed a method for real-time sperm evaluation known as 
motile sperm organelle morphology examination (MSOME). MSOME sperm evaluation is 
performed in an inverted light microscope equipped with high-power differential 
interference contrast optics (Nomarski/DIC; magnification x150) enhanced by digital 
imaging (magnification, ×44) to achieve a total magnification of over 6000. At this 
magnification, it is possible to define the morphological normalcy of five sperm organelles 
(acrosome, postacrosomal lamina, neck, tail and nucleus) as observed at high magnification. 
Among these organelles, evaluation of sperm nucleus (shape and chromatin content) by 
MSOME appears be the most important feature conditioning ICSI outcome (Bartoov et al., 
2003). Intracytoplasmic morphologically selected sperm injection (IMSI) is a modification of 
ICSI, in which the injected spermatozoon is selected by the technician at high magnification 
using MSOME normalcy criteria. When these techniques are used correctly by trained 
personnel, a significant correlation between morphology and fertilization rate was 
demonstrated (Bartoov et al., 2002). In addition, pregnancy and live birth rates were 
significantly higher in the IMSI group compared with that in the conventional ICSI group, 
but IMSI failed to boost fertilization and cleavage rates and did not improve embryo 
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morphology. Similarly, Souza Setti et al. (2010) reported that IMSI improved pregnancy and 
abortion rates, but not fertilization rate. In conjunction, these results suggest that the sperm 
morphology traits that guide sperm selection during IMSI will have repercussions in late 
ART outcomes as evidenced by increased pregnancy and birth rates and diminished 
abortion rates. 

Another optical system used to select live sperm for ICSI is based on birefringency 
(Gianaroli et al., 2008) generated by the incidence of polarized light on longitudinally 
oriented protein filaments on the postacrosomal region of the sperm (Baccetti, 2004). Sperm 
birefringency is evaluated with an inverted microscope equipped with polarizing and 
analyzing lenses. The proportion of birefringent sperm in a sample is correlated positively 
with sperm concentration, motility and viability (Gianaroli et al., 2008). In addition, using 
this optical system, it is possible to differentiate acrosome-reacted from acrosome-intact 
sperm before microinjection. It has been hypothesized that microinjection of acrosome 
reacted sperm during ICSI would improve the outcomes of this technique since it mimics 
more closely the natural phenomenon of fertilization. Clinical data collected so far support 
this hypothesis, as pregnancy rates originated from embryos produced with acrosome-
reacted spermatozoa were significantly higher compared with those in the control group 
(ICSI with non-reacted spermatozoa) (Gianaroli et al., 2010). 

2.6.5 Emerging methods for sperm selection 

2.6.5.1 Raman spectroscopy 

It has been documented that sperm cells with apparently normal morphology may have 
DNA fragmentation and other types of DNA damage (Angelopoulos et al., 1998; Avendano 
et al., 2009), which can affect embryo quality and pregnancy outcome if ICSI is performed 
with such defective sperm cells (Avendano et al., 2010). In light of the worldwide use of ICSI 
as major tool to treat infertility, the development of a technique that can non-invasively 
provide information about sperm chromatin packaging and nuclear normalcy before sperm 
injection would impact positively on ART outcomes. Micro-Raman spectroscopy holds 
promise to provide information about packaging of nuclear DNA in individual living sperm 
cells. Raman spectroscopy is a spectroscopic technique that examines the inelastic scattering 
of photons (a change in frequency of photons) caused by molecular bonds. The photons 
originated from a laser source are absorbed by the sample and then reemitted with a 
frequency different to that in the original source what is called Raman effect. Photons can 
lose part of the energy and are red-shifted or gain energy and are blue-shifted. In biological 
specimens, photon shifting provides information about conformation, composition and 
intermolecular interaction in macromolecules (e.g. DNA-protein). There are a few reports on 
application of this technique to study molecular interactions in individual sperm cells 
(Huser et al., 2009; Mallidis et al., 2011; Meister et al., 2010). Huser et al. (2009) used Raman 
spectroscopy to obtain spectra from individual human sperm and reported that there are 
vibrational marker modes that can be valuable to assess sperm chromatin packaging. 
Results from this study also indicate that the DNA packaging in sperm with abnormal shape 
differs from that in normal sperm. In other study (Mallidis et al., 2011), Raman spectra were 
obtained from individual sperm cells before and after exposition to UVB radiation. Through 
the analysis of the spectra it was possible to detect the sites and location of UVB-induced 
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sperm DNA damage (Mallidis et al., 2011). Further studies are warranted in order to 
establish a possible relationship between sperm DNA packaging/damage (as detected by 
Raman spectrometry) and sperm function at fertilization and beyond. 

2.6.5.2 Confocal light absorption and scattering microscopy (CLASS) 

Confocal light absorption and scattering microscopy (CLASS) is an optical system that 
combines confocal microscopy, a well-established high magnification microscopic 
technique, with light-scattering spectroscopy (Fang et al., 2007). This combination allows for 
observation of submicrometer structures in viable cells attaining the spatial resolution of 
electron microscopy without the need of contrasting agents which are required for 
conventional optical microscopy. Results from studies in biological systems demonstrated 
that through the use of CLASS technique it is feasible to monitor individual organelles, such 
as mitochondria, lysosomes and microsomes in living cells (Itzkan et al., 2007). To our 
knowledge there is no published work regarding the use of CLASS microscopy to study 
sperm ultrastructure. 

2.6.5.3 Sperm chemotaxis 

Mammalian spermatozoa have the ability to be actively guided to the egg (that resides at 
fertilization site) by mechanisms known as chemotaxis and thermotaxis (Eisenbach & 
Giojalas, 2006). Chemotaxis is the movement of cells following a concentration gradient of 
chemoattractans whereas thermotaxis is the movement of cells along a temperature 
gradient. Experimental data support the hypothesis that progesterone (at pM 
concentrations), secreted by oocyte cumulus cells, is the major chemoattractant for human 
(Teves et al., 2006) and rabbit spermatozoa (Guidobaldi et al., 2008). Since only a small 
fraction of capacitated spermatozoa are chemotactically responsive in in vitro assays, it is 
tempting to hypothesize that the population with enhanced ability to migrate to the 
chemoattractant source is endowed with superior morphologic/functional features. Based 
on this principle, a microchannel-based device to assess sperm motility and chemotxis has 
been recently developed (Xie et al., 2010). However, the impact of using chemotaxis-selected 
sperm on ART outcomes is currently unknown. 

3. Conclusion 
Since the world's first "test-tube" baby was born in Great Britain in 1978 (Steptoe & 
Edwards, 1978), we have witnessed a tremendous progress in the field of human ART which 
is reflected in the high rates of success accomplished in infertility treatments. Despite these 
advances, live birth rates achieved by assisted conception remain relatively low and could 
be improved (Wright et al., 2008). In light of the known influence of the fertilizing 
spermatozoon not only on early but also on late embryonic development, selection of the 
best sperm from heterogeneous sperm samples would impact positively on the outcomes of 
human ARTs. Accurate identification of normal/healthy spermatozoa is of especial 
importance during ICSI, in which a sperm cell is deliberately injected into the mature oocyte 
by the technician bypassing all natural barriers. There is great concern about the risk of 
using sperm with chromosomal abnormalities and/or damaged DNA what can lead to 
inadvertently transmission of genetic diseases to the offspring. Therefore, improvements of 
the available sperm selection techniques and/or development of new methods for precise 
sperm selection are highly desirable. Despite encouraging preliminary results obtained with 
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advanced sperm selection techniques, more research is warranted to address safety issues 
before widespread application of these methods. In this regard, animal models can provide 
answers to important safety concerns related to the introduction of advanced and emerging 
methods for sperm selection into human ART. 
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sperm DNA damage (Mallidis et al., 2011). Further studies are warranted in order to 
establish a possible relationship between sperm DNA packaging/damage (as detected by 
Raman spectrometry) and sperm function at fertilization and beyond. 

2.6.5.2 Confocal light absorption and scattering microscopy (CLASS) 

Confocal light absorption and scattering microscopy (CLASS) is an optical system that 
combines confocal microscopy, a well-established high magnification microscopic 
technique, with light-scattering spectroscopy (Fang et al., 2007). This combination allows for 
observation of submicrometer structures in viable cells attaining the spatial resolution of 
electron microscopy without the need of contrasting agents which are required for 
conventional optical microscopy. Results from studies in biological systems demonstrated 
that through the use of CLASS technique it is feasible to monitor individual organelles, such 
as mitochondria, lysosomes and microsomes in living cells (Itzkan et al., 2007). To our 
knowledge there is no published work regarding the use of CLASS microscopy to study 
sperm ultrastructure. 

2.6.5.3 Sperm chemotaxis 

Mammalian spermatozoa have the ability to be actively guided to the egg (that resides at 
fertilization site) by mechanisms known as chemotaxis and thermotaxis (Eisenbach & 
Giojalas, 2006). Chemotaxis is the movement of cells following a concentration gradient of 
chemoattractans whereas thermotaxis is the movement of cells along a temperature 
gradient. Experimental data support the hypothesis that progesterone (at pM 
concentrations), secreted by oocyte cumulus cells, is the major chemoattractant for human 
(Teves et al., 2006) and rabbit spermatozoa (Guidobaldi et al., 2008). Since only a small 
fraction of capacitated spermatozoa are chemotactically responsive in in vitro assays, it is 
tempting to hypothesize that the population with enhanced ability to migrate to the 
chemoattractant source is endowed with superior morphologic/functional features. Based 
on this principle, a microchannel-based device to assess sperm motility and chemotxis has 
been recently developed (Xie et al., 2010). However, the impact of using chemotaxis-selected 
sperm on ART outcomes is currently unknown. 

3. Conclusion 
Since the world's first "test-tube" baby was born in Great Britain in 1978 (Steptoe & 
Edwards, 1978), we have witnessed a tremendous progress in the field of human ART which 
is reflected in the high rates of success accomplished in infertility treatments. Despite these 
advances, live birth rates achieved by assisted conception remain relatively low and could 
be improved (Wright et al., 2008). In light of the known influence of the fertilizing 
spermatozoon not only on early but also on late embryonic development, selection of the 
best sperm from heterogeneous sperm samples would impact positively on the outcomes of 
human ARTs. Accurate identification of normal/healthy spermatozoa is of especial 
importance during ICSI, in which a sperm cell is deliberately injected into the mature oocyte 
by the technician bypassing all natural barriers. There is great concern about the risk of 
using sperm with chromosomal abnormalities and/or damaged DNA what can lead to 
inadvertently transmission of genetic diseases to the offspring. Therefore, improvements of 
the available sperm selection techniques and/or development of new methods for precise 
sperm selection are highly desirable. Despite encouraging preliminary results obtained with 
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advanced sperm selection techniques, more research is warranted to address safety issues 
before widespread application of these methods. In this regard, animal models can provide 
answers to important safety concerns related to the introduction of advanced and emerging 
methods for sperm selection into human ART. 

4. References 
Ainsworth, C., Nixon, B. & Aitken, R. J. (2005). Development of a novel electrophoretic 

system for the isolation of human spermatozoa. Hum Reprod, Vol.20, No.8, pp. 
2261-70, ISSN 0268-1161 (Print) 0268-1161 (Linking) 

Ainsworth, C., Nixon, B., Jansen, R. P. & Aitken, R. J. (2007). First recorded pregnancy and 
normal birth after ICSI using electrophoretically isolated spermatozoa. Hum 
Reprod, Vol.22, No.1, pp. 197-200, ISSN 0268-1161 (Print) 0268-1161 (Linking) 

Ainsworth, C. J., Nixon, B. & Aitken, R. J. (2011). The electrophoretic separation of 
spermatozoa: an analysis of genotype, surface carbohydrate composition and 
potential for capacitation. Int J Androl, Vol.34, No.5 Pt 2, pp. e422-34, ISSN 1365-
2605 (Electronic) 0105-6263 (Linking) 

Angelopoulos, T., Moshel, Y. A., Lu, L., Macanas, E., Grifo, J. A. & Krey, L. C. (1998). 
Simultaneous assessment of sperm chromatin condensation and morphology 
before and after separation procedures: effect on the clinical outcome after in vitro 
fertilization. Fertil Steril, Vol.69, No.4, pp. 740-7, ISSN 0015-0282 (Print) 0015-0282 
(Linking) 

Avendano, C., Franchi, A., Duran, H. & Oehninger, S. (2010). DNA fragmentation of normal 
spermatozoa negatively impacts embryo quality and intracytoplasmic sperm 
injection outcome. Fertil Steril, Vol.94, No.2, pp. 549-57, ISSN 1556-5653 (Electronic) 
0015-0282 (Linking) 

Avendano, C., Franchi, A., Taylor, S., Morshedi, M., Bocca, S. & Oehninger, S. (2009). 
Fragmentation of DNA in morphologically normal human spermatozoa. Fertil 
Steril, Vol.91, No.4, pp. 1077-84, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Avendano, C. & Oehninger, S. (2011). DNA fragmentation in morphologically normal 
spermatozoa: how much should we be concerned in the ICSI era? J Androl, Vol.32, 
No.4, pp. 356-63, ISSN 1939-4640 (Electronic) 0196-3635 (Linking) 

Baccetti, B. (2004). Microscopical advances in assisted reproduction. J Submicrosc Cytol 
Pathol, Vol.36, No.3-4, pp. 333-9, ISSN 1122-9497 (Print) 1122-9497 (Linking) 

Barroso, G., Valdespin, C., Vega, E., Kershenovich, R., Avila, R., Avendano, C. & Oehninger, 
S. (2009). Developmental sperm contributions: fertilization and beyond. Fertil Steril, 
Vol.92, No.3, pp. 835-48, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Bartoov, B., Berkovitz, A., Eltes, F., Kogosovsky, A., Yagoda, A., Lederman, H., Artzi, S., 
Gross, M. & Barak, Y. (2003). Pregnancy rates are higher with intracytoplasmic 
morphologically selected sperm injection than with conventional intracytoplasmic 
injection. Fertil Steril, Vol.80, No.6, pp. 1413-9, ISSN 0015-0282 (Print) 0015-0282 
(Linking) 

Bartoov, B., Berkovitz, A., Eltes, F., Kogosowski, A., Menezo, Y. & Barak, Y. (2002). Real-time 
fine morphology of motile human sperm cells is associated with IVF-ICSI outcome. 
J Androl, Vol.23, No.1, pp. 1-8, ISSN 0196-3635 (Print) 0196-3635 (Linking) 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 82

Bjorndahl, L., Mohammadieh, M., Pourian, M., Soderlund, I. & Kvist, U. (2005). 
Contamination by seminal plasma factors during sperm selection. J Androl, Vol.26, 
No.2, pp. 170-3, ISSN 0196-3635 (Print) 0196-3635 (Linking) 

Chan, P. J., Jacobson, J. D., Corselli, J. U. & Patton, W. C. (2006). A simple zeta method for 
sperm selection based on membrane charge. Fertil Steril, Vol.85, No.2, pp. 481-6, 
ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Dirican, E. K., Ozgun, O. D., Akarsu, S., Akin, K. O., Ercan, O., Ugurlu, M., Camsari, C., 
Kanyilmaz, O., Kaya, A. & Unsal, A. (2008). Clinical outcome of magnetic activated 
cell sorting of non-apoptotic spermatozoa before density gradient centrifugation for 
assisted reproduction. J Assist Reprod Genet, Vol.25, No.8, pp. 375-81, ISSN 1058-
0468 (Print) 1058-0468 (Linking) 

Edwards, R. G., Bavister, B. D. & Steptoe, P. C. (1969). Early stages of fertilization in vitro of 
human oocytes matured in vitro. Nature, Vol.221, No.5181, pp. 632-5, ISSN 0028-
0836 (Print) 0028-0836 (Linking) 

Eisenbach, M. & Giojalas, L. C. (2006). Sperm guidance in mammals - an unpaved road to 
the egg. Nat Rev Mol Cell Biol, Vol.7, No.4, pp. 276-85, ISSN 1471-0072 (Print) 1471-
0072 (Linking) 

Fang, H., Qiu, L., Vitkin, E., Zaman, M. M., Andersson, C., Salahuddin, S., Kimerer, L. M., 
Cipolloni, P. B., Modell, M. D., Turner, B. S., Keates, S. E., Bigio, I., Itzkan, I., 
Freedman, S. D., Bansil, R., Hanlon, E. B. & Perelman, L. T. (2007). Confocal light 
absorption and scattering spectroscopic microscopy. Appl Opt, Vol.46, No.10, pp. 
1760-9, ISSN 0003-6935 (Print) 0003-6935 (Linking) 

Fleming, S. D., Ilad, R. S., Griffin, A. M., Wu, Y., Ong, K. J., Smith, H. C. & Aitken, R. J. 
(2008). Prospective controlled trial of an electrophoretic method of sperm 
preparation for assisted reproduction: comparison with density gradient 
centrifugation. Hum Reprod, Vol.23, No.12, pp. 2646-51, ISSN 1460-2350 
(Electronic) 0268-1161 (Linking) 

Ford, W. (1990). The role of oxygen free radicals in the pathology of human spermatozoa: 
Implications of IVF. In Clinical IVF Forum; Current Views in Assisted 
Reproduction,  (ed. P. Matson & B. Lieberman), pp. 123-139: Manchester University 
Press. 

Gianaroli, L., Magli, M. C., Collodel, G., Moretti, E., Ferraretti, A. P. & Baccetti, B. (2008). 
Sperm head's birefringence: a new criterion for sperm selection. Fertil Steril, Vol.90, 
No.1, pp. 104-12, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Gianaroli, L., Magli, M. C., Ferraretti, A. P., Crippa, A., Lappi, M., Capitani, S. & Baccetti, B. 
(2010). Birefringence characteristics in sperm heads allow for the selection of 
reacted spermatozoa for intracytoplasmic sperm injection. Fertil Steril, Vol.93, No.3, 
pp. 807-13, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Giuliani, V., Pandolfi, C., Santucci, R., Pelliccione, F., Macerola, B., Focarelli, R., Rosati, F., 
Della Giovampaola, C., Francavilla, F. & Francavilla, S. (2004). Expression of gp20, 
a human sperm antigen of epididymal origin, is reduced in spermatozoa from 
subfertile men. Mol Reprod Dev, Vol.69, No.2, pp. 235-40, ISSN 1040-452X (Print) 
1040-452X (Linking) 

Grunewald, S., Paasch, U. & Glander, H. J. (2001). Enrichment of non-apoptotic human 
spermatozoa after cryopreservation by immunomagnetic cell sorting. Cell Tissue 
Bank, Vol.2, No.3, pp. 127-33, ISSN 1573-6814 (Electronic) 1389-9333 (Linking) 

 
Methods for Sperm Selection for In Vitro Fertilization 83 

Guidobaldi, H. A., Teves, M. E., Unates, D. R., Anastasia, A. & Giojalas, L. C. (2008). 
Progesterone from the cumulus cells is the sperm chemoattractant secreted by the 
rabbit oocyte cumulus complex. PLoS One, Vol.3, No.8, pp. e3040, ISSN 1932-6203 
(Electronic) 1932-6203 (Linking) 

Hallap, T., Haard, M., Jaakma, U., Larsson, B. & Rodriguez-Martinez, H. (2004). Does 
cleansing of frozen-thawed bull semen before assessment provide samples that 
relate better to potential fertility? Theriogenology, Vol.62, No.3-4, pp. 702-13, ISSN 
0093-691X (Print) 0093-691X (Linking) 

Henkel, R., Kierspel, E., Stalf, T., Mehnert, C., Menkveld, R., Tinneberg, H. R., Schill, W. B. & 
Kruger, T. F. (2005). Effect of reactive oxygen species produced by spermatozoa 
and leukocytes on sperm functions in non-leukocytospermic patients. Fertil Steril, 
Vol.83, No.3, pp. 635-42, ISSN 0015-0282 (Print) 0015-0282 (Linking) 

Henkel, R. R. & Schill, W. B. (2003). Sperm preparation for ART. Reprod Biol Endocrinol, 
Vol.1, pp. 108, ISSN 1477-7827 (Electronic) 1477-7827 (Linking) 

Hinting, A. & Lunardhi, H. (2001). Better sperm selection for intracytoplasmic sperm 
injection with the side migration technique. Andrologia, Vol.33, No.6, pp. 343-6, 
ISSN 0303-4569 (Print) 0303-4569 (Linking) 

Huser, T., Orme, C. A., Hollars, C. W., Corzett, M. H. & Balhorn, R. (2009). Raman 
spectroscopy of DNA packaging in individual human sperm cells distinguishes 
normal from abnormal cells. J Biophotonics, Vol.2, No.5, pp. 322-32, ISSN 1864-0648 
(Electronic) 1864-063X (Linking) 

Huszar, G., Jakab, A., Sakkas, D., Ozenci, C. C., Cayli, S., Delpiano, E. & Ozkavukcu, S. 
(2007). Fertility testing and ICSI sperm selection by hyaluronic acid binding: clinical 
and genetic aspects. Reprod Biomed Online, Vol.14, No.5, pp. 650-63, ISSN 1472-
6483 (Print) 1472-6483 (Linking) 

Huszar, G., Ozenci, C. C., Cayli, S., Zavaczki, Z., Hansch, E. & Vigue, L. (2003). Hyaluronic 
acid binding by human sperm indicates cellular maturity, viability, and unreacted 
acrosomal status. Fertil Steril, Vol.79 Suppl 3, pp. 1616-24, ISSN 0015-0282 (Print) 
0015-0282 (Linking) 

Ishijima, S. A., Okuno, M. & Mohri, H. (1991). Zeta potential of human X- and Y-bearing 
sperm. Int J Androl, Vol.14, No.5, pp. 340-7, ISSN 0105-6263 (Print) 0105-6263 
(Linking) 

Itzkan, I., Qiu, L., Fang, H., Zaman, M. M., Vitkin, E., Ghiran, I. C., Salahuddin, S., Modell, 
M., Andersson, C., Kimerer, L. M., Cipolloni, P. B., Lim, K. H., Freedman, S. D., 
Bigio, I., Sachs, B. P., Hanlon, E. B. & Perelman, L. T. (2007). Confocal light 
absorption and scattering spectroscopic microscopy monitors organelles in live 
cells with no exogenous labels. Proc Natl Acad Sci U S A, Vol.104, No.44, pp. 17255-
60, ISSN 0027-8424 (Print) 0027-8424 (Linking) 

Jakab, A., Sakkas, D., Delpiano, E., Cayli, S., Kovanci, E., Ward, D., Revelli, A. & Huszar, G. 
(2005). Intracytoplasmic sperm injection: a novel selection method for sperm with 
normal frequency of chromosomal aneuploidies. Fertil Steril, Vol.84, No.6, pp. 
1665-73, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Kheirollahi-Kouhestani, M., Razavi, S., Tavalaee, M., Deemeh, M. R., Mardani, M., 
Moshtaghian, J. & Nasr-Esfahani, M. H. (2009). Selection of sperm based on 
combined density gradient and Zeta method may improve ICSI outcome. Hum 
Reprod, Vol.24, No.10, pp. 2409-16, ISSN 1460-2350 (Electronic) 0268-1161 (Linking) 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 82

Bjorndahl, L., Mohammadieh, M., Pourian, M., Soderlund, I. & Kvist, U. (2005). 
Contamination by seminal plasma factors during sperm selection. J Androl, Vol.26, 
No.2, pp. 170-3, ISSN 0196-3635 (Print) 0196-3635 (Linking) 

Chan, P. J., Jacobson, J. D., Corselli, J. U. & Patton, W. C. (2006). A simple zeta method for 
sperm selection based on membrane charge. Fertil Steril, Vol.85, No.2, pp. 481-6, 
ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Dirican, E. K., Ozgun, O. D., Akarsu, S., Akin, K. O., Ercan, O., Ugurlu, M., Camsari, C., 
Kanyilmaz, O., Kaya, A. & Unsal, A. (2008). Clinical outcome of magnetic activated 
cell sorting of non-apoptotic spermatozoa before density gradient centrifugation for 
assisted reproduction. J Assist Reprod Genet, Vol.25, No.8, pp. 375-81, ISSN 1058-
0468 (Print) 1058-0468 (Linking) 

Edwards, R. G., Bavister, B. D. & Steptoe, P. C. (1969). Early stages of fertilization in vitro of 
human oocytes matured in vitro. Nature, Vol.221, No.5181, pp. 632-5, ISSN 0028-
0836 (Print) 0028-0836 (Linking) 

Eisenbach, M. & Giojalas, L. C. (2006). Sperm guidance in mammals - an unpaved road to 
the egg. Nat Rev Mol Cell Biol, Vol.7, No.4, pp. 276-85, ISSN 1471-0072 (Print) 1471-
0072 (Linking) 

Fang, H., Qiu, L., Vitkin, E., Zaman, M. M., Andersson, C., Salahuddin, S., Kimerer, L. M., 
Cipolloni, P. B., Modell, M. D., Turner, B. S., Keates, S. E., Bigio, I., Itzkan, I., 
Freedman, S. D., Bansil, R., Hanlon, E. B. & Perelman, L. T. (2007). Confocal light 
absorption and scattering spectroscopic microscopy. Appl Opt, Vol.46, No.10, pp. 
1760-9, ISSN 0003-6935 (Print) 0003-6935 (Linking) 

Fleming, S. D., Ilad, R. S., Griffin, A. M., Wu, Y., Ong, K. J., Smith, H. C. & Aitken, R. J. 
(2008). Prospective controlled trial of an electrophoretic method of sperm 
preparation for assisted reproduction: comparison with density gradient 
centrifugation. Hum Reprod, Vol.23, No.12, pp. 2646-51, ISSN 1460-2350 
(Electronic) 0268-1161 (Linking) 

Ford, W. (1990). The role of oxygen free radicals in the pathology of human spermatozoa: 
Implications of IVF. In Clinical IVF Forum; Current Views in Assisted 
Reproduction,  (ed. P. Matson & B. Lieberman), pp. 123-139: Manchester University 
Press. 

Gianaroli, L., Magli, M. C., Collodel, G., Moretti, E., Ferraretti, A. P. & Baccetti, B. (2008). 
Sperm head's birefringence: a new criterion for sperm selection. Fertil Steril, Vol.90, 
No.1, pp. 104-12, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Gianaroli, L., Magli, M. C., Ferraretti, A. P., Crippa, A., Lappi, M., Capitani, S. & Baccetti, B. 
(2010). Birefringence characteristics in sperm heads allow for the selection of 
reacted spermatozoa for intracytoplasmic sperm injection. Fertil Steril, Vol.93, No.3, 
pp. 807-13, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Giuliani, V., Pandolfi, C., Santucci, R., Pelliccione, F., Macerola, B., Focarelli, R., Rosati, F., 
Della Giovampaola, C., Francavilla, F. & Francavilla, S. (2004). Expression of gp20, 
a human sperm antigen of epididymal origin, is reduced in spermatozoa from 
subfertile men. Mol Reprod Dev, Vol.69, No.2, pp. 235-40, ISSN 1040-452X (Print) 
1040-452X (Linking) 

Grunewald, S., Paasch, U. & Glander, H. J. (2001). Enrichment of non-apoptotic human 
spermatozoa after cryopreservation by immunomagnetic cell sorting. Cell Tissue 
Bank, Vol.2, No.3, pp. 127-33, ISSN 1573-6814 (Electronic) 1389-9333 (Linking) 

 
Methods for Sperm Selection for In Vitro Fertilization 83 

Guidobaldi, H. A., Teves, M. E., Unates, D. R., Anastasia, A. & Giojalas, L. C. (2008). 
Progesterone from the cumulus cells is the sperm chemoattractant secreted by the 
rabbit oocyte cumulus complex. PLoS One, Vol.3, No.8, pp. e3040, ISSN 1932-6203 
(Electronic) 1932-6203 (Linking) 

Hallap, T., Haard, M., Jaakma, U., Larsson, B. & Rodriguez-Martinez, H. (2004). Does 
cleansing of frozen-thawed bull semen before assessment provide samples that 
relate better to potential fertility? Theriogenology, Vol.62, No.3-4, pp. 702-13, ISSN 
0093-691X (Print) 0093-691X (Linking) 

Henkel, R., Kierspel, E., Stalf, T., Mehnert, C., Menkveld, R., Tinneberg, H. R., Schill, W. B. & 
Kruger, T. F. (2005). Effect of reactive oxygen species produced by spermatozoa 
and leukocytes on sperm functions in non-leukocytospermic patients. Fertil Steril, 
Vol.83, No.3, pp. 635-42, ISSN 0015-0282 (Print) 0015-0282 (Linking) 

Henkel, R. R. & Schill, W. B. (2003). Sperm preparation for ART. Reprod Biol Endocrinol, 
Vol.1, pp. 108, ISSN 1477-7827 (Electronic) 1477-7827 (Linking) 

Hinting, A. & Lunardhi, H. (2001). Better sperm selection for intracytoplasmic sperm 
injection with the side migration technique. Andrologia, Vol.33, No.6, pp. 343-6, 
ISSN 0303-4569 (Print) 0303-4569 (Linking) 

Huser, T., Orme, C. A., Hollars, C. W., Corzett, M. H. & Balhorn, R. (2009). Raman 
spectroscopy of DNA packaging in individual human sperm cells distinguishes 
normal from abnormal cells. J Biophotonics, Vol.2, No.5, pp. 322-32, ISSN 1864-0648 
(Electronic) 1864-063X (Linking) 

Huszar, G., Jakab, A., Sakkas, D., Ozenci, C. C., Cayli, S., Delpiano, E. & Ozkavukcu, S. 
(2007). Fertility testing and ICSI sperm selection by hyaluronic acid binding: clinical 
and genetic aspects. Reprod Biomed Online, Vol.14, No.5, pp. 650-63, ISSN 1472-
6483 (Print) 1472-6483 (Linking) 

Huszar, G., Ozenci, C. C., Cayli, S., Zavaczki, Z., Hansch, E. & Vigue, L. (2003). Hyaluronic 
acid binding by human sperm indicates cellular maturity, viability, and unreacted 
acrosomal status. Fertil Steril, Vol.79 Suppl 3, pp. 1616-24, ISSN 0015-0282 (Print) 
0015-0282 (Linking) 

Ishijima, S. A., Okuno, M. & Mohri, H. (1991). Zeta potential of human X- and Y-bearing 
sperm. Int J Androl, Vol.14, No.5, pp. 340-7, ISSN 0105-6263 (Print) 0105-6263 
(Linking) 

Itzkan, I., Qiu, L., Fang, H., Zaman, M. M., Vitkin, E., Ghiran, I. C., Salahuddin, S., Modell, 
M., Andersson, C., Kimerer, L. M., Cipolloni, P. B., Lim, K. H., Freedman, S. D., 
Bigio, I., Sachs, B. P., Hanlon, E. B. & Perelman, L. T. (2007). Confocal light 
absorption and scattering spectroscopic microscopy monitors organelles in live 
cells with no exogenous labels. Proc Natl Acad Sci U S A, Vol.104, No.44, pp. 17255-
60, ISSN 0027-8424 (Print) 0027-8424 (Linking) 

Jakab, A., Sakkas, D., Delpiano, E., Cayli, S., Kovanci, E., Ward, D., Revelli, A. & Huszar, G. 
(2005). Intracytoplasmic sperm injection: a novel selection method for sperm with 
normal frequency of chromosomal aneuploidies. Fertil Steril, Vol.84, No.6, pp. 
1665-73, ISSN 1556-5653 (Electronic) 0015-0282 (Linking) 

Kheirollahi-Kouhestani, M., Razavi, S., Tavalaee, M., Deemeh, M. R., Mardani, M., 
Moshtaghian, J. & Nasr-Esfahani, M. H. (2009). Selection of sperm based on 
combined density gradient and Zeta method may improve ICSI outcome. Hum 
Reprod, Vol.24, No.10, pp. 2409-16, ISSN 1460-2350 (Electronic) 0268-1161 (Linking) 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 84

Lee, T. H., Liu, C. H., Shih, Y. T., Tsao, H. M., Huang, C. C., Chen, H. H. & Lee, M. S. (2010). 
Magnetic-activated cell sorting for sperm preparation reduces spermatozoa with 
apoptotic markers and improves the acrosome reaction in couples with 
unexplained infertility. Hum Reprod, Vol.25, No.4, pp. 839-46, ISSN 1460-2350 
(Electronic) 0268-1161 (Linking) 

Lopata, A., Brown, J. B., Leeton, J. F., Talbot, J. M. & Wood, C. (1978). In vitro fertilization of 
preovulatory oocytes and embryo transfer in infertile patients treated with 
clomiphene and human chorionic gonadotropin. Fertil Steril, Vol.30, No.1, pp. 27-
35, ISSN 0015-0282 (Print) 0015-0282 (Linking) 

Mahadevan, M. & Baker, G. (1984). Assessment and preparation of semen for in vitro 
fertilization. In Clinical In Vitro Fertilization,  (ed. C. Wood & A. Trounson), pp. 83-
97. Berlin: Springer-Verlag. 

Mallidis, C., Wistuba, J., Bleisteiner, B., Damm, O. S., Gross, P., Wubbeling, F., Fallnich, C., 
Burger, M. & Schlatt, S. (2011). In situ visualization of damaged DNA in human 
sperm by Raman microspectroscopy. Hum Reprod, Vol.26, No.7, pp. 1641-9, ISSN 
1460-2350 (Electronic) 0268-1161 (Linking) 

Manz, R., Assenmacher, M., Pfluger, E., Miltenyi, S. & Radbruch, A. (1995). Analysis and 
sorting of live cells according to secreted molecules, relocated to a cell-surface 
affinity matrix. Proc Natl Acad Sci U S A, Vol.92, No.6, pp. 1921-5, ISSN 0027-8424 
(Print) 0027-8424 (Linking) 

Meister, K., Schmidt, D. A., Brundermann, E. & Havenith, M. (2010). Confocal Raman 
microspectroscopy as an analytical tool to assess the mitochondrial status in human 
spermatozoa. Analyst, Vol.135, No.6, pp. 1370-4, ISSN 1364-5528 (Electronic) 0003-
2654 (Linking) 

Moohan, J. M. & Lindsay, K. S. (1995). Spermatozoa selected by a discontinuous Percoll 
density gradient exhibit better motion characteristics, more hyperactivation, and 
longer survival than direct swim-up. Fertil Steril, Vol.64, No.1, pp. 160-5, ISSN 
0015-0282 (Print) 0015-0282 (Linking) 

Morrell, J. M., Garcia, B. M., Pena, F. J. & Johannisson, A. (2011). Processing stored stallion 
semen doses by Single Layer Centrifugation. Theriogenology, Vol.76, No.8, pp. 
1424-32, ISSN 1879-3231 (Electronic) 0093-691X (Linking) 

Mortimer, D. (2000). Sperm preparation methods. J Androl, Vol.21, No.3, pp. 357-66, ISSN 
0196-3635 (Print) 0196-3635 (Linking) 

Nasr-Esfahani, M. H., Razavi, S., Vahdati, A. A., Fathi, F. & Tavalaee, M. (2008). Evaluation 
of sperm selection procedure based on hyaluronic acid binding ability on ICSI 
outcome. J Assist Reprod Genet, Vol.25, No.5, pp. 197-203, ISSN 1058-0468 (Print) 
1058-0468 (Linking) 

Parmegiani, L., Cognigni, G. E., Bernardi, S., Troilo, E., Ciampaglia, W. & Filicori, M. 
(2010a). "Physiologic ICSI": hyaluronic acid (HA) favors selection of spermatozoa 
without DNA fragmentation and with normal nucleus, resulting in improvement 
of embryo quality. Fertil Steril, Vol.93, No.2, pp. 598-604, ISSN 1556-5653 
(Electronic) 0015-0282 (Linking) 

Parmegiani, L., Cognigni, G. E., Ciampaglia, W., Pocognoli, P., Marchi, F. & Filicori, M. 
(2010b). Efficiency of hyaluronic acid (HA) sperm selection. J Assist Reprod Genet, 
Vol.27, No.1, pp. 13-6, ISSN 1573-7330 (Electronic) 1058-0468 (Linking) 

 
Methods for Sperm Selection for In Vitro Fertilization 85 

Said, T., Agarwal, A., Grunewald, S., Rasch, M., Baumann, T., Kriegel, C., Li, L., Glander, H. 
J., Thomas, A. J., Jr. & Paasch, U. (2006a). Selection of nonapoptotic spermatozoa as 
a new tool for enhancing assisted reproduction outcomes: an in vitro model. Biol 
Reprod, Vol.74, No.3, pp. 530-7, ISSN 0006-3363 (Print) 0006-3363 (Linking) 

Said, T. M., Agarwal, A., Grunewald, S., Rasch, M., Glander, H. J. & Paasch, U. (2006b). 
Evaluation of sperm recovery following annexin V magnetic-activated cell sorting 
separation. Reprod Biomed Online, Vol.13, No.3, pp. 336-9, ISSN 1472-6483 (Print) 
1472-6483 (Linking) 

Said, T. M., Agarwal, A., Zborowski, M., Grunewald, S., Glander, H. J. & Paasch, U. (2008). 
Utility of magnetic cell separation as a molecular sperm preparation technique. J 
Androl, Vol.29, No.2, pp. 134-42, ISSN 0196-3635 (Print) 0196-3635 (Linking) 

Said, T. M., Grunewald, S., Paasch, U., Glander, H. J., Baumann, T., Kriegel, C., Li, L. & 
Agarwal, A. (2005a). Advantage of combining magnetic cell separation with sperm 
preparation techniques. Reprod Biomed Online, Vol.10, No.6, pp. 740-6, ISSN 1472-
6483 (Print) 1472-6483 (Linking) 

Said, T. M., Grunewald, S., Paasch, U., Rasch, M., Agarwal, A. & Glander, H. J. (2005b). 
Effects of magnetic-activated cell sorting on sperm motility and cryosurvival rates. 
Fertil Steril, Vol.83, No.5, pp. 1442-6, ISSN 1556-5653 (Electronic) 0015-0282 
(Linking) 

Sakkas, D., Manicardi, G. C., Tomlinson, M., Mandrioli, M., Bizzaro, D., Bianchi, P. G. & 
Bianchi, U. (2000). The use of two density gradient centrifugation techniques and 
the swim-up method to separate spermatozoa with chromatin and nuclear DNA 
anomalies. Hum Reprod, Vol.15, No.5, pp. 1112-6, ISSN 0268-1161 (Print) 0268-1161 
(Linking) 

Schroter, S., Derr, P., Conradt, H. S., Nimtz, M., Hale, G. & Kirchhoff, C. (1999). Male-
specific modification of human CD52. J Biol Chem, Vol.274, No.42, pp. 29862-73, 
ISSN 0021-9258 (Print) 0021-9258 (Linking) 

Souza Setti, A., Ferreira, R. C., Paes de Almeida Ferreira Braga, D., de Cassia Savio Figueira, 
R., Iaconelli, A., Jr. & Borges, E., Jr. (2010). Intracytoplasmic sperm injection 
outcome versus intracytoplasmic morphologically selected sperm injection 
outcome: a meta-analysis. Reprod Biomed Online, Vol.21, No.4, pp. 450-5, ISSN 
1472-6491 (Electronic) 1472-6483 (Linking) 

Steptoe, P. C. & Edwards, R. G. (1978). Birth after the reimplantation of a human embryo. 
Lancet, Vol.2, No.8085, pp. 366, ISSN 0140-6736 (Print) 0140-6736 (Linking) 

Tea, N., Jondet, M. & Scholler, R. (1984). A migration-gravity sedimentation method for 
collecting motile spermatozoa from human semen. In: In Vitro Fertilization, 
Embryo Transfer and Early Pregnancy,  R. Harrison J. Bonnar & W. Thompson 
(Ed.), MTP Press ltd, Lancaster 

Teves, M. E., Barbano, F., Guidobaldi, H. A., Sanchez, R., Miska, W. & Giojalas, L. C. (2006). 
Progesterone at the picomolar range is a chemoattractant for mammalian 
spermatozoa. Fertil Steril, Vol.86, No.3, pp. 745-9, ISSN 1556-5653 (Electronic) 0015-
0282 (Linking) 

Tomlinson, M. J., Moffatt, O., Manicardi, G. C., Bizzaro, D., Afnan, M. & Sakkas, D. (2001). 
Interrelationships between seminal parameters and sperm nuclear DNA damage 
before and after density gradient centrifugation: implications for assisted 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 84

Lee, T. H., Liu, C. H., Shih, Y. T., Tsao, H. M., Huang, C. C., Chen, H. H. & Lee, M. S. (2010). 
Magnetic-activated cell sorting for sperm preparation reduces spermatozoa with 
apoptotic markers and improves the acrosome reaction in couples with 
unexplained infertility. Hum Reprod, Vol.25, No.4, pp. 839-46, ISSN 1460-2350 
(Electronic) 0268-1161 (Linking) 

Lopata, A., Brown, J. B., Leeton, J. F., Talbot, J. M. & Wood, C. (1978). In vitro fertilization of 
preovulatory oocytes and embryo transfer in infertile patients treated with 
clomiphene and human chorionic gonadotropin. Fertil Steril, Vol.30, No.1, pp. 27-
35, ISSN 0015-0282 (Print) 0015-0282 (Linking) 

Mahadevan, M. & Baker, G. (1984). Assessment and preparation of semen for in vitro 
fertilization. In Clinical In Vitro Fertilization,  (ed. C. Wood & A. Trounson), pp. 83-
97. Berlin: Springer-Verlag. 

Mallidis, C., Wistuba, J., Bleisteiner, B., Damm, O. S., Gross, P., Wubbeling, F., Fallnich, C., 
Burger, M. & Schlatt, S. (2011). In situ visualization of damaged DNA in human 
sperm by Raman microspectroscopy. Hum Reprod, Vol.26, No.7, pp. 1641-9, ISSN 
1460-2350 (Electronic) 0268-1161 (Linking) 

Manz, R., Assenmacher, M., Pfluger, E., Miltenyi, S. & Radbruch, A. (1995). Analysis and 
sorting of live cells according to secreted molecules, relocated to a cell-surface 
affinity matrix. Proc Natl Acad Sci U S A, Vol.92, No.6, pp. 1921-5, ISSN 0027-8424 
(Print) 0027-8424 (Linking) 

Meister, K., Schmidt, D. A., Brundermann, E. & Havenith, M. (2010). Confocal Raman 
microspectroscopy as an analytical tool to assess the mitochondrial status in human 
spermatozoa. Analyst, Vol.135, No.6, pp. 1370-4, ISSN 1364-5528 (Electronic) 0003-
2654 (Linking) 

Moohan, J. M. & Lindsay, K. S. (1995). Spermatozoa selected by a discontinuous Percoll 
density gradient exhibit better motion characteristics, more hyperactivation, and 
longer survival than direct swim-up. Fertil Steril, Vol.64, No.1, pp. 160-5, ISSN 
0015-0282 (Print) 0015-0282 (Linking) 

Morrell, J. M., Garcia, B. M., Pena, F. J. & Johannisson, A. (2011). Processing stored stallion 
semen doses by Single Layer Centrifugation. Theriogenology, Vol.76, No.8, pp. 
1424-32, ISSN 1879-3231 (Electronic) 0093-691X (Linking) 

Mortimer, D. (2000). Sperm preparation methods. J Androl, Vol.21, No.3, pp. 357-66, ISSN 
0196-3635 (Print) 0196-3635 (Linking) 

Nasr-Esfahani, M. H., Razavi, S., Vahdati, A. A., Fathi, F. & Tavalaee, M. (2008). Evaluation 
of sperm selection procedure based on hyaluronic acid binding ability on ICSI 
outcome. J Assist Reprod Genet, Vol.25, No.5, pp. 197-203, ISSN 1058-0468 (Print) 
1058-0468 (Linking) 

Parmegiani, L., Cognigni, G. E., Bernardi, S., Troilo, E., Ciampaglia, W. & Filicori, M. 
(2010a). "Physiologic ICSI": hyaluronic acid (HA) favors selection of spermatozoa 
without DNA fragmentation and with normal nucleus, resulting in improvement 
of embryo quality. Fertil Steril, Vol.93, No.2, pp. 598-604, ISSN 1556-5653 
(Electronic) 0015-0282 (Linking) 

Parmegiani, L., Cognigni, G. E., Ciampaglia, W., Pocognoli, P., Marchi, F. & Filicori, M. 
(2010b). Efficiency of hyaluronic acid (HA) sperm selection. J Assist Reprod Genet, 
Vol.27, No.1, pp. 13-6, ISSN 1573-7330 (Electronic) 1058-0468 (Linking) 

 
Methods for Sperm Selection for In Vitro Fertilization 85 

Said, T., Agarwal, A., Grunewald, S., Rasch, M., Baumann, T., Kriegel, C., Li, L., Glander, H. 
J., Thomas, A. J., Jr. & Paasch, U. (2006a). Selection of nonapoptotic spermatozoa as 
a new tool for enhancing assisted reproduction outcomes: an in vitro model. Biol 
Reprod, Vol.74, No.3, pp. 530-7, ISSN 0006-3363 (Print) 0006-3363 (Linking) 

Said, T. M., Agarwal, A., Grunewald, S., Rasch, M., Glander, H. J. & Paasch, U. (2006b). 
Evaluation of sperm recovery following annexin V magnetic-activated cell sorting 
separation. Reprod Biomed Online, Vol.13, No.3, pp. 336-9, ISSN 1472-6483 (Print) 
1472-6483 (Linking) 

Said, T. M., Agarwal, A., Zborowski, M., Grunewald, S., Glander, H. J. & Paasch, U. (2008). 
Utility of magnetic cell separation as a molecular sperm preparation technique. J 
Androl, Vol.29, No.2, pp. 134-42, ISSN 0196-3635 (Print) 0196-3635 (Linking) 

Said, T. M., Grunewald, S., Paasch, U., Glander, H. J., Baumann, T., Kriegel, C., Li, L. & 
Agarwal, A. (2005a). Advantage of combining magnetic cell separation with sperm 
preparation techniques. Reprod Biomed Online, Vol.10, No.6, pp. 740-6, ISSN 1472-
6483 (Print) 1472-6483 (Linking) 

Said, T. M., Grunewald, S., Paasch, U., Rasch, M., Agarwal, A. & Glander, H. J. (2005b). 
Effects of magnetic-activated cell sorting on sperm motility and cryosurvival rates. 
Fertil Steril, Vol.83, No.5, pp. 1442-6, ISSN 1556-5653 (Electronic) 0015-0282 
(Linking) 

Sakkas, D., Manicardi, G. C., Tomlinson, M., Mandrioli, M., Bizzaro, D., Bianchi, P. G. & 
Bianchi, U. (2000). The use of two density gradient centrifugation techniques and 
the swim-up method to separate spermatozoa with chromatin and nuclear DNA 
anomalies. Hum Reprod, Vol.15, No.5, pp. 1112-6, ISSN 0268-1161 (Print) 0268-1161 
(Linking) 

Schroter, S., Derr, P., Conradt, H. S., Nimtz, M., Hale, G. & Kirchhoff, C. (1999). Male-
specific modification of human CD52. J Biol Chem, Vol.274, No.42, pp. 29862-73, 
ISSN 0021-9258 (Print) 0021-9258 (Linking) 

Souza Setti, A., Ferreira, R. C., Paes de Almeida Ferreira Braga, D., de Cassia Savio Figueira, 
R., Iaconelli, A., Jr. & Borges, E., Jr. (2010). Intracytoplasmic sperm injection 
outcome versus intracytoplasmic morphologically selected sperm injection 
outcome: a meta-analysis. Reprod Biomed Online, Vol.21, No.4, pp. 450-5, ISSN 
1472-6491 (Electronic) 1472-6483 (Linking) 

Steptoe, P. C. & Edwards, R. G. (1978). Birth after the reimplantation of a human embryo. 
Lancet, Vol.2, No.8085, pp. 366, ISSN 0140-6736 (Print) 0140-6736 (Linking) 

Tea, N., Jondet, M. & Scholler, R. (1984). A migration-gravity sedimentation method for 
collecting motile spermatozoa from human semen. In: In Vitro Fertilization, 
Embryo Transfer and Early Pregnancy,  R. Harrison J. Bonnar & W. Thompson 
(Ed.), MTP Press ltd, Lancaster 

Teves, M. E., Barbano, F., Guidobaldi, H. A., Sanchez, R., Miska, W. & Giojalas, L. C. (2006). 
Progesterone at the picomolar range is a chemoattractant for mammalian 
spermatozoa. Fertil Steril, Vol.86, No.3, pp. 745-9, ISSN 1556-5653 (Electronic) 0015-
0282 (Linking) 

Tomlinson, M. J., Moffatt, O., Manicardi, G. C., Bizzaro, D., Afnan, M. & Sakkas, D. (2001). 
Interrelationships between seminal parameters and sperm nuclear DNA damage 
before and after density gradient centrifugation: implications for assisted 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 86

conception. Hum Reprod, Vol.16, No.10, pp. 2160-5, ISSN 0268-1161 (Print) 0268-
1161 (Linking) 

Wikland, M., Wik, O., Steen, Y., Qvist, K., Soderlund, B. & Janson, P. O. (1987). A self-
migration method for preparation of sperm for in-vitro fertilization. Hum Reprod, 
Vol.2, No.3, pp. 191-5, ISSN 0268-1161 (Print) 0268-1161 (Linking) 

Wright, V. C., Chang, J., Jeng, G. & Macaluso, M. (2008). Assisted reproductive technology 
surveillance--United States, 2005. MMWR Surveill Summ, Vol.57, No.5, pp. 1-23, 
ISSN 1545-8636 (Electronic) 0892-3787 (Linking) 

Xie, L., Ma, R., Han, C., Su, K., Zhang, Q., Qiu, T., Wang, L., Huang, G., Qiao, J., Wang, J. & 
Cheng, J. (2010). Integration of sperm motility and chemotaxis screening with a 
microchannel-based device. Clin Chem, Vol.56, No.8, pp. 1270-8, ISSN 1530-8561 
(Electronic) 0009-9147 (Linking) 

5 

Analysis of Permissive and  
Repressive Chromatin Markers in  

In Vitro Fertilized Bovine Embryos Just  
After Embryonic Genome Activation 

Clara Slade Oliveira, Naiara Zoccal Saraiva,  
Letícia Zoccolaro Oliveira and Joaquim Mansano Garcia 

São Paulo State University (UNESP Jaboticabal) 
Brazil 

1. Introduction  
Preimplantation development in mammalian species is a challenging stage of 
embryogenesis, which makes in vitro fertilization and embryo culture sophisticated 
biotechniques. One of the main tasks is to provide cultured embryos an adequate 
environment that allows embryonic-maternal transition, and consequent achievement of an 
independent gene expression program. 

In this respect, mammalian models have been used to further elucidate the mechanisms of 
embryonic genome activation. Within the main players in this context we can include 
chromatin compactor/relaxing agents, and among them histone modifying enzymes and 
their consequent posttranslational modifications. 

In this chapter, we aim to discuss some histone modification marks observed during 
embryonic genome activation, and how their monitoring can provide useful information 
about early embryo development.    

1.1 In Vitro Production (IVP) of mammalian embryos: How other species can 
contribute to human IVP improvement  

In vitro early embryo development was first established in human species in 1978 and 
represented an important achievement for Reproductive Medicine. However, despite 
several decades of research and clinical experience, in vitro development of blastocysts and 
pregnancy following embryo transfer has not been yet fully dominated. Although 
improvements of medium, atmosphere, hormone stimulation, oocyte recovery and embryo 
transfer protocols were achieved during the last 30 years, rates of in vitro developed 
blastocysts are still around 40% in most systems (Bannister & Kouzarides, 2011; Bolton et al., 
1991; Hardy et al., 1989; Zhang et al., 2010). Furthermore, the identification of 
developmentally competent embryos is still a difficult task. 

Among several critical steps of IVP, one that has the most stochastic consequence is the 
activation of embryonic genome. At this time point, a phenomenon observed in many 
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species is the developmental block of embryos due to the inability to activate zygotic genes 
and continue cleavage. As the usage of human embryos for research involves major ethical 
issues, most researches are conducted in other mammalian models.  In this context, despite 
several advantages of mouse physiology as a model for human development, bovine early 
embryo development presents more similarities to human at some aspects.  

Mouse embryos develop to the blastocyst stage in 3.5 days and the rate of blastocyst 
production in most labs is about 90%. Furthermore, developmental block during embryonic 
genome activation (EGA) is not a common phenomenon for most mouse embryos, occurring 
normally to only some inbreed mice strains (Shire & Whitten, 1980). On the contrary, one of 
the main causes of embryonic arrest for bovine embryos appears to be the inability to 
overcome chromatin repression before maternal RNAs stock has been depleted, which 
occurs approximately by the 8cell stage (Meirelles et al., 2004). Failure to activate zygotic 
genome on time is also an issue for human embryos, and most arresting embryos stop 
development at this time point (Artley et al., 1992). The timing of EGA is also closer between 
bovine (8-16cell) (Badr et al., 2007) and human (4-8 cell) (Braude et al., 1988) embryos, which 
corresponds to day 3 of embryonic development in both bovine (Oliveira et al., 2010) and 
human (Sepulveda et al., 2011) embryos.  

The reason why embryonic block does not affect most of mouse embryos might be related to 
the fact that EGA initiates in this species just a few hours after fertilization (Hamatani et al., 
2004), while for bovine and human embryos it takes up to 3 days. In fact, the lower rates of 
blastocysts observed for bovine and human comparing to mouse embryos might be as well a 
result of extended IVC, since culture environment can affect epigenetic modifications 
pattern (Enright et al., 2003). This aspect may contribute to the different gene transcription 
profiles observed between bovine embryos produced in vitro and in vivo (Wrenzycki et al., 
2004). In IVF embryos, some genes are expressed at a low level, such as transcripts 
associated with compactation/cavitation (Wrenzycki et al., 1996), stress adaptation (Rizos et 
al., 2002), embryonic metabolism (Bertolini et al., 2002), and X chromosome inactivation 
(Wrenzycki et al., 2002). 

Therefore, bovine embryogenesis seems to be an appropriate model for studying histone 
modifications in human pre implantation development, including in vitro embryonic 
genome activation. We believe that epigenetic marks can reflect developmental competence, 
and also that the manipulation of those epigenetic states might be useful to elucidate their 
roles during mammalian early embryo development. 

1.2 Maternal-zygotic transition: Achievement of an independent gene expression 
program  

1.2.1 Degradation of maternal mRNAs transcripts 

The oocyte is the largest mammalian cell, and has an extensive amount of cytoplasm 
comprising  an abundant reserve of RNAs. After oocyte maturation, nuclei is arrested in 
metaphase, when transcription stops and translation is reduced. The huge amount of RNA 
accumulated during oocyte growth is then kept and utilized during the first embryonic 
divisions as a maternal stock (Lonergan et al., 2003). Those maternal RNAs are essential for 
embryonic development until the event of EGA occurs, as they provide most translational 
elements used for protein synthesis during initial divisions. Therefore, adequate availability 
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of maternal transcripts should be present until that moment, which also explain why oocyte 
quality is so important for species which EGA occurs 2 or more cell cycles after fertilization, 
as in bovine embryos (Meirelles et al., 2004). 

The first few days of oocyte maturation and embryo development in human are 
characterized by a significant decrease in transcript levels, including pro apoptotic genes, 
suggesting that decay of those maternal RNAs are essential for embryo development 
(Dobson et al., 2004). Such a staged down regulation has not been reported for any organism 
during early development, and it is not clear whether it is required for genome activation to 
occur, or whether it is an independent event in early embryo development. Vassena et al. 
(2011) reported this maternal mRNA turnover to occur in two waves, tiled during early 
development. The first wave, termed ‘early maternal’, probably takes place between the 
Metaphase II (MII) and 2-cell stage, and during this time, maternal mRNAs are loaded onto 
polysomes, translocated and degraded. A second wave of maternal mRNA degradation, 
termed ‘late maternal’, included transcripts that decrease gradually over time. 

1.2.2 Activation of embryonic genome 

Embryonic genome activation timing differs between mammalian species. It occurs at the 2-
cell stage in mouse (Bensaude et al., 1983; Moore, 1975), at the 4- to 8-cell stage in horse 
(Brinsko et al., 1995) and human (Braude et al., 1988), and at the 8- to 16-cell stage in cow 
(De Sousa et al., 1998), sheep (Crosby et al., 1988), rabbit (Brunet-Simon et al., 2001) and 
monkey (Schramm & Bavister, 1999). Maternal-zygotic transition is essential for the 
activation of a large number of genes, thus achieving a gene expression pattern compatible 
with embryonic development and differentiation (Schultz, 2002). 

Most studies involving EGA are carried out in mouse embryos. In this species, the first signs 
of zygotic transcriptional activity occur few hours after fertilization, before first cleavage, 
mainly in the male pronucleus (Aoki et al., 1997; Nothias et al., 1996). This wave is named 
Minor Zygotic Activation (Minor ZGA), and it is responsible for a small set of peptides that 
are transiently increased by the 2cell stage. Then, during transition from 2 to 4 cell stage, a 
dramatic increase in transcriptional activity is described, entitled Major Zygotic Activation 
(Major ZGA), and embryonic gene expression pattern is established. Embryos that fail to 
activate their own genome are arrested (Rambhatla & Latham, 1995). At this moment, genes 
that encode basic cellular machinery are activated (Davis & Schultz, 1997). Nonetheless, 
embryonic genome must suffer a third wave of transcription activation at the 4cell stage. 
This wave represents the second major transition of gene expression profile, and is named 
mid pre-implantational gene activation (Hamatani et al., 2006). At this point, genes 
associated with critical function in early embryos, such as key regulators for epiblast (EPI) 
and trophectoderm (TE) specification, are activated.  

Human EGA was first described during the transition from 4- to 8- cell stages (Tesarík et al., 
1988). However, Vassena et al. (2011) recently identified transcriptional activity in the 
human embryo at the 2-cell stage. The authors also identified three waves of transcriptional 
activation in the human embryo: at 2-cell stage, 4-cell stage, and between the 6- and the 8- to 
10-cell stages. The major wave, which the authors interpreted as similar to Major ZGA in 
mouse, occurred between the 8-10 cell stages. In bovine, Minor ZGA is described from 1- to 
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4-cell stage, but major transition, which is responsible for embryonic developmental 
competence, occurs during the transition from the 8-16cell stage (Badr et al., 2007). 

In conclusion, we can observe that embryonic genome activity is dramatically transformed 
in just a few days, or even hours. Those transcriptional profiles reflect chromatin 
architecture and compaction, which is built in part by chromatin modifications. In the next 
topic, we will address how histone modifications can play a role in embryonic genome 
activation. 

1.3 Epigenetic mechanisms during early embryo development 

Epigenetic refers to the control of gene function and expression without changing genomic 
sequence. This regulation allows the existence of tissue-specific gene expression patterns 
within one organism (Li, 2002). Epigenetic modifications can control gene expression by a 
range of processes which include DNA methylation, post-translational histone 
modifications and non-coding RNAs. Covalent modifications of histones occurs on amino 
residues, primarily on the amino-terminal tail (Bannister & Kouzarides, 2011), and have 
fundamental functions on chromatin condensation, DNA replication, DNA repair, and gene 
regulation. Therefore, based on biochemical interaction, histone modifications can induce 
chromatin decondensation, allowing transcription factors to bind, or maintain nucleosomes 
tightly wound. 

Examples of some modifications that are commonly associated with active sites of 
transcription are acetylation of histone H3 and H4, as well as di- and trimethylation of lysine 
4 on histone H3 (Kouzarides, 2007). On the other hand, constitutively silenced DNA regions 
such as telomere, centromeres, and heterochromatin are hypoacetylated and highly 
methylated on particular amino acid residues (lysine 9 and lysine 27 of histone H3).  

Among histone modifications, acetylation and methylation have been so far the most 
described. Unlike histone acetylation, that is always associated with transcriptional 
activation, histone methylation can induce different outcomes depending on which residue 
is modified (Martin & Zhang, 2005). Both modifications are conducted by enzymes. For 
acetylation, histone acetyltransferase (HAT; adds acetyl groups) and histone deacetylase 
(HDAC; removes acetyls groups) are involved on lysine regulation (Wolffe & Guschin, 
2000). Several of these enzymes (HDACs 1, 2, 3, 7, and HAT1) have been detected in bovine 
embryos (McGraw et al., 2003), and as more research is conducted, it becomes apparent that 
crosstalk between enzymes is a common feature.  

Therefore, a wide array of epigenetic modifications participates in early embryo 
development, including DNA methylation and histone modifications, and they are crucial 
for genomic imprinting and X-chromosome inactivation in female embryos (Dean et al., 
2003). Time course studies demonstrate that those modifications are switched between 
embryonic stages and are well orchestrated to warrant normal development. For instance, 
levels of histone methylation are higher and histone acetylation levels are lower in male 
gametes compared to female gametes (Adenot et al., 1997; Kim et al., 2003; Sarmento et al., 
2004; Spinaci et al., 2004), resulting in minimal gene expression at this stage. Then, 
demethylation occurs soon after fertilization (Sanz et al., 2010). Histone methylation levels 
are reduced in 2 to 4 cell embryos, and start to increase at the 8- to 16-cell stage, concurrently 
with zygotic genome activation (Santos et al., 2003). Histone acetylation levels peak at the 
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time of zygotic genome activation, corresponding to a dramatic increase in gene expression 
levels, and then diminishes during the morula stage (Maalouf et al., 2008).  

At the blastocyst stage, DNA and histone methylation are elevated in the ICM, whereas DNA 
and histones are hypomethylated in the trophectoderm, which clearly reflects a difference 
between the two cell lineages (Reik et al., 2003). However, studies suggest that this epigenetic 
status segregation can occur even before. It has been demonstrated that chromatin 
modifications are differentially distributed between blastomeres as early as at 4-cell stage. 
Torres-Padilla et al. (2007) described CARM1 enzyme, a histone H3 arginine 
methyltransferase, as being involved in pluripotency achievement. Furthermore, methylation 
of arginine histone H3 residues is increased in 4-cell blastomeres that will contribute to ICM 
formation. Thus, histone modifications are involved in lineage specification in early embryos, 
and seems to occur earlier than most events related to embryo differentiation. 

In addition, studies have demonstrated that histone modifications are disrupted by embryo 
manipulation and in vitro culture. Santos et al. (2003) demonstrated that bovine embryos 
produced by somatic cell nuclear transfer (SCNT) presented hypermethylation of histone 
H3-K9. A study also reported that acetylation of lysine 5 on histone H4 (H4-K5ac) appears to 
change dramatically during early embryo development of IVF produced embryos, but 
remains consistently elevated in SCNT produced bovine embryos (Kang et al., 2002).   

Compared to in vitro fertilized embryos, SCNT bovine embryos have elevated 
heterochromatic histone methylation (H3K9me2) and H3K9-acetylation in the 
trophoectoderm layer (Santos et al., 2003). These and other modifications could explain the 
altered expression of vital developmental genes later in development. Bovine cultured cells 
also present a disrupted pattern of epigenetic modifications (Enright et al., 2003). In this 
respect, we described that it is possible to artificially increase histone acetylation during in 
vitro culture. Trichostatin A (TSA), a histone deacetylase inhibitor, can be added to culture 
medium at low concentrations without causing detrimental effects to embryonic 
development (Oliveira et al., 2011).  

Embryos cultured in TSA supplemented medium present higher acetylation levels, and 
develop normally. Furthermore, female and male embryos respond to TSA treatment in a 
different way (Oliveira et al., 2010), and this might be related to X chromosome inactivation 
event (unpublished results).  

In conclusion, epigenetic modifications are essential during early embryo development, and 
they have a predictable and well orchestrated pattern of expression which correlates with 
developmental potencial, and seems to influence lineage specification. It has been 
demonstrated that manipulation of embryos leads to disruption in histone modifications 
pattern, as we summarized in this topic. Therefore, monitoring of histone post-translational 
modifications during preimplantation development is an important tool for assessing 
culture environment. In addition, a better understanding of how those modifications can be 
manipulated might be even more interesting aiming the achievement of improved 
phenotype blastocysts and ES cells derivation, in terms of pluripotent capacity of inner cell 
mass. In this respect, we are studying concomitantly two well described histone 
modifications, H3k9ac (permissive chromatin) and H3k27me3 (repressive chromatin), in 
bovine embryos. At this stage, we aimed to describe how they correlate and are distributed 
during EGA, comparing blastomeres within one embryo.  
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4-cell stage, but major transition, which is responsible for embryonic developmental 
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time of zygotic genome activation, corresponding to a dramatic increase in gene expression 
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2. In Vitro Production (IVP) of bovine embryos 
Development of bovine embryos in vitro for research purposes is mainly carried out using 
oocytes obtained from slaughterhouse ovaries. Blastocyst production includes oocyte 
maturation, in vitro fertilization and embryo culture, and can be accomplished in 7-8 days, 
with rates of approximately 40%. Here we briefly describe all steps of this process. 

2.1 Supplements 

Reagents and culture media were purchased from Sigma Chemical Co. (St. Louis, MO) 
unless otherwise stated.  

2.2 Preparation and selection of oocytes 

Bovine ovaries were collected at a local slaughterhouse and processed within 2 h after 
slaughter. The ovaries were washed in saline (37ºC) and follicles measuring 3 to 8 mm in 
diameter were aspirated with an 18-gauge needle coupled to a 20-mL syringe. Follicle liquid 
was placed in a 50 mL conic tube for 20 min sedimentation at 37ºC, and then 10 mL of the 
sediment was collected and transferred to 100 mm Petri dishes. Cumulus-oocyte complexes 
(COCs) presenting at least three layers of cumulus cells and homogenous cytoplasm were 
selected under a stereomicroscope. The COCs were washed in HEPES-buffered TCM-199 
(Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal calf serum 
(FCS; Cripion Biotecnologia, Andradina, SP, Brazil), 16 µg/mL sodium pyruvate and 83.4 
µg/mL amikacin (Instituto Biochimico, Rio de Janeiro, RJ, Brazil).  

2.3 In vitro maturation (IVM) 

Groups of 15 COCs were transferred to 100-µL drops of medium containing sodium 
bicarbonate-buffered TCM-199 supplemented with 10% FCS, 1.0 µg/mL FSH (Folltropin™, 
Bioniche Animal Health, Belleville, ON, Canada), 50 µg/mL hCG (Profasi™, Serono, Sao 
Paulo, SP, Brazil), 1.0 µg/mL estradiol, 16 µg/mL sodium pyruvate and 83.4 µg/mL 
amikacin, covered with sterile mineral oil (Dow Corning Co., Midland, MI, USA) and 
incubated for 24 h at 38.5°C in an atmosphere of 5% CO2 in air under saturated humidity. 

2.4 In vitro fertilization (IVF) 

After in vitro maturation (IVM) the cumulus cells were partially removed from the oocytes 
by vigorous pipetting. Groups of 20 oocytes were washed twice and transferred to 80-µL 
drops of TALP-IVF medium supplemented with 0.6% BSA, 10 µg/mL heparin, 18 µM 
penicillamine, 10 µM hypotaurine and 1.8 µM epinephrine, and covered with sterile mineral 
oil. A frozen straw of semen was thawed at 35.5°C and centrifuged on a discontinuous 
45/90 Percoll gradient for 7 min at 3600 x g. The pellet was collected (100 µL) and 
resuspended in 700 µL TALP-IVF medium and again centrifuged for 5 min at 520 x g. After 
centrifugation, 30 µL of the medium containing the pellet was collected from the bottom of 
the tube and homogenized in a conical tube. The suspension was adjusted for a final 
concentration of approximately 104 mobile spermatozoa for each oocyte. The plates were 
incubated at 38.5°C for 20 h in an atmosphere of 5% CO2 in air under saturated humidity. 
Semen from the same bull and the same batch was used for all replicates. 
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2.5 In vitro culture (IVC) 

After IVF, presumptive zygotes were denuded of cumulus cells by vigorous pipetting. 
Embryos were washed three times and transferred in groups of 15 to 20 to be cultured in 
100-µL drops of SOF medium supplemented with 5 mg/mL BSA and 2.5% FCS. The dishes 
were then incubated in an atmosphere of 5% O2 in air under saturated humidity for 5 days 
at 38o C. The cleavage rate, blastocyst development, and blastocyst hatching were evaluated 
48 h, 7 days and 9 days after IVF, respectively. 

2.6 Immunocytochemistry of H3K9ac and H3k27me3 

For this experiment, we used day 5 embryos, 70h after IVF. At this timepoint, approximately 
30-50% of embryos should be at the 5th cell cycle. Embryos were fixed in 4% paraformaldehyde 
for 30 min at 37°C and stored at 4°C in PBS supplemented with 3% BSA and 0.5% Triton X-100 
for up to 1 week. Fixed embryos were incubated in blocking solution (3% BSA and 0.2% 
Tween-20 in PBS) for 1 h at room temperature. Next, the embryos were incubated with the 
primary antibodies (mouse anti-H3K9ac monoclonal antibody, 1:200, and rabbit anti-
H3k27me3 monoclonal antibody (1:200; Upstate Biotechnology, Lake Placid, NY, USA) for 12 
h at 4°C. The embryos were then washed three times in PBS for 10 min and incubated with the 
secondary antibody (chicken anti-mouse-alexa 488; 1:200; Invitrogen Molecular Probes, 
Eugene, OR, EUA), and goat anti-rabbit-alexa 555 (1:200; Invitrogen Molecular Probes, Eugene, 
OR, EUA) for 1 h. Nuclei were counterstained with 10 µL/mL Hoechst 33342 for 20 min. The 
embryos were washed three times for 10 min in PBS and examined under a fluorescence 
microscope. Reactions in which the primary antibody was omitted served as negative control. 
Images of each structure were captured with an AxioCam camera and stored using the 
AxioVision 4.7.1 software (Carl Zeiss, Jena, Germany).  

Images were measured for fluorescence intensity on each blastomere (day 5 embryos) using 
Adobe Photoshop CS3 (Adobe Systems Inc., Beaverton, OR, USA). First, the three images 
from each embryo (HOECHST, Alexa 488 and Alexa 555) were placed together in a new file, 
in different layers. Nuclei were selected with the magic wand tool in HOECHST layer for 
each blastomere. Sections were measured using the histogram function through the red 
(H3k27me3) and green (H3k9ac) channels. Photoshop assigns intensity values between 0 
and 255 to each pixel in the selected area and then averages these intensities, giving the 
mean intensity of the selected region. For each embryo, the mean intensity of blastomeres 
was normalized to the lowest level. After, levels were classified into 7 categories. 

2.7 Statistical analysis 

Mean frequency of each category of normalized blastomeres was analyzed by one-way 
ANOVA and means were compared by the Tukey test. Statistical analysis was performed 
using the SAS 9.1 software (SAS Institute Inc., Cary, NC, USA). 

3. Results 
We evaluated two replicates and 12 embryos during the transition from 8- to 16-cell stages, 
totaling 169 blastomeres. The pattern detected for each embryo can be seen in Figure 1. As 
we can observe, levels of H3k27me3 varied accordingly to levels of H3k9ac. In others words, 
blastomeres that presented higher H3k27me3 tended to present higher H3k9ac, which 
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means that, for those embryos, global increases on repressive marks (H3k27me3) leads to 
increases in permissive marks (H3k9ac) as well.  

Then we normalized the fluorescence level of each blastomere to the lowest level obtained, 
within each embryo. In this analysis, we observed that some embryos displayed a high 
individual variation between blastomeres, as demonstrated in Figure 2.  

Therefore, we divided the embryos into two classes: A, for embryos that presented similar 
H3k9ac and H3k27me3 between blastomeres (8 embryos, 66%), and B, for embryos that 
exhibited variations between blastomeres (at least 2 blastomeres presenting 2fold increase in 
H3k9ac compared to the lowest blastomere) (4 embryos, 33%). Within each class, we 
classified the blastomeres accordingly to their intensity level: 1 to 1.5 (I), 1.5 to 2 (II), 2 to 2.5 
(III), 2.5 to 3 (IV), 3 to 3.5 (V), 3.5 to 4 (VI), 4 to 4.5 (VII). 

 
Fig. 1. Pattern of H3k9ac and H3k27me3 for 12 different embryos. Rows represent 
fluorescence levels of individual blastomeres. A) Embryos that presented similar levels of 
H3k9ac and H3k27me3 between blastomeres. B) Embryos that presented at least 2 
blastomeres presenting 2-fold increases on H3k9ac levels, comparing to lowest level. 

In class A embryos, we detected for H3k9ac a higher (P < 0.05) frequency of level I 
blastomeres, corresponding to 80%. The other blastomeres were classified in level II (18.3%) 
and III (1.6%). In this class of embryos, we did not detect any blastomeres in levels IV-VII, 
which means that most blastomeres presented similar lower levels of H3k9ac. The same 
pattern was observed in class I embryos for repressive mark H3k27me3. These results indicate 
that H3k9ac and H3k27me3 levels are constant between blastomeres in class I embryos, and 
their variation to the lowest blastomere level is only 2.5 fold maximum, in a small percentage 
of cells. Also, H3k9ac and H3k27me3 exhibited the same pattern of expression. 
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Fig. 2. Levels of H3k9ac and H3k27me3 in individual blastomeres from 12- to 16-cell 
embryos. I) Immunocitochemistry reaction for H3k9ac (Alexa 488, green) and H3k27me3 
(Alexa 555, red) in class A (a,b) and class B (d,e) embryos. Nuclei were counterstained with 
HOECHST 33342 (c,f). II) Percentage (mean ± S.E.) of blastomeres from class A (a,b) and B 
(c,d) in H3k9ac and H3k27me3 level categories. In each embryo, blastomeres were 
normalized to the lowest H3k9ac level. ABCMeans with different letters within the same 
group are not equal (ANOVA one way and Tukey post test, P < 0.05).  
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On the other hand, when we assessed class B embryos, we observed that only 36% 
blastomeres were classified as level I. This percentage was superior (P < 0.05) when 
compared to the percentage of embryos classified as levels V (9.2%), VI (1.9%) and VII 
(1.9%), but was similar to the frequency observed for levels II (14.8%), III (23.2%) and IV 
(12.4%). Thus, it can be suggested that a higher variation among H3k9ac levels is present in 
class B embryos. Additionally, for H3k27me3, the same pattern was observed, although 
level I frequency was higher (48.4%) and similar to level III (18.5%), and both levels I and III 
were superior (P < 0.05) to levels II (11.7%), IV (5.0%), V (6.6%), VI (3.8%) and VII (5.8%). 
Based on these results, it can be infered that, for class B embryos, levels of H3k9ac and 
H3k27me3 displayed a remarkable variation between blastomeres, up to 4.5 fold higher than 
the lowest blastomere level. 

We also wanted, we wanted to confirm if the variations observed for H3k9ac and H3k27me3 
were occuring in the same intense for both marks. Therefore, each blastomere level was 
tested for Person’s correlation analysis. It was observed an extremely high correlation 
coeficient (r = 0.913) and a significant P value (P < 0.0001), confirming our hypothesis that 
H3k9ac and H3k27me3 are hightly correlated (Figure 3). In other words, we observed that in 
12- to 16-cell embryos repressive and permissive marks vary in the same direction and 
intensity. 

 

 

 
 

Fig. 3. Correlation between H3k9ac and H3k27me3 in individual blastomeres from 12- to 16-
cell embryos.  
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4. Conclusions and future directions 
Our results describe the presence of two distinguishable populations of bovine embryos 
during the 4th cell cycle, considering their epigenetic status. One population presented 
similar levels of repressive and permissive marks in all blastomeres, while the second one 
displayed a remarkable variation among their blastomeres.  

Those changes were reported 2 cell cycles earlier than lineage specification in blastocysts. In 
mice, it has been demonstrated that differences in histone modifications between 
blastomeres as early as at the 4-cell stage reflect pluripotency, 2 cycles before trophectoderm 
differentiation (Torres-Padilla et al., 2007). Furthermore, only a specific population of 
embryos, based on their cleavage pattern, presented this difference in histone modification 
levels between blastomeres. Therefore, it is possible that the same phenomena happens in 
bovine embryos, and that might explain our findings.  

In other words, those variable histone modification levels within class B embryos might show 
differences in pluripotent competence between blastomeres in the same embryo. In this case, 
cellular differentiation, which can be clearly seen after blastocyst formation, might have 
already been initiated in the 16-cell bovine embryo. However, this preliminary data should be 
further investigated. Time lapse studies, following the cell fate decisions of those blastomeres 
and better characterization of how they were derived are needed to elucidate this question.  

In addition, here we demonstrated that global levels of permissive and repressive marks are 
correlated at this time point. These results suggest that, in 4th cell cycle embryos, no global 
switch between repressive and permissive marks is detected; and that level of those marks 
still goes along together. 

In conclusion, embryonic genome activation is a crucial step across early embryo 
development, and it is accompanied by a dramatic change in epigenetic profile of 
blastomeres. Monitoring of histone modifications related to euchromatin and 
heterochromatin is an important tool to assess developmental competence in a sense that 
those marks are altered when manipulation and environmental stress conditions are 
applied. In this chapter, we described the pattern of IVC embryos in the cycle after 
embryonic genome activation, considering a repressive (H3k27me3) and a permissive 
(H3k9ac) histone modification mark. Those experiments would also be useful in order to 
compare culture conditions of IVF embryos, and how they would respond after 
environmental challenges. Interestingly, we found two distinguishable populations of 
embryos, one presenting similar profiles between blastomeres and other presenting 
remarkable changes between blastomeres. This observation should be further studied, as it 
might be reflecting distinct cleavage pattern embryos and pluripotency competence.  
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On the other hand, when we assessed class B embryos, we observed that only 36% 
blastomeres were classified as level I. This percentage was superior (P < 0.05) when 
compared to the percentage of embryos classified as levels V (9.2%), VI (1.9%) and VII 
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coeficient (r = 0.913) and a significant P value (P < 0.0001), confirming our hypothesis that 
H3k9ac and H3k27me3 are hightly correlated (Figure 3). In other words, we observed that in 
12- to 16-cell embryos repressive and permissive marks vary in the same direction and 
intensity. 

 

 

 
 

Fig. 3. Correlation between H3k9ac and H3k27me3 in individual blastomeres from 12- to 16-
cell embryos.  
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4. Conclusions and future directions 
Our results describe the presence of two distinguishable populations of bovine embryos 
during the 4th cell cycle, considering their epigenetic status. One population presented 
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Those changes were reported 2 cell cycles earlier than lineage specification in blastocysts. In 
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cellular differentiation, which can be clearly seen after blastocyst formation, might have 
already been initiated in the 16-cell bovine embryo. However, this preliminary data should be 
further investigated. Time lapse studies, following the cell fate decisions of those blastomeres 
and better characterization of how they were derived are needed to elucidate this question.  

In addition, here we demonstrated that global levels of permissive and repressive marks are 
correlated at this time point. These results suggest that, in 4th cell cycle embryos, no global 
switch between repressive and permissive marks is detected; and that level of those marks 
still goes along together. 

In conclusion, embryonic genome activation is a crucial step across early embryo 
development, and it is accompanied by a dramatic change in epigenetic profile of 
blastomeres. Monitoring of histone modifications related to euchromatin and 
heterochromatin is an important tool to assess developmental competence in a sense that 
those marks are altered when manipulation and environmental stress conditions are 
applied. In this chapter, we described the pattern of IVC embryos in the cycle after 
embryonic genome activation, considering a repressive (H3k27me3) and a permissive 
(H3k9ac) histone modification mark. Those experiments would also be useful in order to 
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1. Introduction  
The mammalian oocyte and embryo display considerable plasticity. Even in sub-optimal 
conditions, as in vitro environment may be certainly considered, the oocyte is able to 
mature, face fertilization and develop first into an embryo and finally to a live offspring. 
Such ability has encouraged, over the decades, the development of numerous in vitro 
assisted reproductive technologies (ART) in several species, included human. Nowadays, 
more than 30 years after its inception, human ART are routinely and successfully applied  to 
solve fertility problems, which affect ~ 15% of reproductive age couples and have significant 
medical, social and financial implications.  

The use of ART has increased steadily over the last years also because of its perceived safety. 
Worldwide, it is now estimated that more than 3 million babies have been born as a 
consequence of the application of ART (Grace & Sinclair, 2009). Although the majority of 
children born after ART are healthy, safety is still a cornerstone for reproductive technologies.  

A number of studies have hypothesized that manipulation of conception may negatively 
affect embryonic and fetal development and possibly have lifelong consequences on the 
offspring (DeRyche et al., 2002; Thompson et al., 2002). Moreover, abundant evidence from 
animal species showed that in vitro manipulation during ART influences the genetics and 
physiologic development of the embryos.  

These data support the idea that the earliest stages of life set the basis for the future health of 
the offspring (Barker, 1997) and highlight an inadequate understanding of the cellular and 
molecular basis of reproduction. A deeper knowledge about  preimplantation development 
is a fundamental prerequisite for a safer application of reproductive in vitro technologies. 

Because of the peculiar characteristics of the mammalian oocyte and pre-implantation 
embryo, the analysis of gene expression status during the very first phases of life is essential 
for the evaluation of ART safety. As a matter of fact, disruption in the regulation of gene 
expression has been often observed as a consequence of in vitro manipulation (Humpherys 
et al., 2001; Yang et al., 2005; Young et al., 2001).  
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Importantly, in several species ART has been associated with imprinting disruption. In vitro 
culture was seen to cause abnormal epigenetic modifications and subsequent deregulation of 
imprinted genes, in association with early embryonic losses and a variety of abnormal 
phenotypes (de Sousa et al., 2001; Wrenzycki & Niemann, 2003; Yang et al., 2005; Young et al., 
2001). Faulty nuclear reprogramming is considered the primary cause of the reported defects.  

Epidemiologic studies have revealed that the use of some reproductive technologies is 
associated with an increased frequency of imprinting defects in humans as well (De Rycke et 
al., 2002; Powell, 2003; Stromberg et al., 2002; Thompson et al., 2002). Disruption of 
imprinting has raised particular concern since it is involved in the etiology of severe 
developmental disorders in humans (Arnaud & Feil, 2005; Scarano et al., 2005), such as 
Beckwith-Wiedemann and Angelman syndromes.  

Studies on preimplantation embryo development are crucial to gain insight into the 
molecular mechanisms correlated with an undisturbed embryonic and fetal development 
and to improve efficiency and safety of assisted reproductive biotechnologies.  

Due to the obvious scarcity of human oocytes and embryos for research, the use of 
appropriate animals models (reliable, cost-effective and featuring the characteristics of 
human fertilization) is of irreplaceable  support.  

In this chapter, we will discuss the effect of ART on early embryonic development, focusing 
on gene expression. The characteristics of the transcriptome of mammalian oocytes and pre-
implantation embryos will be described, as well as the reprogramming events that take 
place during oocyte-to-embryo transition. The effects of ART on regulation of gene 
expression and on imprinting will be examined, together with short- and long-term 
consequences for the embryo/fetus/offspring. The benefits of using animal models will be 
addressed, highlighting the peculiarities and advantages of different mammalian species.  

2. Controversy on safety in assisted reproduction 
Since the birth of the first baby conceived by in vitro fertilization, in 1978 (Steptoe & 
Edwards, 1978), more than 3 million babies have been born as a consequence of ART 
application (Grace & Sinclair, 2009). The original IVF technique, which involved mixing 
oocytes and sperm in vitro and then transferring the embryo into the womb, was evaluated 
as “safe” in follow-up studies of IVF children (Friedler et al., 1992; Saunders & Lancaster, 
1989). Progressively more interventionist and daring techniques have been set up to treat 
infertility. Women were hormonally treated to stimulate ovulation, oocytes and sperm have 
been manipulated in various way to achieve fertilization, microassisted techniques, such as 
Intracytoplasmic Sperm Injection (ICSI) and pre-implantation genetic diagnosis (PGD), were 
developed. However, unlike most therapeutic procedures used in medicine, assisted 
reproductive technologies never underwent rigorous safety testing before clinical use. 
Consequently, safety concerns arise for at least two major reasons:  

i. treatments for infertility overcome natural barriers that prevent fertilization. (i.e. as 
these technologies are used to overcome infertility phenotypes that may have a genetic 
basis, unwanted genetic traits may be possibly transmitted to offspring) 

ii. the reproductive technology itself may exert adverse consequences on the health of the 
offspring. 
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The application of IVF/ICSI to treat infertility is a clear example of this phenomenon. ICSI is 
an in vitro fertilization procedure in which a single sperm is injected directly into an oocyte. 
It was developed in 1992 (Palermo et al., 1992) and was quickly undertaken as allows men 
not producing healthy mobile sperm to become fathers. Nowadays, ICSI is often the method 
of choice for ART, and accounts for more than half of all assisted reproductive treatment in 
the western countries (USA 57.5%, Australia/New Zealand 58.6%, Europe 59.3%; Andersen 
et al., 2008). The use of such an aggressive technique has raised heavy concerns. The 
injection of the sperm directly inside the oocyte bypasses natural selection mechanisms, 
possibly passing infertility problems to the next generation or, even worse, overcoming 
natural barriers that are meant to stop genetic abnormalities carried out by faulty sperms. 
Moreover, ICSI may physically impair molecular mechanisms needed for proper 
fertilization and further development. 

The concern about ART safety is supported by several studies that assessed the risk of birth 
defects in children conceived by ART compared to naturally conceived infants.  

Higher risk of birth defects was reported in children conceived by IVF or ICSI compared to 
controls (Allen et al., 2006; Hansen et al., 2002; Kurinczuk & Bower, 1997), while singletons 
conceived after assisted fertilization consistently showed higher risk of low birthweight, 
preterm delivery and perinatal death than spontaneously conceived singletons (Allen et al., 
2006; Bergh et al., 1999; Jackson et al., 2004; McDonald et al., 2005, 2009; McGovern et al., 
2004; Schieve et al., 2002; Sutcliff & Ludwig, 2007;). Noticeably, even after adjusting for 
factors such as multiple birth, mother’s age and preterm deliveries, the risks of birth defects 
highlighted in these studies remain higher for assisted reproduction-groups. 

Over the years, this scientific evidence on ART safety has attracted considerable attention 
and has been highly criticized, especially by practitioners of assisted reproduction. The 
studies were accused of design flows, including the retrospective nature of most of them. In 
addition, the debate was enlivened by several studies clashing with the evidence of safety 
risks associated with ART procedures: no evidence for worries in IVF/ICSI babies was in 
fact repeatedly reported (Bonduelle et al., 1996; Romundstad et al., 2008).  

It has been argued that some of the morbidity associated with ART does not result from the 
techniques, but from the underlying health risks of being subfertile. A large population-
based cohort study was carried out using sibling-relationship comparisons (women 
conceiving at least one child spontaneously and one after ART; Romundstad et al., 2008). 
Results suggested that the adverse outcomes of assisted fertilisation compared with those in 
the general population could be due to factors leading to infertility, rather than factors 
related to the reproductive technology. Accordingly, studies of couples with reduced 
fertility, who eventually conceived spontaneously, showed higher risk of adverse perinatal 
outcomes than those without fertility problems (Basso & Baird, 2003; Draper et al., 1999; 
Ghazi et al., 1991; Henriksen et al., 1997; Williams et al., 1991).  

In the bargain, the disagreement among studies  is often due to different definition of “birth 
defects”, leading to an inconsistent classification of congenital abnormalities and other 
adverse outcomes.  

In summary, despite the large effort to study the effects of reproductive technologies, there 
is still only an incomplete picture of the risks associated with the use of ART. The existing 
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worries on potential unpleasant outcomes on a short- and long-term call for increased 
studies on the basic biology of fertilization and pre-implantation development, and on the 
effect of in vitro manipulation of oocytes and embryos.  

Research in animal models, which is by its nature free of the biases that make the studies in 
human defective, should be broadened to identify the potential risks of ART application on 
short and long-term. 

3. Focus on preimplantation embryo development 
It is nowadays accepted that the earliest stages of life set the basis for the future health of the 
offspring (Barker, 1997). From this perspective, it is foreseeable that any disturbance during 
the very early development, as well as sub-optimal conditions (i.e. in vitro environment), 
may adversely affect the future offspring. Accordingly, abundant evidence in several species 
assessed that manipulation of gametes and embryo through ART may exert undesirable 
consequences on the offspring on a short- and long-term (DeRyche et al., 2002; Thompson et 
al., 2002).  

Although the use of fertility treatment is increasing all over the world and in vitro 
reproductive technologies are routinely applied in several species for both research and 
commercial purposes, the technologies are still far from being perfect. Even in the best cases, in 
vitro embryo production achieves success rates hardly comparable to the in vivo ones, 
indicating that current in vitro procedures do not sufficiently resemble the reproductive 
physiology. At the same time, ART conceived offspring was seen to be different from naturally 
conceived individuals. Further research on gametes and preimplantation embryos is therefore 
fundamental to ameliorate the technologies and to evaluate the effect on the offspring. 

As transcription is the first biologic/adaptive response to a perturbation or to an external 
stimulus, an adequate understanding of the gene expression status and regulation  during 
the very first phases of development is an essential approach for the evaluation of ART 
safety. For this reason, in recent years gene expression studies have been increasing and 
integrated the numerous experimental approaches used in the past. Although the birth of a 
live and healthy offspring is considered the best parameter to evaluate the fitness of an 
embryo, gene expression studies during pre-implantation development have the advantage 
of being cost- and time-effective and, most importantly, they highlight differences at the 
molecular level that may be undetectable at birth, but affect the health of the adult. 

3.1 Transcriptome of mammalian oocytes and pre-implantation embryos 

In mammals, oogenesis is characterized by alternating active meiotic progression to long 
times of meiotic arrest. Resumption of meiosis occurs in fully grown oocytes (FGO) that 
complete first meiosis and then mature to metaphase II (MII). Completion of meiosis is 
dependent on fertilization, that leads to anaphase II and the formation of the first mitotic 
interphase. The time from fertilization to implantation of the embryo in the uterus is called 
pre-implantation embryonic development (PED).  

The regulation of gene expression in oocytes and pre-implantation embryos shows peculiar 
characteristics. Oocyte maturation and early pre-implantation development are essentially 
under “maternal command” from factors deposited in the cytoplasm during oocyte growth, 
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independent of de novo transcription from the mature oocyte and the nascent embryo. The 
FGO contains all the maternal RNAs and proteins necessary to activate the molecular 
pathways required for fertilization and early embryogenesis (Cui and Kim, 2007; Pennetier 
et al., 2004). As a consequence, just after fertilization, the transcriptome of the embryo 
consists only in the maternally deposited transcripts. After several cell divisions, these 
maternal transcripts are specifically degraded and are replaced by embryonic transcripts 
produced by the new diploid cells, containing both maternal and paternal genes. This 
transition is termed embryo genome activation (EGA). The timing of EGA  varies among 
species: in humans and bovines it occurs between the four- and eight- cell stages (Telford et 
al., 1990), in ovine between the eight-and the sixteen-cell stage (Kopecny, 1989), while in 
mouse between the one- and two-cell stage of development (Schultz, 1993).  

Precise control of the dynamic changes that occur in the ooplasm during the phases of 
oocyte-to-embryo transition (OET), until EGA, is crucial for a proper development of the 
nascent embryo. The transcriptional quiescence requires extensive post-transcriptional and 
post-translational activities (Seydoux, 1996; Solter et al., 2002). Three major mechanisms take 
place, commencing at oocyte maturation and during the subsequent transcriptionally silent 
stages of development: (i) timely translation of stored maternal transcripts (ii) post-
translational modification of existing and/or newly synthesized proteins (iii) degradation of 
no longer needed proteins and mRNAs. 

These mechanisms exploit the differential stability of the maternal mRNAs stored in the 
ooplasm (Oh et al., 2000). During oocyte growth, many transcribed mRNAs are de-
adenylated and stored in the ooplasm in a stable dormant form for subsequent translation. 
During translational activation, their limited 3′ poly(A) tails lengthen (Bachvarova, 1992), a 
sign that active translation is occurring (Richter, 1999). Half of the poly(A) mRNAs found in 
the fully-grown oocyte is de-adenylated during maturation, and by the 2-cell stage, the 
embryo contains less than 30% original amount of adenylated mRNAs found in the egg 
(Piko & Clegg, 1982).  

4. Animal models: Peculiarities and advantages of different mammalian 
species 
Due to the obvious scarcity of human oocytes and embryos for research, the use of 
appropriate animals models  is of irreplaceable support for studying the basic biology of 
fertilization and pre-implantation development and for ART optimization. This is possible 
because the molecular mechanisms contributing to oogenesis and to PED progression are 
highly conserved among mammals (Gilbert, 2000). Although EGA occurs at different stages 
of development in different mammalian species (Kopecny, 1989; Schultz, 1993; Telford et al., 
1990), the mechanisms of activation of the embryonic genome are in fact similar. All 
mammalian species progress through the same morphologic stages; perhaps, the most 
marked difference is the amount of time spent at each step, while the other notable 
interspecies differences appear after the blastocyst stage.  

The comparison between maternally-deposited and EGA-activated transcripts in humans, 
cattle and mice indicates that maternal transcripts are generally more conserved than 
transcripts newly synthesized by the embryo (Xie et al., 2010). The conservation of the first 
phases of PED among mammals has encouraged the use of animal models for studying 
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worries on potential unpleasant outcomes on a short- and long-term call for increased 
studies on the basic biology of fertilization and pre-implantation development, and on the 
effect of in vitro manipulation of oocytes and embryos.  

Research in animal models, which is by its nature free of the biases that make the studies in 
human defective, should be broadened to identify the potential risks of ART application on 
short and long-term. 

3. Focus on preimplantation embryo development 
It is nowadays accepted that the earliest stages of life set the basis for the future health of the 
offspring (Barker, 1997). From this perspective, it is foreseeable that any disturbance during 
the very early development, as well as sub-optimal conditions (i.e. in vitro environment), 
may adversely affect the future offspring. Accordingly, abundant evidence in several species 
assessed that manipulation of gametes and embryo through ART may exert undesirable 
consequences on the offspring on a short- and long-term (DeRyche et al., 2002; Thompson et 
al., 2002).  

Although the use of fertility treatment is increasing all over the world and in vitro 
reproductive technologies are routinely applied in several species for both research and 
commercial purposes, the technologies are still far from being perfect. Even in the best cases, in 
vitro embryo production achieves success rates hardly comparable to the in vivo ones, 
indicating that current in vitro procedures do not sufficiently resemble the reproductive 
physiology. At the same time, ART conceived offspring was seen to be different from naturally 
conceived individuals. Further research on gametes and preimplantation embryos is therefore 
fundamental to ameliorate the technologies and to evaluate the effect on the offspring. 

As transcription is the first biologic/adaptive response to a perturbation or to an external 
stimulus, an adequate understanding of the gene expression status and regulation  during 
the very first phases of development is an essential approach for the evaluation of ART 
safety. For this reason, in recent years gene expression studies have been increasing and 
integrated the numerous experimental approaches used in the past. Although the birth of a 
live and healthy offspring is considered the best parameter to evaluate the fitness of an 
embryo, gene expression studies during pre-implantation development have the advantage 
of being cost- and time-effective and, most importantly, they highlight differences at the 
molecular level that may be undetectable at birth, but affect the health of the adult. 

3.1 Transcriptome of mammalian oocytes and pre-implantation embryos 

In mammals, oogenesis is characterized by alternating active meiotic progression to long 
times of meiotic arrest. Resumption of meiosis occurs in fully grown oocytes (FGO) that 
complete first meiosis and then mature to metaphase II (MII). Completion of meiosis is 
dependent on fertilization, that leads to anaphase II and the formation of the first mitotic 
interphase. The time from fertilization to implantation of the embryo in the uterus is called 
pre-implantation embryonic development (PED).  

The regulation of gene expression in oocytes and pre-implantation embryos shows peculiar 
characteristics. Oocyte maturation and early pre-implantation development are essentially 
under “maternal command” from factors deposited in the cytoplasm during oocyte growth, 
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independent of de novo transcription from the mature oocyte and the nascent embryo. The 
FGO contains all the maternal RNAs and proteins necessary to activate the molecular 
pathways required for fertilization and early embryogenesis (Cui and Kim, 2007; Pennetier 
et al., 2004). As a consequence, just after fertilization, the transcriptome of the embryo 
consists only in the maternally deposited transcripts. After several cell divisions, these 
maternal transcripts are specifically degraded and are replaced by embryonic transcripts 
produced by the new diploid cells, containing both maternal and paternal genes. This 
transition is termed embryo genome activation (EGA). The timing of EGA  varies among 
species: in humans and bovines it occurs between the four- and eight- cell stages (Telford et 
al., 1990), in ovine between the eight-and the sixteen-cell stage (Kopecny, 1989), while in 
mouse between the one- and two-cell stage of development (Schultz, 1993).  

Precise control of the dynamic changes that occur in the ooplasm during the phases of 
oocyte-to-embryo transition (OET), until EGA, is crucial for a proper development of the 
nascent embryo. The transcriptional quiescence requires extensive post-transcriptional and 
post-translational activities (Seydoux, 1996; Solter et al., 2002). Three major mechanisms take 
place, commencing at oocyte maturation and during the subsequent transcriptionally silent 
stages of development: (i) timely translation of stored maternal transcripts (ii) post-
translational modification of existing and/or newly synthesized proteins (iii) degradation of 
no longer needed proteins and mRNAs. 

These mechanisms exploit the differential stability of the maternal mRNAs stored in the 
ooplasm (Oh et al., 2000). During oocyte growth, many transcribed mRNAs are de-
adenylated and stored in the ooplasm in a stable dormant form for subsequent translation. 
During translational activation, their limited 3′ poly(A) tails lengthen (Bachvarova, 1992), a 
sign that active translation is occurring (Richter, 1999). Half of the poly(A) mRNAs found in 
the fully-grown oocyte is de-adenylated during maturation, and by the 2-cell stage, the 
embryo contains less than 30% original amount of adenylated mRNAs found in the egg 
(Piko & Clegg, 1982).  

4. Animal models: Peculiarities and advantages of different mammalian 
species 
Due to the obvious scarcity of human oocytes and embryos for research, the use of 
appropriate animals models  is of irreplaceable support for studying the basic biology of 
fertilization and pre-implantation development and for ART optimization. This is possible 
because the molecular mechanisms contributing to oogenesis and to PED progression are 
highly conserved among mammals (Gilbert, 2000). Although EGA occurs at different stages 
of development in different mammalian species (Kopecny, 1989; Schultz, 1993; Telford et al., 
1990), the mechanisms of activation of the embryonic genome are in fact similar. All 
mammalian species progress through the same morphologic stages; perhaps, the most 
marked difference is the amount of time spent at each step, while the other notable 
interspecies differences appear after the blastocyst stage.  

The comparison between maternally-deposited and EGA-activated transcripts in humans, 
cattle and mice indicates that maternal transcripts are generally more conserved than 
transcripts newly synthesized by the embryo (Xie et al., 2010). The conservation of the first 
phases of PED among mammals has encouraged the use of animal models for studying 
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meiotic progression and early pre-implantation development. Indeed, most knowledge about 
maternal translation and embryonic transcription reprogramming is based on mouse 
(Hamatani et al., 2004; Pangas et al., 2006; Xie et al., 2010) or ruminant models (Misirlioglu et 
al., 2006; Vigneault et al., 2009a, 2009b; Xie et al., 2010), while limited data are available from 
primates and humans (Nyholt de Prada et al., 2010; Xie et al., 2010; Zhang et al.,  2009a, 2009b). 

The main features sought in animal models are reliability, cost-effectiveness and biologic 
similarity to human fertilization. Each mammalian species exhibits specific characteristics 
and advantages for reproductive studies. Combining information related to a specific 
reproductive issue in different animal models has proved to be a useful approach to identify 
conserved mechanisms (Xie et al., 2010). Moreover, unveiling the basis of species-specific 
responses to certain technologies contributes to identifying the molecular or cellular 
mechanisms solicited by the  manipulation. 

Rodents, such as rats and mice, have been widely used and have yielded fundamental 
contributions to biomedical research. Over the past century, the mouse has developed into 
the premier mammalian model system for genetic research. Genetic and physiological 
similarities to humans allowed the generation of disease and treatment models and the 
creation of specific mutant lineages. The advantages of mouse as a model for human 
medicine include the genetic and physiological similarities to humans, the relatively low 
cost of maintenance, its ability to quickly multiply, as well as the ease with which its 
genome can be manipulated and analyzed.  

The contributions of mouse model to understanding reproductive processes are numerous. 
Functional studies in mouse paved the way to the discovery of maternal effect genes (MEG) 
in mammals (Dade et al., 2004; Dean, 2002; Rajkovic & Matzuk, 2002). These oocyte specific 
genes, stored in the growing oocyte, are involved in the regulation of early cleavage, and 
their knockout often results in the inability of the embryo to develop beyond the first 
cleavage. Zar1, MATER, NPM2, are among the MEG that were later seen to be conserved in 
all the studied mammalian species, as bovine (Pennetier et al., 2004; Thelie et al., 2007; 
Uzbekova et al., 2006), human (Tong et al., 2002; Uzbekova et al., 2006; Wu et al., 2003b), 
swine (Uzbekova et al., 2006) and sheep (Bebbere et al., 2008). 

While the mouse is an ideal model to study knockout effects and to create specific mutant 
lineages, large domestic animals are more suitable to study different aspects of 
reproduction. Sheep and cattle are mono-ovular and have similar reproductive 
endocrinology and ovarian biology (Gosden et al., 1994). They display biparentally 
contributed assembly of the zygotic centrosome during fertilization, like humans, while 
rodents show maternal inheritance. In ruminants, EGA occurs during the period from 4- to -
16 cell stage (Camous, 1986; Kopecny, 1989), encompassing the period when it occurs in 
humans (Telford et al., 1990). Conversely, in mice EGA occurs very early and abruptly at the 
2-cell stage, thus narrowing the window of opportunity for analysis of the reprogramming 
events during this delicate phase. The spreading of EGA over 3 to 4 cell cycles in large 
domestic animals allows a better analysis of the progressive phases leading to the major 
wave of transcriptional activation (Bensaude & Morange, 1983).  This feature allowed the 
identification of functions specific to different points of PED, and was exploited in the 
analysis of MEG expression in sheep (Bebbere et al., 2008) and cattle (Bettegowda et al., 
2007; Pennetier et al., 2004, 2006).  
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Research on ruminants is favored by the large numbers of gametes that can be easily 
obtained from farms and slaughterhouses. Moreover, the detailed information on ruminant 
fertilization is strengthened by years of research and well-defined reproductive technology 
aimed at increasing the productivity of farm animals. Several reproductive technologies 
have been developed in farm species, but have then contributed to human reproductive 
medicine and to understanding reproductive processes. Artificial insemination (Herman, 
1981), semen cryopreservation (Foote, 1982; Polge, 1949), superovulation, in vitro 
fertilization and embryo transfer are among the many techniques that were mainly 
developed in farm animals (Roberts, 2001). 

5. The effects of ART on regulation of gene expression: Pros or cons? 
Embryonic development in vitro may be compromised by inappropriate in vitro culture 
systems designed to induce oocyte maturation or to sustain fertilization and further 
development. Media used for in vitro oocyte and embryo culture, being so far based more 
on empiricism than on precise knowledge of embryo needs, inevitably provide a variety of 
discordant biochemical signals that confound the reprogramming of at least some embryos. 
The sub-acute nature of some alterations induced by in vitro embryo production may 
remain undetected in the short term. Embryos are often capable to reach the blastocyst 
stage, a frequently used hallmark for the efficiency of in vitro embryo culture systems,  in 
spite of a sub-optimal culture environment. Such ability, however, may be inconvenient for 
their postnatal health. Studies in several mammalian species have indeed shown that in 
vitro conditions during PED do affect the quality of the embryo,  albeit being compatible 
with full-term development. 

Abundant evidence based on different systems to evaluate embryo quality showed that in 
vitro-produced embryos are not necessarily similar to naturally conceived ones and it is 
now widely accepted that embryos derived from in vitro culture are of inferior quality to 
those derived in vivo. Compared to their in vivo counterparts, IVP embryos display  a 
number of marked differences, e.g.,  gross morphology (color, density, cell number and 
size), timing of development (Greve et al., 1995), zona pellucida stability and resistance to 
criopreservation (Leibo & Loskutoff, 1993; Niemann et al., 1995).  

The proliferation of molecular technologies has given a boost to experimentation and 
confirmed that in vitro environment does alter the oocyte and early embryo molecular 
structure (Ecker et al., 2004; Gutiérrez-Adán et al., 2004; Lonergan et al., 2003a, 2003b; 
McEvoy et al., 2001; Niemann et al., 2000;  Summers & Biggers, 2003). In particular, the 
analysis of gene expression evidenced that the differences in phenotype correspond to 
altered transcriptomes in the developing embryos, and gave for the first time the 
opportunity to identify the single molecules  solicited by in vitro environment. 

Many studies examined the differences in the expression of specific genes, selected on a 
functional basis, between in vitro- and in vivo produced embryos of several species (Corcoran 
et al., 2007; Knijn et al., 2005; Rizos et al., 2002a). The expression of laminin chain-specific genes 
(Shim et al., 1996) and of gap junction gene Cx43 (Wrenzycki et al., 1996) was seen to decrease 
in in vitro produced blastocysts, while expression of stress-related genes, such as Heat Shock 
Protein 70.1, was seen to increase in pre-implantation embryos due to in vitro exposure 
(Christians et al., 1995). Genes related to glucose metabolism were seen to be down-regulated 
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meiotic progression and early pre-implantation development. Indeed, most knowledge about 
maternal translation and embryonic transcription reprogramming is based on mouse 
(Hamatani et al., 2004; Pangas et al., 2006; Xie et al., 2010) or ruminant models (Misirlioglu et 
al., 2006; Vigneault et al., 2009a, 2009b; Xie et al., 2010), while limited data are available from 
primates and humans (Nyholt de Prada et al., 2010; Xie et al., 2010; Zhang et al.,  2009a, 2009b). 

The main features sought in animal models are reliability, cost-effectiveness and biologic 
similarity to human fertilization. Each mammalian species exhibits specific characteristics 
and advantages for reproductive studies. Combining information related to a specific 
reproductive issue in different animal models has proved to be a useful approach to identify 
conserved mechanisms (Xie et al., 2010). Moreover, unveiling the basis of species-specific 
responses to certain technologies contributes to identifying the molecular or cellular 
mechanisms solicited by the  manipulation. 

Rodents, such as rats and mice, have been widely used and have yielded fundamental 
contributions to biomedical research. Over the past century, the mouse has developed into 
the premier mammalian model system for genetic research. Genetic and physiological 
similarities to humans allowed the generation of disease and treatment models and the 
creation of specific mutant lineages. The advantages of mouse as a model for human 
medicine include the genetic and physiological similarities to humans, the relatively low 
cost of maintenance, its ability to quickly multiply, as well as the ease with which its 
genome can be manipulated and analyzed.  

The contributions of mouse model to understanding reproductive processes are numerous. 
Functional studies in mouse paved the way to the discovery of maternal effect genes (MEG) 
in mammals (Dade et al., 2004; Dean, 2002; Rajkovic & Matzuk, 2002). These oocyte specific 
genes, stored in the growing oocyte, are involved in the regulation of early cleavage, and 
their knockout often results in the inability of the embryo to develop beyond the first 
cleavage. Zar1, MATER, NPM2, are among the MEG that were later seen to be conserved in 
all the studied mammalian species, as bovine (Pennetier et al., 2004; Thelie et al., 2007; 
Uzbekova et al., 2006), human (Tong et al., 2002; Uzbekova et al., 2006; Wu et al., 2003b), 
swine (Uzbekova et al., 2006) and sheep (Bebbere et al., 2008). 

While the mouse is an ideal model to study knockout effects and to create specific mutant 
lineages, large domestic animals are more suitable to study different aspects of 
reproduction. Sheep and cattle are mono-ovular and have similar reproductive 
endocrinology and ovarian biology (Gosden et al., 1994). They display biparentally 
contributed assembly of the zygotic centrosome during fertilization, like humans, while 
rodents show maternal inheritance. In ruminants, EGA occurs during the period from 4- to -
16 cell stage (Camous, 1986; Kopecny, 1989), encompassing the period when it occurs in 
humans (Telford et al., 1990). Conversely, in mice EGA occurs very early and abruptly at the 
2-cell stage, thus narrowing the window of opportunity for analysis of the reprogramming 
events during this delicate phase. The spreading of EGA over 3 to 4 cell cycles in large 
domestic animals allows a better analysis of the progressive phases leading to the major 
wave of transcriptional activation (Bensaude & Morange, 1983).  This feature allowed the 
identification of functions specific to different points of PED, and was exploited in the 
analysis of MEG expression in sheep (Bebbere et al., 2008) and cattle (Bettegowda et al., 
2007; Pennetier et al., 2004, 2006).  
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Research on ruminants is favored by the large numbers of gametes that can be easily 
obtained from farms and slaughterhouses. Moreover, the detailed information on ruminant 
fertilization is strengthened by years of research and well-defined reproductive technology 
aimed at increasing the productivity of farm animals. Several reproductive technologies 
have been developed in farm species, but have then contributed to human reproductive 
medicine and to understanding reproductive processes. Artificial insemination (Herman, 
1981), semen cryopreservation (Foote, 1982; Polge, 1949), superovulation, in vitro 
fertilization and embryo transfer are among the many techniques that were mainly 
developed in farm animals (Roberts, 2001). 

5. The effects of ART on regulation of gene expression: Pros or cons? 
Embryonic development in vitro may be compromised by inappropriate in vitro culture 
systems designed to induce oocyte maturation or to sustain fertilization and further 
development. Media used for in vitro oocyte and embryo culture, being so far based more 
on empiricism than on precise knowledge of embryo needs, inevitably provide a variety of 
discordant biochemical signals that confound the reprogramming of at least some embryos. 
The sub-acute nature of some alterations induced by in vitro embryo production may 
remain undetected in the short term. Embryos are often capable to reach the blastocyst 
stage, a frequently used hallmark for the efficiency of in vitro embryo culture systems,  in 
spite of a sub-optimal culture environment. Such ability, however, may be inconvenient for 
their postnatal health. Studies in several mammalian species have indeed shown that in 
vitro conditions during PED do affect the quality of the embryo,  albeit being compatible 
with full-term development. 

Abundant evidence based on different systems to evaluate embryo quality showed that in 
vitro-produced embryos are not necessarily similar to naturally conceived ones and it is 
now widely accepted that embryos derived from in vitro culture are of inferior quality to 
those derived in vivo. Compared to their in vivo counterparts, IVP embryos display  a 
number of marked differences, e.g.,  gross morphology (color, density, cell number and 
size), timing of development (Greve et al., 1995), zona pellucida stability and resistance to 
criopreservation (Leibo & Loskutoff, 1993; Niemann et al., 1995).  

The proliferation of molecular technologies has given a boost to experimentation and 
confirmed that in vitro environment does alter the oocyte and early embryo molecular 
structure (Ecker et al., 2004; Gutiérrez-Adán et al., 2004; Lonergan et al., 2003a, 2003b; 
McEvoy et al., 2001; Niemann et al., 2000;  Summers & Biggers, 2003). In particular, the 
analysis of gene expression evidenced that the differences in phenotype correspond to 
altered transcriptomes in the developing embryos, and gave for the first time the 
opportunity to identify the single molecules  solicited by in vitro environment. 

Many studies examined the differences in the expression of specific genes, selected on a 
functional basis, between in vitro- and in vivo produced embryos of several species (Corcoran 
et al., 2007; Knijn et al., 2005; Rizos et al., 2002a). The expression of laminin chain-specific genes 
(Shim et al., 1996) and of gap junction gene Cx43 (Wrenzycki et al., 1996) was seen to decrease 
in in vitro produced blastocysts, while expression of stress-related genes, such as Heat Shock 
Protein 70.1, was seen to increase in pre-implantation embryos due to in vitro exposure 
(Christians et al., 1995). Genes related to glucose metabolism were seen to be down-regulated 
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in IVP embryos (Knijn et al., 2005; Uechi et al., 1997; Wrenzycki et al., 1998a). A temporal 
variation in several transcript abundance was observed in embryos at different stages of PED 
cultured in vitro or in vivo (Corcoran et al., 2007; Tesfaye et al., 2004).  

The advent of microarray technologies offered the opportunity to gain an insight into the 
transcriptional response of a whole genome to a particular event or environmental insult, 
giving an overall picture that was unthinkable before the advent of large scale studies. 
Information on entire gene regulatory networks were made available. Several studies 
examined the global gene expression profile of IVP embryos compared with their in vivo 
counterparts (McHughes et al., 2009; Mohan et al., 2004; Smith et al., 2005, 2009,). The 
observation of global gene expression profiles made the burden of a non-physiological 
environment on the early embryo transcriptome even clearer (Ecker et al., 2004.; Wrenzycki et 
al., 2001). 

A culture-induced change in the transcriptome was observed not only between in vivo or in 
vitro produced embryos, but also between embryos produced in different in vitro systems. 
The specific composition of culture media was indeed seen to have profound effects on the 
relative abundance of gene transcripts in the embryo that, in turn, can have serious 
implications for the normality of the blastocyst (Corcoran et al., 2007; Lonergan et al., 2003a, 
2006; Rizos et al., 2002a, 2003; Walker et al., 2000; Wrenzycki et al., 1998b; Wrenzycki et al., 
1999; Wrenzycki et al., 2005). Even subtle changes were seen to alter the patterns of gene 
expression in pre-implantation embryos, such as the concentration of a single constituent 
(NaCl) in the culture medium (Ho et al., 1994), or the culture under suboptimal conditions 
for as little as 1 day (Lonergan et al., 2003a). 

Detailed gene expression studies on the effect of culture media during development of the 
human preimplantation embryo are still missing. A paucity of material and obvious ethical 
restrictions make such studies difficult to undertake. It seems likely, however, that patterns 
of gene expression are culture-dependent also in human (Summers & Biggers, 2003). This 
point is of particular concern when considering the recent proliferation in media for the 
extended culture of human preimplantation embryos. A recent microarray analysis 
compared the relative transcript abundance values for blastocysts produced in ten in vitro 
systems, differing primarily in culture medium formulation (Côté et al., 2011). A panel of 
novel uncharacterized transcripts were variably expressed depending on the medium in 
which the blastocysts were produced. Hierarchical clustering of microarray data indicated 
that the closest treatment to the in vivo reference produced also one of the best blastocyst 
yields. Notably, the differences in transcript abundance were affected by the conditions of 
oocyte maturation as well. 

There is considerable opportunity for the disruption of gene activity when embryos are 
removed from their natural environment and manipulated in vitro. Several variables during 
in vitro culture were seen to affect the success rate and the quality of the developing 
embryos. Embryo density during in vitro, for instance, significantly affected the expression 
of stress-related genes (de Oliveira et al., 2005), the developmental competence to blastocyst 
stage, as well as the gene expression patterns on a large-scale (Hoelker et al., 2009). 

Evidence from studies utilizing the sheep oviduct for the post-fertilization culture of in vitro 
derived zygotes (Enright et al., 2000; Rizos et al., 2002a, 2002b) indicated that the period of 
culture after fertilization is the key part of the process responsible for suboptimal embryo 
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quality. In vivo culture (in the ewe oviduct) of in vitro produced bovine zygotes markedly 
increases the quality of the resulting blastocysts, in terms of cryotolerance, to a level similar 
to embryos produced entirely in vivo (Enright et al., 2000; Rizos et al., 2002a, 2002b). At the 
transcript level, such in vivo cultured embryos showed gene expression patterns similar to 
true in vivo embryos (Lazzari et al., 2002; Lonergan et al., 2003a, 2003b). Similarly, the in 
vitro or in vivo post-fertilization environment affected the gene expression patterns of ovine 
embryos produced by IVM and IVF of oocytes deriving from prepubertal (Bebbere et al., 
2008) and adult donors (Bogliolo et al., 2009).  

While efforts are being spent to improve the efficiency of existing reproductive 
biotechnologies and to develop new approaches, attention should always be paid to the 
effects exerted by new treatment on the nascent embryos. Among the new methods 
proposed to improve the efficiency of in vitro embryo production systems,  the exposure to 
sub-lethal hydrostatic pressure (HP) treatment is emerging as an approach to improve the 
general resistance of gametes and embryos to suboptimal conditions. While treatment with 
HP was seen to improve the quality of in vitro-produced ovine blastocysts by increasing 
their cell number and reducing the proportion of nuclear picnosis, it was also seen to alter 
the expression status of the blastocysts (Bogliolo et al., 2011). Whereas the change in mRNA 
content may give the HP exposed blastocysts a temporary higher gear, the effect on a longer 
term should be examined. 

The observation of altered gene expression patterns in in vitro manipulated embryos with  
increased developmental competence raises a point on the interpretation of gene expression 
profiles during PED. The numerous studies that evaluated the impact of in vitro 
environment have mostly compared the treatment to in vivo produced embryos, which are 
considered to be the gold standard of quality. However, it is unlikely that embryos 
produced in an artificial system exhibit the same profiles as the ones that have been grown 
in vivo, especially because culture systems do not perfectly mimic the in vivo conditions. As 
such, some perturbations in the gene expression  profiles should be considered normal. The 
question then is rather to define to what extent  these perturbations are acceptable, not 
compromising embryonic viability or leading to deleterious long-term effects (Seli et al., 
2010). Studies should be addressed to clarify the characteristics of developmental 
competence for an embryo cultured in vitro:  is the “best” embryo the one offering the 
largest plasticity level and thus being able to adapt and cope with more intense 
environmental insults? Or is it the one that more resembles the embryo developed in vivo, 
maintaining its characteristics despite a non-physiological environment? 

It is expected that, as it is the case in all living cells, adaptation can be stretched to a certain 
limit, beyond which irreversible damage will occur. The definition of embryonic 
competence should therefore include the level of plasticity and should be seen as an interval 
of acceptance rather than a clearly defined threshold value. 

6. The effects of ART on genomic imprinting 
While some patterns of gene expression observed as a consequence of in vitro environment 
seem to be compatible with a proper development of the embryo, other alterations in the 
embryo transcriptome consistently result in reduced quality associated with fetal and 
neonatal abnormalities. A substantial amount of evidence demonstrates that the culture 
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in IVP embryos (Knijn et al., 2005; Uechi et al., 1997; Wrenzycki et al., 1998a). A temporal 
variation in several transcript abundance was observed in embryos at different stages of PED 
cultured in vitro or in vivo (Corcoran et al., 2007; Tesfaye et al., 2004).  

The advent of microarray technologies offered the opportunity to gain an insight into the 
transcriptional response of a whole genome to a particular event or environmental insult, 
giving an overall picture that was unthinkable before the advent of large scale studies. 
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quality. In vivo culture (in the ewe oviduct) of in vitro produced bovine zygotes markedly 
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conditions to which the embryo is exposed may perturb the epigenetic status of the embryo 
genome, with potentially important long-term consequences. Although linking the 
variations in gene expression with the observed phenotypes has been extremely challenging, 
it is now generally accepted that assisted reproductive technologies are associated with 
genomic imprinting disorders. 

In mammals, genomic imprinting is an epigenetic process by which certain genes are 
expressed in a parent-of-origin-specific manner. It involves methylation and histone 
modifications in order to achieve monoallelic gene expression without altering the genetic 
sequence. These epigenetic marks are established in the germline, rearranged during 
embryonic reprogramming,  and then maintained throughout all somatic cells of an 
organism. During PED, reprogramming involves extensive epigenetic modifications of the 
differentiated gamete nuclei by the ooplasm that transforms them to a totipotent embryonic 
nucleus. The changes in the embryo epigenome regulates the transition from maternal to 
embryonic control of transcription.  A correct epigenetic reprogramming is needed for 
totipotency, correct initiation of embryonic gene expression, early lineage development, and 
is essential for a proper establishment of genomic imprinting in the new embryo. 

Germ cell development and early embryogenesis are crucial windows in the erasure, 
acquisition and maintenance of genomic imprints. ART include isolation, handling and 
culture of gametes and early embryos at times when imprinted genes are likely to be 
particularly vulnerable to external influences. It is therefore predictable that in vitro 
manipulation during these early phases influences the epigenetic marking of the embryonic 
genome,  and consequently its gene expression. 

In recent years, concern has grown on the occurrence of disorders linked to imprinting 
problems in ART conceived children. Several epidemiologic studies have reported an 
increased frequency of imprinting defects in association with ART application (Arnaud & Feil, 
2005; De Rycke et al., 2002; Owen & Segars 2009; Powell, 2003; Scarano et al., 2005; Stromberg 
et al., 2002; Thompson et al., 2002). Being involved in the etiology of severe developmental 
disorders (Arnaud & Feil, 2005; Scarano et al., 2005), such as Beckwith-Wiedemann (BWS) and 
Angelman Syndrome (AS), disruption of imprinting has raised particular alarm. Studies 
reported that the risk of AS may be increased by the use of ICSI (Cox et al., 2002; Orstavik et 
al., 2003), and that ART results in a three-to-six-fold-increase in the incidence of the normally 
rare BWS (DeBaun et al., 2003; Gicquel et al., 2003, Maher et al., 2003). 

Abundant evidence on the connection between ART and altered expression of imprinted 
genes originates from animal models: studies performed in the mouse, sheep, and bovine 
species showed that the epigenetic and genetic  programming of the embryo may be 
severely affected by in vitro environment (Lonergan et al., 2003a; Khosla et al., 2001; Young 
et al., 2001). Association between in vitro embryo production and disrupted imprinting 
resulted in a variety of abnormal phenotypes, early embryonic losses, and perinatal deaths 
in several mammalian species (de Sousa et al., 2001; Yang et al., 2005; Young et al., 2001; 
Wrenzycki & Niemann, 2003). Faulty nuclear reprogramming due to artificial manipulation 
is considered the primary cause of the reported defects. 

In vitro culture was seen to cause abnormal epigenetic modifications and subsequent 
deregulation of several imprinted genes, many of which are involved in the control of pre- 
and postnatal growth (Walker et al., 2000). Others play important roles in regulating 
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resource acquisition of the embryo and fetus (Isles and Wilkinson, 2000), and therefore it has 
been proposed that, in mammals, imprinting co-evolved with the placenta. 

In ruminants, a faulty imprinting is linked to early embryonic losses, perinatal deaths, and a 
variety of pathological symptoms that are summarized under the term “large offspring 
syndrome” (LOS) (Yang et al., 2005; Young et al., 2001). Being among the best described 
adverse impacts of IVP, LOS comprise a series of abnormal phenotypes, such as increased 
gestational duration and birthweight, abnormal physiology, organ, placenta and skeletal 
development (McEvoy et al., 2000; Sinclair et al., 1999). It is associated with imprinting 
disruption (McEvoy et al., 2000; Sinclair et al., 1999; Young et al., 1998)  and seems to result 
from the exposure of in vitro produced embryos to fetal calf serum (Farin et al., 2001; 
Sinclair et al., 1999, 2000). Although most pronounced in cloned embryos, LOS was reported 
following other types of ART, including IVF (de Sousa et al., 2001; Tilghman, 1999; Yang et 
al., 2005). Studies on LOS in sheep have identified altered expression level of the IGF2R 
imprinted gene, due to epigenetic changes (Young et al., 2001). Similar overgrowth 
problems seen in mice and humans are caused by errors in Igf2 and H19 imprinted genes 
(Eggenschwiler et al., 1997), suggesting that several genes responsible for fetal growth and 
development could be involved in LOS. 

Notably, specific characteristics of ART-associated LOS in ruminants resemble the clinical 
phenotypes due to imprinting disruptions typically observed in human, such as BWS and 
AS (Arnaud & Feil, 2005; Scarano et al., 2005). 

In rodents, studies on the preimplantation embryo suggested that particular in vitro culture 
conditions can alter the transcription pattern of imprinted genes and produce long-term 
neuro-developmental and behavioral disorders (Doherty et al., 2000; Ecker et al., 2004; 
Fernandez-Gonzalez et al., 2004; Humpherys et al., 2001; Mann et al., 2004; Sjoblom et al., 2005; 
Toppings et al., 2008). In particular, inclusion of serum in culture media was seen to alter the 
expression of imprinted genes and reduce the developmental potential after embryo transfer 
(Khosla et al., 2001). A microarray-based assessment of genomic methylation showed evidence 
of generalized hypermethylation, as well as greater locus-to-locus variability, in in vitro 
murine embryos when compared with in vivo control (Wright et al., 2011). 

The alterations seen in mice, sheep and cattle in consequence of the application of ART 
procedures are probably relevant to most eutherian mammals, including humans. They may 
result from embryo exposure to suboptimal in vitro culture environments, which are 
incapable to supply the right signaling cues, and can lead to the deregulation of genes and 
aberrant epigenetic modifications (Fernandez-Gonzales et al., 2007). The sub-acute nature of 
some of these disruptions allows them to remain undetected in the short term, so that 
blastocyst production can often be achieved despite the detrimental environmental effects. 
However, undesirable postnatal phenotypic consequences may arise during the future 
development of the fetus or of the offspring, due to alteration of long-term gene expression 
programs (Gluckman & Hanson, 2004). 

7. Conclusion  
Epidemiological studies on ART conceived children and molecular analysis in several 
mammals yield yet contrasting results. The incomplete picture on the safety of ART 
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demands for further studies on the basic biology of fertilization and pre-implantation 
development. Only a deeper understanding of the cellular and molecular mechanisms 
ruling life early phases will enable a proper evaluation of the severity of ART impact. 

The knowledge on the regulation of gene expression is continuously advancing, unveiling a  
process that involves a wide range of molecules and mechanisms, and is conspicuously 
more complex than expected. Several classes of non coding RNAs (i.e. long non coding 
RNAs and  microRNAs) are being recognized as crucial for the control of the transcriptome 
activity. Most probably, the advances in this field will transform our current concept of 
developmental competence and plasticity and will renovate the ideas to improve the 
technologies and their safety. 
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1. Introduction 
IVF has been widely used since 1978 (Steptoe & Edwards, 1978) to help infertile couples 
conceive when nature has failed. The IVF field was improved through embryo 
freezing/thawing, a technique developed by A. Trounson (Trounson & Mohr, 1983). The 
next major innovation came with ICSI in 1992, through the work of G.P. Palermo (Palermo 
et al., 1992). C. Chen was the first to publish work on oocyte freezing (Chen, 1986), but 
results remained too unreliable for this technique to be adopted in routine ART practice. 
Oocyte freezing became the focus of experimental efforts when in 1999 the first birth using 
oocyte vitrification was reported by L. Kuleshova (Kuleshova et al., 1999). M. Kuwayama in 
a 2005 publication confirmed that this new procedure could be useful in clinical practice 
(Kuwayama et al., 2005). Within a few years his method for freezing the human oocyte has 
become the standard for the field. Its clinical application has been widely developed and is 
now routine, even if other variants have since been proposed. There have been efforts to 
assess the safety of the procedure (Chian et al., 2008, Noyes et al., 2009). Noteworthy is R. 
Chian’s report on the health of 200 babies born after having been conceived with vitrified 
oocytes. The safety of the procedure is also supported by all the data available on the health 
of children born from vitrified embryos (Takahashi et al., 2005, Mukaida et al., 2009). Use of 
the technique has reached France (Boyer et al., 2010) with passage of a new bioethics law in 
the summer of 2011. From Italy we have a good overview of what takes place on a nation-
wide basis once the technique has become standard practice, thanks to the yearly report of 
ART results published by the country's ministry of health (Relazione del Ministro della 
Salute, anno 2009).  

Some issues are still being debated, e.g. an open versus closed system, infectious risks with 
Liquid Nitrogen (LN), the safety of cryoprotectants, the health of the unborn children. It is 
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known that for oocyte vitrification to be most successful an open system is still needed, as 
shown recently by Paffoni and colleagues (Paffoni et al., 2011). The major concern with 
regard to an open system is the risk of LN-mediated transmission of infective agents. 
Researchers testing the safety of the closed system have shown it is possible to introduce 
contaminants voluntarily into a LN environment. They have suggested taking certain 
precautions when using an open system. To safeguard samples in the storage container, 
they recommend sealing the samples after cooling and prior to storage (Bielanski & Vajta, 
2009). Parmegiani and colleagues (Parmegiani et al., 2010) suggest sterilizating LN by UV 
light. However, though safe and easy, UV sterilization is a costly procedure. The debate 
over the health of children born through oocyte vitrification is one that will not be resolved 
overnight. However, all the evidence published so far is reassuring. We should remember 
that when IVF, embryo freezing/thawing and ICSI were first developed, each advance was 
faced with similar resistance. What has changed is the success of national health authorities 
in imposing “precaution as a rule" as the only politically correct point of view. Most forget 
they would have probably banished IVF or ICSI back in the old days. Fortunately, 
international collaborations have produced quality studies which demonstrate that this new 
method is almost as safe as the slow-freezing method (Gook & Edgar, 2007, 2009, Cutting et 
al., 2009; Dessolle et al., 2009; Fadini et al., 2009, Nagy et al., 2009; Smith et al., 2010, 
Parmegiani et al., 2011). Good results for zygotes (Al-Hasani et al., 2007), day-2 or 3 embryos 
(Balaban et al., 2008) and embryos in blastocyst phase (Mukaida et al., 2009) have been 
obtained. The superiority to slow-freezing and the adaptability of fast-freezing to a closed 
system have also been demonstrated for embryos (VanderZwalmen et al., 2007) but these 
improvements will have fewer consequences for the future of ART than egg freezing. The 
new technique will probably render obsolete the cumbersome programmable freezers (Vajta 
& Nagy, 2009), but that is a mere detail compared to the other gains that can be expected. At 
this juncture, we must remember our debt to R. Edwards. We continue to be guided by both 
his brilliant work and his fearlessness and combativity in the cause of innovation, which led 
to international recognition and eventually the Nobel Prize. The message is clear:  we must 
carry on his footsteps. 

Cryobiology has developed steadily over several decades and along with ICSI has provided 
the conditions for a new clinical approach to ART practice. We are now ready to adopt 
oocyte vitrification in our biological and clinical procedures. The changes will lead to a more 
efficient and probably more humane practice.  

2. Vitrification: Its importance in IVF  
2.1 Increasing the number of fresh embryo transfers 

The new approach allows cryopreservation of a part of the oocyte cohort, rather than 
creating embryos and then freezing any unused ones. Until now, because of the very short 
lifetime of this particular cell, the procedure required that we fertilize all mature oocytes, 
verify fertilization, discard all unfertilized oocytes and freeze the non-transferred fertilized 
eggs (often called supernumeraries or additional embryos) for subsequent attempts. This 
procedure results in only one fresh embryo transfer, often undertaken in less than optimal 
conditions because of the ovarian status of hyper stimulation. The frozen embryos may 
serve in subsequent attempts, programmed close to the initial attempt in the case of 
implantation failure, or after parturition. In some cases, the frozen embryos are not reused 
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because the couple has decided against transfer (they may feel they do not want any more 
children, or divorce or death may have intervened in the meantime). Currently, many frozen 
embryos are being conserved simply because the couple is undecided whether to proceed 
with another transfer or most often cannot face the decision to destroy them. In France, the 
couple legally has three alternatives: end the cryo-conservation of their embryos, allow early 
adoption by another couple facing a double sterility, or donate their embryos to research. 
(Paradoxically the law also forbids research on embryos conceived for that purpose.)  

In Italy, a 2004 law (Legge N40) forbidding cryopreservation of the embryo forced  
resumption of work on oocyte freezing, with some encouraging results published by E. 
Porcu (Porcu et al., 1997). But even with modified slow-freezing in association with ICSI, 
results were not sufficient for the rest of Europe to follow suit. It was only after the 
publication of work by M. Kuwayama that IVF centres realized that oocyte freezing could be 
used in their practice. With rapid improvements in open system freezing, A. Cobo published 
results from a donor program showing that vitrified oocytes were equal in quality to fresh 
oocytes (Cobo et al., 2008, 2009). Because of their 2004 law, Italian teams realized that their 
situation was ideal to evaluate the efficiency of vitrification in an IVF program 
(Chamayou et al., 2006). Two major publications demonstrate the validity of the new 
procedure (Rienzi et al., 2010; Ubaldi et al., 2010). The embryo obtained with a 
vitrified/rewarmed oocyte has the same implantation rate as a fresh one demonstrated by 
L. Rienzi (Rienzi et al., 2010). Her report in Human Reproduction was the publication's 
most frequently downloaded work of the year 2011. A few months later F. Ubaldi from 
the same Roman team demonstrated that cumulative rates of pregnancy from the same 
cohort are equivalent to the cumulative rates from repeated attempts (Ubaldi et al., 2010). 
These publications underline the quality of the embryo produced from vitrification and its 
ability to implant. Oocyte vitrification will soon be widely adopted in IVF centres, as 
suggested in a recent meta-analysis review (Cobo & Diaz 2011). Each laboratory can 
decide to propose egg vitrification as an alternative to embryo freezing. In most centres 
employing micromanipulation, the technique itself is easily learned but its introduction in 
IVF programs requires some thought. Each centre will need to adopt its own strategy. In 
our centre we plan to conduct a study in which couples will be asked whether they prefer 
embryo or egg freezing, thus respecting their choice in the matter. It is expected some 
patients will still prefer to freeze their embryos, though once informed of the poorer 
implantation rates, they may decide to choose egg vitrification. (Currently in France, out 
of 100 births, 85 result from fresh transfer compared to 15 from thawing cycles.)  We may 
of course modify our approach when comparative results for transfer of embryos 
produced from vitrified eggs are available on a large scale. Our study, to be conducted on 
the first couples for whom egg vitrification will be available in our centre (Boyer et al., 
2009) is complementary to that of L. Rienzi (Rienzi et al., 2010). The benefit will be 
evaluated in terms of the probability of transfer for one selected oocyte. In a recent brief 
survey at our centre, half of the couples questioned said they would prefer oocyte 
freezing. We expect this proportion will increase when oocyte freezing becomes a real 
option.  

In France, because the law prohibits research on human embryos produced for that purpose, 
research is conducted with embryos which for whatever reason have been rejected for 
human reproduction. This needs to be made clear to prospective parents (and to lawmakers 
as well).  
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2.1.1 The risk/reward balance of ovarian stimulation 

Ovarian stimulation can proceed as usual; there will be no changes to the first step of IVF. 
We learn from the Italian experience that only 50% of the oocytes are of good quality, that is 
to say, appropriate for ICSI or vitrification. The first examination of the oocytes is crucial for 
a good result. An attempt at transfer will take place and the selected unused eggs will be 
vitrified for delayed microinjection. Egg banking schedules must take into account the 
number of couples who choose embryo freezing and also the number of embryos to be 
produced and transferred, as determined in our discussions with the couple. For transfers of 
embryos produced from vitrified oocytes, appointments will be based on the patient's 
menstrual cycle. In scheduling here we must be careful not to overload laboratory capacity.  

An oocyte thawing cycle will be planned if the patient is not pregnant from the first transfer. 
Thawing of oocytes will be done 2 days after the LH surge or after triggering with hCG. All 
the cycles used for transfer will be free from ovarian stimulation risk. The natural cycle is 
preferred as it is the most favourable for embryo implantation.  

The true challenge for centres offering an oocyte vitrification option will be scheduling the 
interventions. Clinicians must have a voice in the process. The laboratory calendar will have 
to take into account both fresh transfer and thawing cycles. If the natural cycle is most 
favourable for implantation, as has been reported, we will have to ensure that the laboratory 
can cope. The best day for the patient may not always be possible for the biologist! 

2.1.2 Managing the oocyte cohort after pick-up 

Centres must master the new procedure as developed by the leaders in the field, but for 
experienced biologists with skill in micromanipulation, the learning curve is not particularly 
steep. Within a very short time our centre was able to obtain oocytes or embryos of as good 
a quality as before vitrification and which, when transferred, resulted in ongoing 
pregnancies. (Fig 1, 2 and 3) 

 
Fig. 1. Oocyte dehydration. In (A) the oocyte before dehydration begins. (B-D) the oocyte during 
dehydration: shrinkage. (E) the oocyte regaining original form with cryoprotectant filling. 
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Fig. 2. Oocyte thawing and ICSI. (A-C) Oocyte shrinkage and re-gaining form during 
thawing. (D) Oocyte post-thawing. (E) Sperm selection for ICSI. (F) Oocyte post-ICSI. 

 
 
 

 
 

Fig. 3. Fresh oocyte development after vitrification, thawing and ICSI, identical to fresh 
oocytes development. (A) Zygote, day 1 in culture. (B) 4-cell embryo, day 2. (C) 8-cell 
embryo, day 3. (D) Morula, day 4. (E) Blastocyst, day 5. 
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Fig. 1. Oocyte dehydration. In (A) the oocyte before dehydration begins. (B-D) the oocyte during 
dehydration: shrinkage. (E) the oocyte regaining original form with cryoprotectant filling. 
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Fig. 2. Oocyte thawing and ICSI. (A-C) Oocyte shrinkage and re-gaining form during 
thawing. (D) Oocyte post-thawing. (E) Sperm selection for ICSI. (F) Oocyte post-ICSI. 

 
 
 

 
 

Fig. 3. Fresh oocyte development after vitrification, thawing and ICSI, identical to fresh 
oocytes development. (A) Zygote, day 1 in culture. (B) 4-cell embryo, day 2. (C) 8-cell 
embryo, day 3. (D) Morula, day 4. (E) Blastocyst, day 5. 
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The difficulty today remains deciding how many oocytes should be fertilized and how 
many vitrified. The daily practice of Italian teams and the results published in their annual 
report indicate that some 50% of the recovered oocytes are of good quality -- mature, in 
metaphase II, fertilizable and freezable. Based on their experience, it would be probably 
reasonable to propose 3 to 6 oocytes for fertilization, and vitrification of the rest. We can 
adjust these figures after some years of experience, as we did with ICSI. The number can be 
decided with each couple before starting the procedure. As a result we should be able to 
limit significantly the number of embryos produced as well as the number of frozen oocytes, 
without eliminating embryo freezing altogether. 

After the denudation step, ICSI can be performed on part of the cohort as usual, followed by 
a fresh embryo transfer. The single embryo transfer is more frequent nowadays and the 
over-production of embryos is no longer necessary. The second portion of mature oocytes 
from the cohort can be vitrified for each patient. They will be used in a future attempt if the 
first embryo transfer has failed.  

2.1.3 Overseeing the thawing of vitrified oocytes  

As with single ovarian stimulation, most patients have more oocytes than they need for an 
embryo transfer. In more than half of all IVF cycles, there will be spare oocytes for at least 
one other fresh transfer, this time from the vitrified oocyte. For the second fresh transfer, the 
thawing of the selected oocytes must be scheduled early in the morning to allow for at least 
2 hours in the incubator before fertilization. ICSI will be performed in all the surviving 
oocytes, with more than a 90 percent survival rate expected. Embryos are obtained and the 
transfer is organized as usual.  

2.2 Impact on egg donation 

Oocyte vitrification will have a major impact on egg donation by eliminating the complex 
coordination of donors and recipients. The need for synchronization between donor and 
recipient teams vanishes, simplifying all the steps necessary in preparing the donation. The 
creation of frozen egg banks will free us from the restraints which had previously limited 
our activity. Throughout the world, the mis-match between supply and demand has 
generated a lucrative business in which some of us have unfortunately become involved. 
Originally in almost all countries egg donation was developed for the altruistic purpose of 
providing healthy eggs to young women who for various reasons -- genetic, immunological, 
viral, and iatrogenic—were unable to produce them on their own. But in practice much of 
the demand has come from women who have turned to ART because of their age. Egg 
vitrification has opened the door to a new type of demand. A woman under 30 may now 
choose to preserve her fertility, even if she has no husband or plan for children at the time. 
Whether this possibility is a good thing is still matter of debate. However, we may 
legitimately ask if it is not better for a woman to preserve her own eggs at the age of 25 than 
to travel to a foreign country at the age of 45 to buy the eggs of young women there. 
Undoubtedly, we need to reflect on the implications of what has been termed “social egg 
freezing” (Lockwood, 2011). It is probably best to seek the answer from young women 
themselves rather than from bioethics committees whose members are often close to 
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retirement. It is instructive in this regard to be in contact with teenage girls. We have often 
been surprised by their level of comfort with ART compared to older generations. The high 
cost of the new procedure poses problems of another order. With the advent of oocyte 
vitrification, the entire issue of egg donation will have to be re-evaluated, just as sperm 
donation had to be rethought when ICSI was first introduced.  

2.2.1 How egg donation is currently organized   

Young healthy women are asked to give their oocytes in return for some form of 
compensation, usually monetary. In most countries egg donors are first recruited. 
Synchronized cycles between recipient and donors are organized, eggs are shared with 
several recipients (depending on the number collected), and excess eggs are attributed to the 
recipient in case of implantation failure, resulting in super numerous embryos which are 
frozen even if the number is low (Boyer et al., 2010). One or more freezing/thawing cycles 
are usually included. With oocyte vitrification there is a risk we will see the explosive 
development of a market for oocytes especially in poor countries where young women have 
few opportunities for work and the payment is comparatively high (as with organ 
donation). We are facing a cross-border organization for egg donation where physicians in 
foreign countries compete to provide the most medically secure environment for the 
recipient. It is no secret that demand will come from patients over 40 in wealthier countries 
who have no other possibility of delivering successfully.  

Over a period of ten years egg donation in Europe has increased more than three-fold, from 
4500 cycles in 1998 to 15,000 in 2007, with half the donations coming from Spain. Even if the 
results -- a 60 percent pregnancy rate per cycle -- are good, the development of egg 
donations is worrisome because most patients are older women beyond the age of child-
bearing. It is a flagrant example of the incursion of market practices in the medical 
profession. This problem is due to the nature of the demand but also to the growth of 
medical clinics run for financial profit. Biologists working in these clinics must reach goals 
set by financial directors. Health institutions today are guided more by financial 
considerations than medical. Today we see franchising of IVF units used as a tool to expand 
business. The unregulated European market has produced a situation which parallels the 
market worldwide, where certain practices migrate to countries with lower costs and/or 
looser regulation. Some centres propose an "all-in-one" stay that includes air tickets, hotel 
and on-site facilities. The world has seen a similar development in the fields of surrogacy, 
dentistry and cosmetic surgery. 

2.2.2 How egg donation can be organized in a near future  

The availability of unpaid oocytes is probably part of the solution. The possibility and 
quality of egg banking were assessed in a study by A. Cobo from IVI, presented at the 
ESHRE meeting in 2010 and published under the title, "A randomized, prospective, 
controlled-clinical trial to test the efficacy of oocyte banking in oocyte donation  
programs" (Cobo et al., 2010). This work, which demonstrates that ICSI using vitrified eggs 
produces the same results as with fresh recovered ones, marks a turning point in egg 
donation. 
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Oocyte vitrification makes in easier for each country to regulate its activity to fit the needs of 
its own population. Donations can be organized on a national scale, supervised by the 
health authorities of each country. Oocyte vitrification also will diversify the origin of 
donations. Oocytes from donors will be available but also from women who have 
undergone IVF treatment resulting in a successful pregnancy but who still have oocytes 
stored in the clinic where ICSI was performed and extra-numerary oocytes cryopreserved. 
Some of these women may agree to donate their “unused” oocytes to a national bank, and a 
national network can be organized. After some years of vitrified oocyte use, the number of 
eggs available for donation will tend to self-sufficiency.  

2.3 Preventing loss of fertility 

Female fertility is naturally limited to the years between puberty and menopause. The 15 
best years are from the ages of 20 to 35. By the age of thirty, half of the oocytes available 
after birth have vanished (Gougeon et al., 1994, Faddy et al., 1995, Scheffer et al., 1999 
Alviggi et al., 2009).  

Oocyte freezing offers new possibilities for women who face loss of fertility either through 
familial risk or during medical treatment of serious pathologies (oncological diseases, etc.)  

2.3.1 Identified familial or personal risk  

When genetically-induced ovarian failure appears, it is often too late to preserve fertility 
because of the lack of oocytes, even if the woman is still young. However, the early 
prevention of fertility loss in patients with a known family history of premature infertility is 
possible. In some families, premature ovarian failure was identified in a woman’s relatives 
who carried genetic mutations that interfere with the fertility timeline. In some cases a 
woman, although fertile at the age of 20, discovers she has lost her fertility ten years later, 
like her mother or aunt. In other cases, the discovery of the rearrangement of sex 
chromosomes may predict a shortened fertile life. It has been reported that carriers of 
Turner’s syndrome can have their own oocytes in the early stages of the reproductive period 
(Haseltine et al., 1984).  

By performing ovarian stimulation and collecting some oocytes while a woman still has antral 
follicles, it is possible to perform IVF later when she decides to use her eggs. Collecting them 
early in a woman’s life can protect her from programmed premature menopause. With a few 
good oocytes, she maintains the possibility of bearing children later on. 

2.3.2 Consequences of sterilizing treatments 

Treatment for chronic or ontological diseases can affect a woman’s fertility, partially or 
definitively. In almost all such cases, survival and cure rates are high and the woman is 
young enough to conceive after recovery. In the past ten years, the medical focus for such 
patients has been the cryopreservation of cortical fragments of the ovaries, and the 
programming of a graft for a hormonal ovarian cycle recovery. In rare cases an attempted 
pregnancy has been suggested to restore fertility. Some births have been reported but 
remain low due to the difficulties of the surgical procedure (Roux et al., 2010). By vitrifying 
oocytes in some women who are able to undergo ovarian stimulation before treatment, 
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preservation of fertility will be more efficient (Porcu et al., 2008, Noyes et al., 2011). The new 
method provides a better alternative for women facing loss of sterility through treatment of 
certain diseases. 

2.3.3 Embryo freezing has new rival for preserving female fertility 

However, the most interesting prospect offered by oocyte vitrification is societal -- it is 
now possible to avoid cryopreservation of the embryo. Many prominent bodies have 
argued that cryopreservation of the embryo is safe and efficient, thus legitimizing its use 
for the preservation of woman’s fertility. This has been the position of the American 
Society for Reproductive Medicine (Practice Committee of ASRM 2008), the French 
College of Gynaecology and Obstetrics (Bringer et al., 2010) and probably that of many 
other countries. We regard this as a true mistake. Take the case of the Evans couple which 
was brought before the European Court of Human Rights (European Court of Human 
Rights 2006). In 2000 the Evans were faced with a difficult situation. Mrs Evans was 
diagnosed with an ovarian tumour. They were advised by medical staff to proceed with 
IFV as a couple, and as a result six embryos were obtained and cryopreserved. The couple 
later divorced and Mrs Evans was denied use of the embryos. Mr Evans would not 
consent to an embryo transfer. She took her case to the European Court of Human Rights 
which ruled in her former husband’s favour. The position of the European Court was that 
his right to withdraw consent was stronger than her right to use the embryos without his 
consent. For Mrs Evans it was a double condemnation -- her ability to have her own 
children was taken away, first through illness and again by the courts. With oocyte 
vitrification such an outcome could have been avoided, because she would have been sole 
owner of her eggs.  

It should also be noted that the current debate over the future of unused embryos could 
become irrelevant. Should they be destroyed? Given to another couple? Is it legitimate to 
refuse embryo transfer post-mortem? Or to accept post-mortem transfer but within certain 
time limits? And if so, how long after death? And how many transfers should be allowed? 
As long as the preservation of embryos is the preferred method, these issues will continue to 
plague societies. 

A few years ago in the French city of Toulouse a woman was refused an embryo transfer 
because her husband (the "father") was no longer alive. The court ruled that her embryos be 
proposed for "very early adoption" because of a 2004 law in France prohibiting destruction 
of human embryos. 

Today, we are no longer being forced to choose between the right to motherhood and the 
right not to become father. Women are now able to preserve their gametes. Oocyte 
vitrification will resolve a number of ethical issues surrounding the use of the human 
embryo, without creating new dilemmas. We must be prepared at some point to admit our 
error in promoting embryo freezing as a means of preserving fertility and recognize that this 
is not a minor issue. 

As underlined by Cobo, the American Society for Reproductive Medicine concludes, 
‘‘Oocyte cryopreservation presently should be considered an experimental technique only to 
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be performed under investigational protocol under the auspices of an Institutional Review 
Board.” The French College of Gynaecologists et Obstetricians reaches a similar conclusion. 
All such professional organizations have a duty to rectify their position, once proof of error 
has been reasonably established.  

3. Conclusion 
The time has come to reorganize our daily practice, integrating oocyte vitrification into 
our routines. The efficiency of the combined techniques of ICSI and oocyte vitrification 
has transformed our environment, necessitating the creation of cryobiology units in all 
our labs where that has not already been done. We may rejoice in this recognition of our 
speciality in the field of medicine. We must continue to form a new generation of 
specialists, in a professional world very different from what we once knew. In over 30 
years of practice we have been witness every ten years to major changes in the field. We 
must share our experience with the new generation, while hoping fervently they will have 
the freedom to follow. In today's often oppressive regulatory environment, practitioners 
are caught up in concerns over quality control, their CE mark and ISO15189 accreditation. 
We will lose our souls this way. Regulatory pressures have led not only to modifications 
of all our procedures, they have transformed the structural functioning of our units. As 
biologists we must reassert our control in the lab. We cannot delegate the most critical 
aspects of our procedures to technicians who lack the understanding to take medical 
decisions. 

The advent of oocyte vitrification, like the introduction of ICSI before, poses a real challenge. 
This challenge will be met with success by all those who have chosen to dedicate their lives 
to reproductive biology. We are on the threshold of a cryobiological revolution. We can 
preserve oocytes today. In the future we will be able to preserve entire organs. We are 
fortunate to be working in this amazing field; may we remain passionate about our true 
mission -- to help patients. The introduction of oocyte vitrification represents a major step in 
the field of reproductive biology. It will transform our procedures, curtail the 
cryopreservation of embryos and resolve many issues surrounding the status of the human 
embryo. The advances are medical but they will have broad political, social and legal impact 
as well. 
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be performed under investigational protocol under the auspices of an Institutional Review 
Board.” The French College of Gynaecologists et Obstetricians reaches a similar conclusion. 
All such professional organizations have a duty to rectify their position, once proof of error 
has been reasonably established.  

3. Conclusion 
The time has come to reorganize our daily practice, integrating oocyte vitrification into 
our routines. The efficiency of the combined techniques of ICSI and oocyte vitrification 
has transformed our environment, necessitating the creation of cryobiology units in all 
our labs where that has not already been done. We may rejoice in this recognition of our 
speciality in the field of medicine. We must continue to form a new generation of 
specialists, in a professional world very different from what we once knew. In over 30 
years of practice we have been witness every ten years to major changes in the field. We 
must share our experience with the new generation, while hoping fervently they will have 
the freedom to follow. In today's often oppressive regulatory environment, practitioners 
are caught up in concerns over quality control, their CE mark and ISO15189 accreditation. 
We will lose our souls this way. Regulatory pressures have led not only to modifications 
of all our procedures, they have transformed the structural functioning of our units. As 
biologists we must reassert our control in the lab. We cannot delegate the most critical 
aspects of our procedures to technicians who lack the understanding to take medical 
decisions. 

The advent of oocyte vitrification, like the introduction of ICSI before, poses a real challenge. 
This challenge will be met with success by all those who have chosen to dedicate their lives 
to reproductive biology. We are on the threshold of a cryobiological revolution. We can 
preserve oocytes today. In the future we will be able to preserve entire organs. We are 
fortunate to be working in this amazing field; may we remain passionate about our true 
mission -- to help patients. The introduction of oocyte vitrification represents a major step in 
the field of reproductive biology. It will transform our procedures, curtail the 
cryopreservation of embryos and resolve many issues surrounding the status of the human 
embryo. The advances are medical but they will have broad political, social and legal impact 
as well. 
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1. Introduction 
While in vitro fertilization (IVF) is most often employed as a remedy for infertility, a 
discussion of the field would not be complete if it did not address the application of IVF to 
avoid genetic disorders. IVF makes it possible to assess the genetic status of the embryo 
before establishing a pregnancy when couples are at risk for an affected child. Physicians in 
the field will benefit from being informed about the diverse set of molecular and cytogenetic 
technologies employed in preimplantation genetic diagnosis (PGD) and screening (PGS), 
and from understanding their relative power and limitations as tools for genetic counseling. 

PGD and pre-implantation genetic screening (PGS) refer to two distinct types of clinical 
procedure that help a couple to have a healthy child: PGD determines the embryo’s 
genotype, while PGS assesses an embryo’s karyotype and has been used in screening 
chromosomal aneuploidy. 

PGD and PGS require the use of the IVF technique. These technologies, initiated in the late 
1980s as an alternative to prenatal diagnosis (PND), allows a couple at risk of a genetic 
disorder to give birth to an unaffected child by avoiding selective termination of an affected 
pregnancy. Genetic disorders could be due to either a single gene disorder, or an abnormal 
number or structure of chromosomes. The current agreed upon indications (Cooper & 
Jungheim, 2010) for PGD and PGS include: 

1. Screening for embryo chromosomal aneuploidy in cases of advanced maternal age or 
known parental translocation 

2. Family history indicating risk for known autosomal Mendelian genetic disorders 
3. Sex selection with family history indicating risk for X-linked disorders 
4. Sex selection for family balancing, e.g. parental preference for a male or female 
5. Human leukocyte antigen (HLA) matching to achieve a child to provide hematopoietic 

progenitor cells from cord blood to an existing sibling who requires bone marrow 
transplantation 
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The medical need for these services is significant. The U.S. Centers for Disease Control and 
Prevention estimates that more than 6,000 single-gene disorders affect approximately 1 in 
300 live-births (Benson and Haith, 2009), while cytogenetic abnormalities appear at about 
twice this rate in live births and cause approximately ¼ of miscarriages and stillbirths 
(Thiesen & Shaffer, 2010). PGD makes it possible to assess the genetic status of at-risk 
embryos prior to implantation and initiation of a potentially affected pregnancy. There still 
remains considerable controversy regarding the need for and the ability of PGD to increase 
implantation rates for IVF. 

1.1 The milestones of PGD and PGS development 

PGD began in the late 1980's with the pioneering work by Handyside and colleagues in 
selecting embryo gender by polymerase chain reaction (PCR) amplification (Handyside et 
al., 1990), and diagnosis for a recessive autosomal disorder (Handyside et al., 1992). 

PGS was subsequently developed by Munne’s team for gender determination (Munne et al., 
1993), and by Handyside’s team for aneuploidy screening (Schrurs et al., 1993) using 
fluorescent in-situ hybridization (FISH). Other PGD milestones include its application for 
chromosomal translocations (Munne et al., 1998), and for HLA matching that led to the first 
HLA matched baby unaffected with Fanconi anemia (Verlinsky et al., 2001; Grewal et al., 
2004). 

Between the birth of the first PGD baby in 1989 and the year 2000, about 500 babies were 
born worldwide using PGD. Since then, the PGD has been on a steep rise: about 1000 PGD 
babies were born worldwide between 2000 and 2002, and 1500 more PGD babies were born 
between 2002 and 2004 (Verlinsky et al., 2004; ESHRE PGD Consortium, 2002; Harper et al., 
2010). In the past 21 years, while thousands of babies have been born following PGD, there 
are no confirmed reports of increased fetal abnormalities following PGD. 

1.2 Assisted reproductive technologies that support preimplanation genetic testing 

Preimplementation genetic testing is supported by advances in assisted reproductive 
technology (ART). Methodologies of particular importance include intracytoplasmic sperm 
injection (ICSI), laser-assisted biopsies of embryos at the cleavage and blastocyst stages, 
sperm sorting, and cryopreservation of biopsied embryos. 

1.2.1 Intracytoplasmic sperm injection 

In conventional IVF each egg is combined with several thousand motile sperms on the day 
of egg retrieval to fertilize the egg. As a result, numerous sperms are present around the 
fertilized egg. At the next step, embryo biopsy, these excess sperms can contaminate the 
biopsy and contamination of the embryonic sample with sperm DNA can lead to incorrect 
PGD results. To guard against this risk a single sperm can be injected into each egg. This 
procedure is known as intracytoplasmic sperm injection (ICSI; Palermo et al., 1992; Harton 
et al., 2011a). 

Through ICSI eggs are fertilized and embryos are formed. On day 3 of fertilization, a single 
blastomere is removed from each cleavage-stage embryo having 6-8 cells for PGD. When 
embryos develop into blastocysts on day 5 of fertilization, embryos selected by PGD are 
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transferred to the mother. Alternatively, a few cells can be removed from the trophectoderm of 
a blastocyst for PGD on day 5, but the embryo will need to be transferred on day 6. Otherwise, 
the blastocysts need to be stored frozen and transferred at the next fertilization cycle. 

1.2.2 Laser-assisted biopsy of embryos 

PGD is accomplished by evaluating genetic material in polar bodies from unfertilized and 
fertilized oocytes (not performed here), blastomeres from cleavage-stage embryos, or 
trophectoderm cells from blastocysts. Depending on the developmental stage (oocyte, 
embryo or blastocyst), the zona pellucida can be breeched by one of three methods: 
mechanical zona drilling, acidified Tyrodes solution or laser.  

At present, the cleavage stage is most widely used for embryo biopsy, and drilling a hole in 
the zona pellucida with a laser beam is the predominant method (Harton et al., 2011b). On 
day 3 of fertilization when normally developing embroys reach the 8-cell stage, one or two 
blastomeres are aspirated through the opening of a cleavage-stage embryo for PGD using a 
glass capillary pipette. This is also known as blastomere biopsy. 

Biopsy of embryos at the blastocyst stage (on day 5 of fertilization) is more technically 
demanding (Fig. 1). An advantage of blastocyst biopsy is that this procedure is noninvasive 

 

 
Fig. 1. Laser-assisted blastocyst biopsy. Shown in the top and bottom panels before and after 
the removal of a few trophectoderm cells from an embryo at the blastocyst stage for PGD, 
respectively. On day 5 post-fertilization, a few cells excised from the trophectoderm by laser 
beam are aspirated using a glass capillary pipette under stereo microscope. 
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blastomere is removed from each cleavage-stage embryo having 6-8 cells for PGD. When 
embryos develop into blastocysts on day 5 of fertilization, embryos selected by PGD are 

 
Preimplantation Genetic Testing: Current Status and Future Prospects 

 

139 
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to the inner cell mass of the embryo because cells are removed only from the trophectoderm 
that will become the placenta. A further advantage is that the removal of multiple cells for 
PGD will significantly lower the allele drop-out (ADO) rate and increase the accuracy of 
testing. A drawback of blasocyst testing is that it allows less time for PGD, and thus the 
embryo may need to be frozen for transfer in the next fertilization cycle if test results are not 
obtained within a day. 

1.2.3 Sperm sorting 

After binding non-intercalating fluorescent dye to their DNA, X- and Y-bearing sperms are 
separated by flow-activated cell sorting based on the difference in total DNA content. The 
purity is greater than 70% for Y-bearing sperms, but greater than 90% for X-bearing sperms. 
Sperm sorting can be used for preconception sex selection used in family balancing, or used 
in combination with IVF-PGD to prevent the transmission of X-linked recessive diseases. 

1.2.4 Cryopreservation of biopsied embryos at the blastocyst stage 

Using the standard freeze-thaw method, the survival rate is low when cleavage-stage 
embryos (on day 3 of fertilization) are biopsied and cryopreserved. The survival rate can, 
however, be improved by vitrification after incubating the cleavage-stage embryos for 6-8 h 
following biopsy (Zheng et al., 2005), or by cryopreservation in CJ3 medium (Stachecki et al., 
2005). Recently higher survival rates of biopsied cleavage-stage embryos have been obtained 
by vitrification at the blastocyst stage (Magli et al., 2006; Zhang et al., 2009). 

2. Current technologies for preimplantation genetic testing 
At the Medical College of Wisconsin and Froedtert Hospital (Milwaukee, Wisconsin, U.S.A.) 
we provide PGD and PDS services for medically indicated conditions (Bick & Lau, 2006; 
Swanson et al, 2007). PGS for chromosomal aneuploidies (monosomy or trisomy) and 
chromosomal translocations is performed by FISH (Swanson et al., 2007). We also provide 
PGD for HLA matching (Bick et al., 2008), diagnosis of specific single-gene disorders 
(Swanson et al., 2007; Lau et al., 2010), and gender selection in cases of X-linked diseases  
(E.C. Lau, K. Wang & M.M. Janson, unpublished). 

For a family with a child who needs bone marrow transplantation, PGD for HLA matching 
(tissue typing) can facilitate birth of an HLA-matched donor infant (Bick et al., 2008; 
Verlinsky et al., 2001). Hematopoietic progenitor cells are then transplanted from cord blood 
or bone marrow of the PGD infant to save the life of the affected sibling. In addition, we 
have developed PGD assays for a few common and/or severe childhood genetic diseases, 
such as spinal muscular atrophy, sickle cell anemia, autosomal recessive polycystic kidney 
disease (ARPKD), and cystic fibrosis. 

2.1 PGD by multiplex PCR 

Single-cell multiplex PCR has been used in the PGD assays for HLA matching, spinal 
muscular atrophy (SMA) and sickle cell anemia. In PGD for these disorders we perform 
multiplex PCR of single blastomeres followed by haplotyping analysis of embryos with 
several linked short tandem repeat (STR) markers (Bick et al., 2008). Multiple markers are 
used due to the high incidence of allele-drop-out for single-cell PCR. 
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In PGD for SMA, we perform multiplex nested PCR of single blastomeres followed by 
restriction cleavage analysis (Swanson et al., 2007). This technique detects the restriction 
fragment length polymorphisms (RFLPs) of the SMN1 and SMN2 genes at exons 7 and 8. 
We use Hinf I for cleaving exon 7 (Daniels et al., 2001), and  Dde I for cleaving exon 8 of the 
SMN genes (Malcov et al., 2004). We use both fast PCR reaction mixture and rapid 
restriction enzymes to shorten the turn-around-time of PGD for SMA (E.C. Lau, 
unpublished). SMA, an autosomal recessive motor neuron disorder, is the most common 
fatal genetic disorder in childhood. It affects 1 in 6,000 to 1 in 10,000 live births, and has 
carrier frequency of 1 in 40 to 1 in 60 in the population. Deletion of both copies of SMN1 
gene accounts for 95% of SMA cases. SMN2 gene is highly homologous to SMN1, but cannot 
substitute for SMN1 gene functions (Prior & Russman, 2011). 

In PGD for sickle cell anemia, we perform multiplex PCR of single blastomeres followed by 
detection of β-globin (HBB) gene mutations by mini-sequencing, which is also known as 
single-base primer extension (Kobayashi et al., 1995; Heinrich et al., 2009). Sickle cell anemia 
is an autosomal recessive disorder caused by single-base mutation in codon 6 of HBB gene, 
that substitutes a thymine for adenine. A conformational change in the hemoglobin S (Hb S) 
molecule reduces its ability to carry oxygen. Other types of sickle cell diseases result from 
co-inheritance of HbS with abnormal globin β-chain variants, such as sickle hemoglobin C 
disease (Hb SC), and sickle β-thalassemia. In PGD for sickle cell diseases, linkage analysis of 
HBB haplotypes is performed with linked STRs located within the HBB gene and its flanking 
regions (E.C. Lau, A.F. Licht & M.M. Janson, unpublished). 

The major drawback of PGD by multiplex PCR is the interaction of PCR primers, which 
results in a long and tedious optimization process to work out a robust mixture for each 
patient family (see Section 3.1). 

2.2 PGD by whole-genome amplification 

A major challenge of PGD is to amplify DNA from single blastomeres and perform 
genotyping analysis within the time constraints of the IVF cycle. In order to meet the turn-
around-time of 30 hours or less for PGD from receiving the biopsied cells to clinical report, 
we have developed a fast and reliable protocol for whole-genome amplification (WGA) 
from single cells using multiple displacement amplification (MDA; Lau et al., 2010). 
Amplification is necessary since a single cell does not contain enough DNA to fulfill these 
assays. 

2.2.1 Techniques for single-cell whole-genome amplification 

The earliest method for whole-genome amplification (WGA) from single cells was PCR-based 
primer-extension preamplification (PEP) of single sperms (Zhang et al. 1992), that was adapted 
for the amplification of single blastomeres in PGD (Sermon et al., 1996). Like other PCR-based 
methods for WGA, the drawbacks of PEP method were incomplete genome coverage, and 
amplification bias (103 to 106 folds) between genomic loci in amplified products. 

More recent technologies for WGA from single cells are multiple displacement amplification 
(MDA; Handyside et al., 2004; Lau et al., 2010; Dean et al., 2002) and PicoPlex® library 
methods. MDA is a non-PCR and isothermal method for DNA amplification. Handyside and 
colleagues used a commercial MDA kit to amplify single blastomeres for PGD (Handyside et 
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al., 2004; Hellani et al., 2004), but the reaction time was 16 hours, and the ADO rates for 
genotyping MDA products were as high as 34%. While commercial kits for MDA are 
optimized for greater than 10 ng input genomic DNA, the use of MDA for WGA of single cells 
is not a standard application supported by the kit manufacturers (Coskun & Alsmadi, 2007). 
We modified the reaction of a commercial rapid-MDA kit for single cells, and obtained 
genotyping results of less than 10% ADO after 4-h MDA reaction (Lau et al., 2010). 

An alternative method for WGA from single cells is the PicoPlex® kit, which is adapted from 
the OmniPlex® technique for genomic DNA (Langmore 2002). The PicoPlex® library kit for 
WGA is a PCR-based technique that requires the fragmentation of large genomic DNA prior 
to the construction of a PCR-amplifiable library. Both MDA and PicoPlex®  methods for 
single-cell WGA have been used in array-based preimplantation testing (Hellani et al., 2008; 
Johnson et al., 2010; see Section 3.1). 

2.2.2 Linkage approach for embryo analysis 

Besides direct mutation detection, we use a linkage approach for embryo and familial 
analysis in PGD. For PGD of single-gene disorders, genotyping analysis is performed for 
embryos using STR markers linked with the disease genes, followed by haplotyping 
analysis. 

“Preimplantation genetic haplotyping” (PGH) is a test procedure for which the first round is 
whole genome amplification (WGA) of single blastomeres, and the second round is 
genotyping using whole-genome amplified products as template. A comparison  of sizes and 
genotypes of STRs among family members allows inferences of the haplotypes for parents and 
an affected child. If the STR loci are closely linked to and flank the disease locus, unaffected 
embryos can be identified by comparing their haplotypes to those of the parents and affected 
sibling. The advantage of using single-cell WGA in the first round of PGD is that a single 
common protocol is used to make many copies of the entire genome for subsequent analysis. 

We have successfully applied PGH to PGD for single-gene recessive disorders, such as 
autosomal recessive polycystic kidney disease (ARPKD; Lau et al. 2010) and cystic fibrosis 
(E.C. Lau, M.M. Janson & T. Boyle, unpublished). ARPKD is caused by mutations in the 
PKHD1 gene, which is located at chromosome 6p12.2 and codes for fibrocystin protein. 
Although 2-5% of all cases of polycystic kidney diseases (PKD) are ARPKD, more than 75% 
of all PKD cases that present clinically in the first month of life are ARPKD, with a mortality 
rate of about 25% in the first month of life (Sweeney & Avner, 2006; Dell & Avner, 2008). 
ARPKD affects approximately 1 in 20,000 live-births, with a carrier frequency of 1 in 70 
individuals. The first PGD case for a family at risk for autosomal recessive polycystic kidney 
disease (ARPKD) was successful using PGH (Lau et al., 2010). A PGD child, whose sibling 
died at birth from the disease and whose parents were both carriers of the gene, was born 
healthy with normal kidneys. 

We have also applied the PGH approach to PGD for cystic fibrosis (CF). CF is the most 
common lethal autosomal recessive disorder among Caucasians of northern European 
ancestry, and is a common genetic cause of infant mortality. The carrier frequency among 
Caucasians in the United States is approximately 1 in 25, but is lower in other racial groups. 
Over 1,000 different mutations in the CFTR gene for CF have been described, but fewer than 
25 occur with appreciable frequency (Amos et al. 2006). 
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PGD for single-gene disorders by PGH is a general approach based on linkage analysis. It 
does not require prior knowledge of the exact nucleotide sites of the mutations within a 
gene. PGH saves the time required to develop custom PGH assays for individual alleles, and 
thus is particularly useful for PGD of single-gene disorders involving many rare or private 
mutations. However, the haplotyping approach for PGD also has limitations. The method 
would be unable to determine the parental haplotypes when the affected child is deceased 
and a DNA specimen is unavailable. In addition, PGH will not infer the correct parental 
haplotypes if the affected inherited a chromosome that had undergone recombination at the 
disease locus (Altarescu et al., 2008). 

2.3 PGD for gender selection 

The application of PGD for gender selection offers an alternative to single-gene assays for 
individual X-linked diseases. Instead of developing custom PGD assays for individual X-
linked diseases, it is more practical to provide a single PGD assay of gender identification 
for families at risk of X-linked diseases. To prevent the transmission of X-linked Mendelian 
recessive diseases, PGD is used to select female embryos offspring. Because two copies of 
the mutant X allele are required for the diseases to occur in females, daughters of unaffected 
fathers will at worst be carriers for the trait. By contast, in males only one copy of the mutant 
X allele is required for the disease to occur and so the male child of a carrier mother has a 
50% risk of having the disease. 

2.3.1 Applications of PGD for gender selection 

The main medical use of PGD for gender selection is to prevent the transmission of X-linked 
Mendelian recessive disorders by giving birth to female offspring. Many X-linked 
Mendelian recessive disorders, such as Duchenne muscular dystrophy (DMD), and 
hemophilia A and B, are rarely seen in females because the child is unlikely to inherit two 
copies of the recessive allele. This may be because the condition is rare, or because affected 
males are reproductively disadvantaged. 

PGD for gender selection may also be used for non-Mendelian disorders that are 
significantly more prevalent in one sex. For the prevention of these inherited disorders, the 
gender of offspring is selected based on the seriousness of inherited condition, the risk ratio 
in either sex, and the options for disease treatment (Amor & Cameron, 2008). 

“Non-medical” applications of PGD for family balancing (also known as “social sexing” or 
“social sex selection”) are more controversial. There is no broad cultural preference for male 
or female offspring in the U.S., but there is a preference of males in some countries, such as 
China, India and the Middle East. This non-medical use of PGD for gender selection and 
family balancing is prohibited in many countries such as China, because it could disrupt the 
sex ratio of the population. 

2.3.2 Method of PGD for gender selection 

We have performed PGD for gender selection by WGA of single blastomeres by MDA, 
followed by multiplex PCR for detecting X- and Y-linked genetic loci (E.C. Lau, M.M. Janson 
& K. Wang, unpublished). The Medical College of Wisconsin and Froedtert Hospital do not 
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PGD for single-gene disorders by PGH is a general approach based on linkage analysis. It 
does not require prior knowledge of the exact nucleotide sites of the mutations within a 
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mutations. However, the haplotyping approach for PGD also has limitations. The method 
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and a DNA specimen is unavailable. In addition, PGH will not infer the correct parental 
haplotypes if the affected inherited a chromosome that had undergone recombination at the 
disease locus (Altarescu et al., 2008). 
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for families at risk of X-linked diseases. To prevent the transmission of X-linked Mendelian 
recessive diseases, PGD is used to select female embryos offspring. Because two copies of 
the mutant X allele are required for the diseases to occur in females, daughters of unaffected 
fathers will at worst be carriers for the trait. By contast, in males only one copy of the mutant 
X allele is required for the disease to occur and so the male child of a carrier mother has a 
50% risk of having the disease. 
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Mendelian recessive disorders, such as Duchenne muscular dystrophy (DMD), and 
hemophilia A and B, are rarely seen in females because the child is unlikely to inherit two 
copies of the recessive allele. This may be because the condition is rare, or because affected 
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PGD for gender selection may also be used for non-Mendelian disorders that are 
significantly more prevalent in one sex. For the prevention of these inherited disorders, the 
gender of offspring is selected based on the seriousness of inherited condition, the risk ratio 
in either sex, and the options for disease treatment (Amor & Cameron, 2008). 

“Non-medical” applications of PGD for family balancing (also known as “social sexing” or 
“social sex selection”) are more controversial. There is no broad cultural preference for male 
or female offspring in the U.S., but there is a preference of males in some countries, such as 
China, India and the Middle East. This non-medical use of PGD for gender selection and 
family balancing is prohibited in many countries such as China, because it could disrupt the 
sex ratio of the population. 

2.3.2 Method of PGD for gender selection 

We have performed PGD for gender selection by WGA of single blastomeres by MDA, 
followed by multiplex PCR for detecting X- and Y-linked genetic loci (E.C. Lau, M.M. Janson 
& K. Wang, unpublished). The Medical College of Wisconsin and Froedtert Hospital do not 



 
In Vitro Fertilization – Innovative Clinical and Laboratory Aspects 

 

144 

support non-medical use of PGD. We provide PGD for gender selection to help families 
with X-linked disorders give birth to unaffected children. 

2.3.3 Sperm separation in combination with PGD for selecting female embryos 

Sperm sorting techniques prior to IVF can be combined with post-fertilization molecular 
diagnosis of the resulting embryos. To prevent the birth of affected children, female 
embryos can be selected by PGD after forming embryos through ICSI with X-bearing sperm. 
For families at risk for rare X-linked recessive disorders, such as Wiskott-Aldrich syndrome 
(WAS) and monocarboxylate transporter 8-specific thyroid hormone cell transporter (THCT) 
deficiency, sperm sorting can be combined with PGD for selecting female embryos instead 
of developing custom PGD assays for these disorders. 

PGD for gender selection can also be used to increase the odds of conceiving an HLA-
matched, unaffected sibling donor. For a family with an X-linked recessive disorder that has 
an affected child in need of a hematopoietic progenitor cell transplant from cord blood or 
bone marrow, the combined use of sperm sorting and PGD for gender selection increases 
the chance of finding an HLA-matched and unaffected sibling donor to approximately 1 in 
5. Otherwise, the chance of finding an HLA-matched female embryo by PGD is only 
approximately 1 in 10. 

2.4 PGS/PGD for cytogenetic anomalies 

Preimplantation screening for cytogenetic anomalies, in particular aneuploidies and 
translocations, has been performed using either FISH probes or array-comparative genomic 
hybridization. We shall discuss the challenges and limitations of both methods. 

2.4.1 Aneuploidy for whole chromosomes 

The adoption of FISH in a preimplantation context was a natural adaptation of FISH 
techniques as used in prenatal diagnosis (PND), where its value in assessing aneuploidy is 
unassailable. In contrast to prenatal specimens, only single, or at most two cells, are 
available for preimplantation genetic testing (PGT), and thus single FISH probe cocktails 
must employ at least 5 fluorochromes to cover the most prevalent liveborn aneuploidies, 
namely, 13, 18, 21, the X and Y. The availability of commercially produced cocktails has 
alleviated the need to “home brew” probes, but has necessitated the acquisition of more 
comprehensive fluorescent filter sets than those used for most routine two- or three-color 
FISH. 

Following biopsy of an embryo the single blastomeres are placed in a hypotonic solution, 
and then treated with acetic acid methanol to fix and spread the cells. All these are 
performed by an embryologist. Ideally this will result in a uniformly flat nucleus with little 
or no overlying cytoplasm. Larger swelled nuclei which have not ruptured and have 
therefore preserved the nuclear contents are desired in order to separate the hybridization 
signals, especially for the large centromere targets, 18, X and Y. Subsequent steps are 
performed in the cytogenetics laboratory. From this point forward a major departure from 
PND, where typically 50 nuclei are assessed, is the reliance on a single nucleus for 
aneuploidy diagnosis. Thus, there is a need for consistency in the fixation and spreading, 
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and freedom from artifacts such as spurious extra signals or weak signals, which are 
inconsequential in multi-cell analyses. 

The partial coverage of a 5-probe set can be partly overcome by sequential hybridizations to 
the same nucleus. The quality and consistency of a second or subsequent hybridization are , 
however, generally progressively inferior due to the damaging hot treatments at 73 oC, 
which are necessary for denaturation and stringent washing. Preliminary indications of 
commercial development of a 6-step reduced-temperature sequential hybridization strategy 
to cover all 24 chromosomes have not to our knowledge been realized, and routine 
widespread use of such a strategy may not be technically realistic. 

Nevertheless, a second hybridization cycle can detect the more common aneuploidies seen 
in early spontaneous pregnancy losses, namely, trisomies 15, 16 and 22. An example of a 
home-brew second cycle is shown in Fig. 2, and utilizes a contrasting color mixture of alpha 
satellite for 15, alpha satellite for 16 and the BCR locus for 22. 

  
Fig. 2. Panel on left is a first cycle of hybridization using Abbott PGT cocktail.  Fluorochrome 
scheme: red = 13, aqua = 18, green = 21, blue = X and Y = gold. This nucleus is euploid for 
these chromosomes and is male. Panel on right is cycle 2 of the same nucleus. Fluorochrome 
scheme: orange = 15, aqua = 16, green = 22, all obtained from Abbott Laboratories. The 
single copy unique sequence BCR is thus the smallest signal. 

From the foregoing discussion one can deduce that several technical difficulties limit the 
usefulness of FISH in aneuploidy assessment. Due to artifactual variation in quality the 
clarity of results seen in Fig. 2 is not always achieved, resulting in ambiguous diagnosis or 
no diagnosis for an embryo. This limitation is inherent to the fact that a single data point 
(FISH signal) in a single nucleus is to be regarded potentially as representative of the entire 
embryo. Secondly, an obvious limitation is the extent of genome coverage, which often 
encompasses only the potentially liveborn trisomies, with a complete absence of information 
regarding other unsampled genomic regions. 
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Both these limitations are overcome by the use of genomic copy number microarrays (see 
Section 3 below). Firstly, each chromosome is represented by many data points by array 
hybridization, making 1, 2 or 3-copy number calls more statistically reliable. Secondly, all 
the chromosomes are represented on arrays, thus all aneupoloides leading to early 
pregnancy loss can be detected. 

2.4.2 Aneuploidy for sub-chromosomal regions 

Arrays using single-cell amplified DNA may not yet be necessarily sensitive enough to 
detect sub-chromosomal aneuploidy. Examples may include small extra marker 
chromosomes or unbalanced segregants of reciprocal translocation, both of which can 
lead to unfavorable pregnancy outcomes. FISH may continue to be of utility in assessing 
aneuploidy from translocation of small but genetically significant regions that have been 
associated with developmental delay or pregnancy loss. We have used a FISH strategy 
when the microarray service cannot provide assurance of reliable coverage of small 
regions. 

An example in our experience is a couple which suffered two pregnancy losses due, in each 
case, to different unbalanced adjacent-1 meiotic segregation products. The small regions 
involved are shown in Fig. 3. 

 
Fig. 3. Balanced t(3;6)(q25.3;p22.2) in a woman with repeated miscarriages and unbalanced 
pregnancy losses. Both unbalanced adjacent-1 products have been observed in karyotyped 
products of conception. 

The probe scheme used to assess their embryos is illustrated in Fig. 4. It also illustrates the 
general rule that labeling three of the four arms of the quadrivalent with probes is necessary 
and sufficient to detect any of the 12 unbalanced products possible, including both adjacent-
1, both adjacent-2 as well as all eight 3:1 segregants. An advantage of translocation FISH 
over aneuploid FISH is that often two data points will mark an unbalanced meiotic product, 
since all adjacent-2 and half of 3:1 products result in a duplication or deficiency for two 
probes. This strategy has been adopted in three pregnancy cycles in the aforementioned 
couple.  

FISH patterns from an embryo clearly unbalanced with an extra 3p signal but a single 6 
centromere are shown in Fig. 5a. This is interpreted as an adjacent-2 segregant, cartooned in 
Fig. 5b. This would result in 3 copies for most of 3 and monosomy for most of 6. 
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Fig. 4. Top, scheme to detect unbalanced t(3;6) meiotic products: subtelomere green (3p) and 
orange (3q) as well as 6 centromere (aqua). Three contrasting probes are sufficient to detect 
all unbalanced products. Bottom, this interphase pattern is balanced, any other pattern is 
unbalanced, following fertilization. 

      
Fig. 5. Left, shows FISH patterns with an extra 3p signal and deficient for a 6 centromere 
signal. This is one of two cells from this embryo showing adjacent-2  segregation. Right, 
depicts this unbalanced complement.  

To date adjacent-1 and adjacent-2 segregants have been detected in this couple, including 
those equivalent to both of the previous cytogenetically documented pregnancy losses. 

It should be emphasized that both FISH and microarray approaches are limited in predictive 
value by strictly biological considerations. It is apparent by numerous studies that many 
early embryos are mosaic for aneuploidy. In addition, mosaic embryos often “correct”, 
leading to normal outcomes following an aneuploid finding based on a single cell (Barbash-
Hazan et al, 2009). Thus, both false negative and false positive findings may be expected 

3 6p q 
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from these single cell approaches. These considerations must be kept in mind when 
counseling couples to the value and accuracy of anueploid PGD. 

3. Technological advances in preimplantation genetic testing 
Robust WGA protocols (see section 2.2 above) and high-throughput DNA technologies such 
as microarrays and next generation sequencing (NGS) make it reasonable to envision PGD 
by interrogating the complete genome of a single blastomere. Completing a whole-genome 
analysis within the time frame of an IVF cycle via either technology remains a technical 
challenge. Genomic strategies, however, offer the promise of universal diagnosis and 
screening methods with consequent advantages in cost efficiency and diagnostic power. 
Emerging technologies for whole genome analysis via DNA microarrays and DNA 
sequencing are rapidly becoming more powerful and more cost effective, and it will soon be 
feasible to apply these genomic tools widely in reproductive medicine. 

3.1 PGD/PGS by microarrays 

DNA microarray technologies measure hybridization between the subject’s DNA (the 
“target”) and a matrix of known DNA sequences (the array “features”) immobilized on a 
solid state matrix. Depending upon the array platform and hybridization protocol, 
microarrays can reveal gains or losses of genome segments or determine the subject’s 
genotype for SNPs. 

Array-comparative genomic hybridization (aCGH) has become an established alternative to 
FISH for PGS of aneuploidies, unbalanced translocations and complex karyotypes with 
multiple rearrangements (Hellani et al., 2008; Van den Veyver et al., 2009; Harper & Harton, 
2010; Alfarawati et al., 2011; Fiorentino et al., 2011; Vanneste et al., 2011). In this procedure, 
target and control genomic DNAs are mixed and competitively hybridized to the same 
array. Changes in the hybridization ratio of target to control at a region indicate a gain or 
loss of material relative to the control genome. Since aCGH interrogates every chromosome 
and reveals events below the limits of microscopic detection, it is able to identify 
chromosome anomalies that a standard 8- or 12-chromosome FISH might fail to detect. 
However, aCGH does not detect balanced rearrangements or triploidy, where the 
target:control DNAs hybridized to the array features is constant along the genome 
(Thornhill et al., 2008; Harper & Harton, 2010; Fiorentino et al., 2011). 

Single-gene disorders are amenable to whole-genome analysis using SNP microarrays. The 
SNP array features include alternative alleles for a large number of polymorphisms, and 
hybridization indicates which SNP allele(s) are present in the target genome. The SNP 
genotypes of two parents and a reference child define maternal and paternal haplotypes at a 
gene of interest, and linkage then establishes the genetic risk for a second child based on its 
combination of parental haplotypes. The analysis is similar to STR haplotyping discussed 
previously (see section 2.2.2). While custom PGD linkage assays have been developed for 
less than 10% of the known single gene disorders, a single microarray generates predictive 
SNP haplotypes for the entire genome. 

Handyside et al. (2010) employed SNP genotype data to create “karyomaps” that represent 
the parental haplotypes and points of recombination along a child’s chromosomes. In this 
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work, SNP haplotypes were shown to coincide with the inheritance of cystic fibrosis in 
families where both parents were carriers for CFTR mutations (Handyside et al., 2010). 

Unpublished results from our laboratory (C.B. Ball & E.C. Lau) also serve as support the 
concept of SNP haplotyping for Mendelian disorders. SNP haplotypes linked to eleven loci 
of clinical interest were analyzed in a family of four individuals. At each locus, a region 
comprised of the gene of interest and 2 Mb flanking on either side contained sufficient 
informative SNPs to infer paternal and maternal haplotypes and predict the genetic status of 
a sibling to the reference child. We validated the SNP haplotypes analysis with PCR assays 
for STRs linked to three of the eleven loci (see section 2.2.2). Table 1 (a and b) summarizes 
the findings for these three genes: 

(a) SNP haplotypes linked to loci of interest and diagnosis for proband child. 

Locus 
Linked SNPs SNP Haplotypes # of SNPs 

matching 
proband call Total Informative Father Mother Reference

child
Proband

child
CFTR 903 255 P1 P2 M1 M2 P1  M1 P2 M2 245 / 253 
HBB 1,747 528 P1 P2 M1 M2 P1  M1 P1 M2 499 / 528 

PKHD1 1,492 488 P1 P2 M1 M2 P1  M1 P1 M2 472 / 488 

(b) STR haplotypes linked to loci of interest and diagnosis for proband child. 

Locus STR location 

STR haplotypes
STR allele sizes in bp

Father Mother Reference
child

Proband 
child 

CFTR 3’ flanking region P1 P2
211, 204 

M1 M2
204, 231

P1  M1
211, 204

P2 M2 
204, 231 

HBB 5’ flanking region P1 P2
137, 141 

M1 M2
127, 119

P1  M1
137, 127

P1 M2 
137. 119 

PKHD1 

5’ flanking region P1 P2
348, 363 

M1 M2
352, 344

P1  M1
348, 352

P1 M2 
348, 344 

intragenic P1 P2
254, 260 

M1 M2
260, 264

P1  M1
254, 260

P1 M2 
254, 264 

3’ flanking region P1 P2
232, 228 

M1 M2
230, 228

P1  M1
232, 230

P1 M2 
232, 228 

Table 1. Comparison of haplotyping for SNPs linked to three clinically significant loci (a) 
with haplotyping for STRs linked to the same loci (b). 

It should be noted that of 21 custom primers tested, only five assays were informative in this 
pedigree (Table 1b). This illustrates the universality of SNP genotyping compared to STR 
methods and the value of avoiding custom assays. 

SNP arrays are also of value in assessing aneuploidy and unbalanced chromosome 
rearrangements. Johnson et al. (2010) showed that integrating SNP genotype data with copy 
number improved the quality of analysis for noisy data such as those obtained from single-
cell WGA. Similarly, Handyside et al. (2011) established that karyomapping across the 
whole genome would detect chromosome imbalances and identify the parent of origin for 
the imbalance based on the parental genotypes. 
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work, SNP haplotypes were shown to coincide with the inheritance of cystic fibrosis in 
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the findings for these three genes: 

(a) SNP haplotypes linked to loci of interest and diagnosis for proband child. 

Locus 
Linked SNPs SNP Haplotypes # of SNPs 

matching 
proband call Total Informative Father Mother Reference

child
Proband

child
CFTR 903 255 P1 P2 M1 M2 P1  M1 P2 M2 245 / 253 
HBB 1,747 528 P1 P2 M1 M2 P1  M1 P1 M2 499 / 528 

PKHD1 1,492 488 P1 P2 M1 M2 P1  M1 P1 M2 472 / 488 

(b) STR haplotypes linked to loci of interest and diagnosis for proband child. 

Locus STR location 

STR haplotypes
STR allele sizes in bp

Father Mother Reference
child

Proband 
child 

CFTR 3’ flanking region P1 P2
211, 204 

M1 M2
204, 231

P1  M1
211, 204

P2 M2 
204, 231 

HBB 5’ flanking region P1 P2
137, 141 

M1 M2
127, 119

P1  M1
137, 127

P1 M2 
137. 119 

PKHD1 

5’ flanking region P1 P2
348, 363 

M1 M2
352, 344

P1  M1
348, 352

P1 M2 
348, 344 

intragenic P1 P2
254, 260 

M1 M2
260, 264

P1  M1
254, 260

P1 M2 
254, 264 

3’ flanking region P1 P2
232, 228 

M1 M2
230, 228

P1  M1
232, 230

P1 M2 
232, 228 

Table 1. Comparison of haplotyping for SNPs linked to three clinically significant loci (a) 
with haplotyping for STRs linked to the same loci (b). 

It should be noted that of 21 custom primers tested, only five assays were informative in this 
pedigree (Table 1b). This illustrates the universality of SNP genotyping compared to STR 
methods and the value of avoiding custom assays. 

SNP arrays are also of value in assessing aneuploidy and unbalanced chromosome 
rearrangements. Johnson et al. (2010) showed that integrating SNP genotype data with copy 
number improved the quality of analysis for noisy data such as those obtained from single-
cell WGA. Similarly, Handyside et al. (2011) established that karyomapping across the 
whole genome would detect chromosome imbalances and identify the parent of origin for 
the imbalance based on the parental genotypes. 
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3.2 Future PGD/PGS by DNA sequencing 

Besides high-density microarrays, SNPs can be detected genome-wide by DNA sequencing, 
which provides genotyping analysis at the highest resolution. For PGD of single-gene 
disorders, DNA sequencing would be the future method of choice. The assay can interrogate 
the entire genome, or target specific regions and genes of special interest. In principle, 
sequencing methods can search directly for a targeted base change, or generate SNP 
haplotypes for a linkage-based diagnosis. Second-generation sequencing systems, such as 
Roche 454 system, Illumina sequencers and ABI SOLiD system, have not been used for PGD 
due to the high cost and slow turn-around-time. 

Even if the cost of whole genome DNA sequencing falls to $1,000, it is still too costly for 
routine clinical PGD when the total cost of sequencing the parental samples, affected child 
and several embryos is considered. In contrast to accurately determining the genotypes of 
every SNP that requires sequencing at high genome coverage, it may lower the cost of PGD 
using a haplotying approach that would require a lower genome coverage to identify the 
SNP haplotypes of embryos for transfer.  

The recently released third-generation DNA sequencers, such as the Single-Molecular Real-
Time System RS (Pacific Biosciences, CA), has enabled more rapid and cost effective 
genomic sequencing. Future sequencing technologies, such as DNA transistor nanopore 
sequencing system (Roche-IBM), and DNA tunneling silicon nanopore sequencer, will 
benefit PGD when the sequencing cost falls below $250, and the turn-around-time to be less 
than 24 hours. 

4. Genetic counseling for PGD/PGS 
Genetic counseling is an essential step for patients contemplating PGD (Swanson et al., 
2007). During the counseling session information is gathered including the patient’s medical 
and reproductive history, the partner’s medical and reproductive history, and their family 
histories. Both the patient and her partner should attend the counseling session. If an 
indication of risk is not covered, it is essential that the counselor obtains the physician 
and/or laboratory records supporting the information. Preimplantation genetic testing 
should not be undertaken without a firm diagnosis. With this information in hand the 
counselor can discuss disorder(s) in the family, the severity and variability of such 
condition(s), limitations of genotype/phenotype and the patient’s probability of affected 
children. All of this information will help a patient decide whether PGD would be a 
reasonable option for her situation. 

If PGD appears to be an option, then information is provided detailing the testing that can 
be carried out on single embryonic cells. Limitations of such testing are discussed including 
the patient’s anticipated success rate for IVF with PGD and the possibility of both false 
positive and false negative PGD results. Prenatal testing through chorionic villus sampling 
(CVS) or amniocentesis is recommended to confirm the results of PGD. Patients should be 
reminded of alternative reproductive options including use of donor gametes, prenatal 
diagnosis (PND), accepting genetic risk without further testing, adoption, and having no 
children or no additional children (Harton et al., 2011c). 
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By combining the information from the reproductive medicine specialist and the genetic 
counselor, the patient can decide whether to pursue PGD. It is important that the counseling 
provided should be non-directive, to enable the patient to reach her own conclusion about 
the suitability of PGD (Shenfield et al., 2003). 

5. Future prospects for preimplantation genetic diagnosis 
Severe genetic disorders are debilitating, expensive and incurable conditions. The patient, 
the family and society at large each have an interest in avoiding the birth of a child with 
such a disease. PGD provides that option in a cost-effective manner, without resort to 
termination of an affected pregnancy. 

5.1 Current status of choice between PGD/PGS and PND in the U.S. 

Prenatal diagnosis (PND) of fetuses is performed by either amniocentesis or CVS performed at 
different stages of fetal development, but the procedures are invasive and parents may 
ultimately decide to terminate an affected fetus. Even though PGD has been available for 21 
years, PND following natural conception still prevails in the U.S. For couples at risk of severe 
inherited genetic disorders, abortion of affected pregnancy is still the most common option, 
especially in those States which do not have mandatory insurance coverage for IVF and PGD. 

5.2 Medical and economic considerations of universal access to PGD/PGS 

The medical community has recently begun to address the medical and economic 
implications of implementing a national PGD program to help couples who are carriers of 
severe single-gene disorders.  

About 1000 children affected with cystic fibrosis (CF) are born annually in the U.S., in some 
part due to reluctance to terminate affected pregnancies. There is the potential to save 33 
billion dollars in lifetime medical care for those affected with this disorder if carrier parents 
had the option of undergoing government-backed or insurance-mandated PGD and IVF 
(Tur-Kaspa et al., 2010). For couples who are carriers of severe inherited genetic disorders, 
prevention of affected pregnancy by PGD may be a preferred option to the termination of 
affected fetuses (Davis et al., 2009). Thus, economic and medical considerations favor a 
universal and affordable access to IVF, PGD or PGS services for carrier couples of severe 
single-gene disorders such as CF, or for individuals at risk for transmitting chromosomal 
translocations, but cannot afford it (Handyside, 2010). 

6. Ethical concerns 
The non-medical use of PGD and PGS presents some ethical concerns. While PGD has mainly 
been used to select embryos unaffected with severe genetic diseases to avoid the transmission 
of some medical conditions, PGD may also have the potential to select an embryo affected 
with the same disability or disease that affects the parents, such as deafness. A deaf child born 
to a deaf couple would be better suited to the parents' shared culture. 

There is resistance regarding the practice of reproductive technologies including IVF, PND, 
abortion, sperm sorting, PGD/PGS, and embryonic stem cells. In fact, many countries have 
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banned the use of PGD for gender selection, but it is permitted in the U.S. The opponents of 
“social sex selection” argue that the consequences of preimplantation procedures such as 
sperm sorting, PGD and PGS would artificially unequalize the ratio of females to males. The 
opponents of PGD and PGS fear that these technologies could be used for eugenic purposes, 
or increasing uses of PGD may open the door to other eugenic technologies.  

PGD has successfully been used to prevent the transmission of single-gene disorders with 
Mendelian inheritance, but has not been used for complex genetic disorders because there is 
insufficient amount of amplified DNA from a single blastomere with high fidelity for testing a 
large number of genes and single-nucleotide polymorphisms (SNPs). Complex genetic 
disorders (e.g. diabetes mellitus), athletic ability and intelligence are controlled by many genes 
and environmental factors. Similarly, physical traits (e.g. body height), and cosmetic traits (e.g. 
hair color, eye color and skin pigmentation) are determined by multiple genes and SNPs 
(Sulem et al., 2007). With the recent advancement in blastocyst biopsy for removing multiple 
cells, cryopreservation of blastocysts, whole-genome amplification methods that generate  
amplified DNA with high fidelity, it has been technically feasible to provide preimplantation 
testing for complex genetic disorders and human traits. When PGD expands its scope to such a 
non-medical realm in potential attempts to make “designer babies”, it will spark more debates 
and controversy that might lead to legislation in this area. 

7. Conclusion 
Preimplantation genetic testing is an important application of IVF and has broad interest to 
reproductive medicine practitioners. Economic and medical considerations favor a universal 
and affordable access to IVF and PGD/PGS services for carrier couples of severe inherited 
genetic disorders. In addition to current methodologies, preimplantation testing is an 
expanding field poised to adopt cutting-edge genomic technologies for new advances in 
preventative medical care. Technologies for interrogating whole genomes via via SNP 
microarrays microarrays and DNA sequencing are rapidly becoming more powerful and 
more cost-effective. It will soon be feasible to apply these genomic tools widely in 
reproductive medicine. 
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