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      Foreword  

  Human reproduction is very inef fi cient. Considering the overpopulation of 
many regions of our world, how can this be true? The simplistic answer is that 
the reproductive cycle operates about 13 times each year. 

 In normal reproduction, although greatly in fl uenced by age, on average 
only about one in  fi ve unions of sperm and egg result in a normal neonate. 
There is abundant evidence that about two-thirds of these failures are due to 
chromosomal aneuploidy. One can speculate that the remainder are due to 
mismatches at the molecular level. 

 Clinical IVF superimposes its own inef fi ciency on the inef fi ciency of nor-
mal reproduction. On an egg retrieval basis, IVF requires about ten mature 
eggs for each neonate. To be sure there is some correction by cryopreserva-
tion. These considerations point to the great importance for clinical IVF of an 
ability to identify one or more biomarkers during oogenesis, spermatogene-
sis, or embryogenesis, which can predict a normal neonate. 

 David Gardner, Denny Sakkas, Emre Seli, and Dagan Wells, all distin-
guished workers in this pursuit, from Australia, the United States and the 
United Kingdom, have gathered an inclusive and brilliant group of investiga-
tors whose work has contributed and surely will continue to contribute to this 
search. 

 This encyclopedia of amazing and complicated molecular reactions, which 
must be just right for each of us to exist, is required reading for anyone who 
wishes to join the pursuit for the magic biomarker. In addition, every repro-
ductive physician and embryologist will surely be better informed by becom-
ing familiar with the contents of this book as it will give insight and 
understanding of what is being in fl uenced by their efforts. 

 It needs to be noted that this book concerns the gametes and the embryo 
and gives no consideration to the role played by the endometrium. This is in 
keeping with the biblical story of the seed and soil, which has been aptly 
paraphrased by many, stating that reproductive inef fi ciency is due to the seed 
and not the soil. However, there may well be a minority of cases where there 
is a problem with the soil. 

 When a unique biomarker or biomarkers can predict a normal neonate and 
is widely applied in clinical IVF, a change in mindset of the patient and the 
physician may well be required. The magic biomarkers will accomplish, in 
the laboratory, what nature has been doing forever by overcoming what we 
call the inef fi ciency of human reproduction. Both patient and staff must under-
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stand and be prepared that there may be retrieval cycles that will be character-
ized by no transfers, especially among patients in the latter 30s and beyond. 

 However, there is a real compensating possibility that we will understand 
how to harvest enough eggs to minimize or eliminate the inef fi ciency of 
reproduction enhanced by retrieval from a single menstrual cycle. This book 
should be in the library and minds of every IVF program around the world. 

    Howard   W.   Jones ,  Jr.,   MD   
   Professor Emeritus 

 Eastern Virginia Medical School 
  Norfolk ,  VA ,  USA 

    Johns Hopkins University School of Medicine 
  Baltimore ,  MD ,  USA       
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    Preface 

    The plight of infertile couples has been greatly alleviated over the past three 
decades. Assisted Reproductive Technologies have facilitated the birth of 
over  fi ve million children and counting. Such a wonderful outcome has only 
been made possible through the tireless work of numerous physicians, 
nurses, and scientists all around the world. Advances in ovarian stimula-
tion, and laboratory conditions and procedures, have facilitated greater suc-
cess rates and safer outcomes. Concomitantly, high-order multiple 
gestations, once a common complication, are now being retired to the 
archives of human IVF. Nonetheless, the incidence of twins remains high in 
several communities, culminating in IVF being responsible for a dispropor-
tionate percentage of multiple births. The once elusive goal of routine sin-
gle embryo transfer is  fi nally becoming a reality in some countries. However, 
in order for single embryo transfer to become the standard of care for all, it 
is imperative that accurate, rapid, and economical methods of quantifying 
embryo viability are developed to ensure that the most viable euploid 
embryo is selected for transfer. Ideally, such tests would be noninvasive, 
lessening the risks to the embryo and reducing costs and workload in the 
embryology laboratory. 

 It was with the goal of single embryo transfer for all patients that we set 
out to review the established and developing methods for embryo selection, 
outline promising new technologies, and speculate about the future of embryo 
selection. The scope of this project covers the analysis of embryo morpho-
logical characteristics, both as static observations (conventional scoring) or 
with time as a continuous variable (morphokinetics), the capability of novel 
genetic screening approaches for the analysis of embryo ploidy and gene 
defects, and  fi nally the analysis of both proteome and metabolome of gametes 
and embryos. The rapid advancement in several technologies described in 
this book will not only ensure that we are able to obtain highly valuable and 
novel insights into events during the  fi rst week of human life, but will facili-
tate the creation of assays to identify the most suitable embryo for transfer 
(and cryopreservation). 
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 It has been our privilege to have worked with the many distinguished con-
tributors for this volume. We dedicate this book to the millions of infertile 
couples worldwide. It is our collective goal in the IVF community to make 
their journey to parenthood short in duration and successful. 

Melbourne, VIC, Australia David K. Gardner, DPhil
Waltham, MA, USA Denny Sakkas, PhD
New Haven, CT, USA Emre Seli, MD
Oxford, UK Dagan Wells, PhD, FRCPath  
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 The birth of Louise Brown opened a new era in 
reproductive medicine. Following decades of 
research on animal models and humans, the  fi rst 
successful human in vitro fertilization (IVF) pro-
cedure involved the fertilization of a single meta-
phase two (MII) oocyte collected in a natural 
cycle  [  1  ] . However, soon it was realized that preg-
nancy and birth rates per treatment cycle could be 
increased in parallel with the number of oocytes 
collected  [  2  ] . This was achieved by using exoge-
nous gonadotropin administration to overcome 
the decrease in endogenous follicle stimulating 
hormone levels in serum, which is responsible for 
limiting the number of growing antral follicles in 
the early follicular phase. In this manner, it has 
been possible to maintain the growth of a larger 
number of follicles that would otherwise undergo 
atresia and to collect more MII oocytes to be fer-
tilized  [  3  ] . Stimulation protocols were later 
improved to involve gonadotropin releasing hor-
mone analogues to prevent premature ovulation 
and even to schedule treatment procedures  [  4  ] . 
Controlled ovarian hyperstimulation (COS) with 
various combinations of exogenous gonadotro-
pins and GnRH analogues proved to increase 
the success rate of IVF, and the results achieved 

by most treatment centers exceed spontaneous 
 conception rates in healthy fertile couples  [  5  ] . 

 However, this success was achieved through 
the simultaneous transfer of multiple embryos in 
the majority of IVF cycles. Transferring multiple 
embryos rapidly became the norm and it was not 
uncommon to transfer  fi ve or six embryos at a time. 
This has led to an “iatrogenic” epidemic of multiple 
pregnancies. The incidence of multiple pregnan-
cies  fl uctuated around 30 % of all IVF pregnancies 
and triplets and higher order multiple pregnan-
cies (HOMP) comprised approximately 5 % of 
all IVF pregnancies worldwide  [  6–  8  ] . Compared 
to spontaneous pregnancies, these  fi gures corre-
spond to almost a 20- and 50-fold increase in the 
incidence of twins and higher order multiples, 
respectively  [  9  ] . In the United States, while IVF 
cycles accounted for only 1 % of all births in the 
year 2006, 18 % of multiple births resulted from 
IVF, and a striking 48 % of all IVF neonates were 
the products of multiple gestations, a frequency 
15- to 20-fold greater than with spontaneous con-
ceptions  [  10,   11  ] . 

   Risks Associated with IVF 

   Multiple Pregnancy as the Most 
Common Cause of Morbidity 
and Mortality Associated with IVF 

 Multiple pregnancies are associated with serious 
complications for IVF children. Compared to 
singletons the neonatal mortality of twins and 
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triplet and HOMPs are increased by 7- and 
22-fold, respectively  [  12  ] . The mean gestational 
age of delivery is approximately 35 weeks for 
twin and 32 weeks for triplet gestations  [  13  ] . 
Consequently, while multiple births constitute 
only 3 % of all births in the United States, they 
account for 13 % of preterm births before 37 
weeks of gestational age, and 25 % of very low 
birth weight infants  [  14  ] . The higher rate of pre-
term delivery in neonates from multiple infant 
pregnancies does not only compromise their 
chances of survival but also increases their risk of 
physical handicap. The risks associated with pre-
term delivery include neurological problems. 
Cerebral palsy is signi fi cantly more frequent in 
babies born from multiple gestations due to the 
strong association between premature delivery 
and cerebral palsy  [  15  ] . While the incidence of 
cerebral palsy is about 2 per 1,000 live births in 
the general population, it is estimated to increase 
to 9, 31, and 111 per 1,000 live births in twin, trip-
let, and quadruplet pregnancies, respectively  [  16, 
  17  ] . Overall, 1 in 5 triplet pregnancies and 1 in 2 
quadruplet pregnancies result in at least one child 
suffering a signi fi cant long-term handicap  [  17  ] .  

   Maternal Risks Associated 
with Multiple Pregnancy 

 Multiple pregnancy increases the risk of serious 
maternal complications. The risk of pregnancy-
induced hypertension and preeclampsia in twins is 
reported to be  fi ve to tenfold higher in  multiple 
pregnancies than in singletons  [  18  ] . Similarly, the 
incidence of gestational diabetes is increased in 
parallel to the number of fetuses. Compared to sin-
gletons, the risk of gestational diabetes is increased 
twofold in twin pregnancies and more than three-
fold in triplets  [  18  ] . Risk of operative delivery, 
postpartum hemorrhage, and maternal mortality 
are all increased in multiple pregnancies  [  19  ] .  

   Financial Implications of Multiple 
Pregnancies Resulting from IVF 

 On top of the medical complications, multiple 
pregnancies also cause a signi fi cant  fi nancial 

 burden on the couple and the society. These 
 complications lead to an increased length and 
number of hospital stays, and as a consequence, a 
signi fi cant increase in healthcare costs. In fact, 
neonatal intensive care unit (NICU) admission is 
ultimately required for 25 % of twins, 75 % of 
triplets, and nearly all quadruplets, again with the 
enormous increase in costs associated with 
lengthy inpatient care  [  20,   21  ] . The Board on 
Health Sciences Policy has estimated that the 
mean healthcare cost for each preterm infant born 
in the United States was $51,600  [  22  ] . These 
costs include prenatal, peripartum, and neonatal 
care, as well as the costs of increased care and 
education through the  fi rst 5 years of life. Using 
these values and the data provided by the Society 
of Assisted Reproductive Technologies (SART), 
we have estimated the yearly cost of preterm 
births that result from IVF-associated multiple 
pregnancies to be $1 billion per year between 
2000 and 2006  [  23  ] .   

   Efforts to Limit Multiple Pregnancy 

 In the early days of human IVF more emphasis 
was given on achieving a pregnancy, regardless of 
the number of fetuses. However, advances in IVF 
procedures and increasing embryo implantation 
rates over time led to an unprecedented increase 
in multiple pregnancies. Healthcare professionals 
and authorities soon realized the burden of IVF 
multiple pregnancies on the couple and the soci-
ety. Today the vast majority of practitioners 
de fi ne the aim of IVF as to achieve a healthy sin-
gleton live birth at term. Even twin pregnancies 
are, rightfully, regarded as a complication. 

 Simply, limiting the number of embryos trans-
ferred in an IVF cycle would be expected to 
solve the problem of multiple pregnancies. 
Unfortunately, voluntary measures to limit the 
number of embryos transferred have not been 
successful in yielding the desired reduction in 
multiple pregnancies worldwide. Nevertheless, 
increasing awareness of the complications asso-
ciated with triplets and HOMPs have led to a 
decrease in the number of embryos transferred 
and in the number of triplets and HOMPs. 
However, twin pregnancies still comprise a 
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 substantial proportion of IVF pregnancies. 
According to the latest reports available twin 
pregnancies comprised 37 % of all IVF live births 
in the United States (fresh non-donor egg cycles 
in 2009) and 19.9 % in Europe (fresh cycles in 
2006)  [  24,   25  ] . Despite decreasing proportions of 
triplets and HOMP, the absolute number of IVF 
multiples are still rising due to the high percent-
age of twins and ever increasing number of IVF 
cycles performed annually. The International 
Committee for Monitoring Assisted Reproductive 
Technologies estimated that in the year 2003 over 
930,000 IVF cycles have been performed world-
wide, representing a 10 % increase over the 2002 
estimate of 820,000 IVF cycles, and 24.8 % of all 
pregnancies achieved were twins while 2.0 % 
was triplets or HOMPs  [  26  ] .  

   Current Practices of Embryo 
Transfer and Clinical Outcomes 
of IVF Across Continents 

   Europe 

 Recognizing the burden of IVF multiples on the 
society, some European countries were the  fi rst to 
introduce legal limitations on the number of 
embryos transferred. In 2003, Belgian govern-
ment decided to reimburse up to six IVF cycles in 
a lifetime of a woman up to her 43rd birthday in 
return of limiting the number of embryos trans-
ferred in an IVF cycle. According to Belgian leg-
islation, single embryo transfer (SET) is 
obligatory at the  fi rst IVF attempt for all patients 
younger than 36 years. For the second cycle SET 
also has to be performed as the  fi rst choice, but 
double embryo transfer (DET) is allowed when 
only embryos of poor quality are available. From 
the third cycle on, DET is allowed without restric-
tion. For patients between 36 and 39 years DET 
can be performed on the  fi rst and second occa-
sions. From the third cycle on, replacement of up 
to three embryos is allowed. For patients older 
than 39 years, there is no legal limit to the num-
ber of transferred embryos. A retrospective anal-
ysis evaluating the effect of new regulations on 
IVF outcome in Belgium revealed that the per-
centage of SET was increased from 14 to 49 % 

 [  27  ] . Embryo implantation rate did not change 
signi fi cantly; it was 25.9 and 23 % before and 
after the regulations, respectively. The overall 
pregnancy rate was maintained (36 % vs. 37 % 
before and after regulations, respectively). 
However, twin pregnancies were decreased from 
19 to 3 %. The results of the study by Gordts 
et al. and of another similar study by Van Landuyt 
et al. demonstrate that elective SET enacted by 
the Belgian regulations signi fi cantly decreased 
the twin pregnancy rate without a reduction in the 
overall pregnancy rate  [  27,   28  ] . 

 In 2003, Sweden introduced regulations that 
are similar to those implemented in Belgium. It is 
noteworthy that IVF clinics in Sweden had 
already voluntarily decreased the number of 
embryos transferred from 3 to 2 since 1993. This 
rare example of successful voluntary limitation 
had already almost completely eliminated triplets 
and HOMPs in Sweden. The new regulation was 
aimed to decrease the rate of twin pregnancies 
which had remained relatively high. Elective SET 
was recommended for the  fi rst two treatment 
cycles in women aged less than 36 years, pro-
vided that the woman had at least two good qual-
ity embryos. DET was allowed in other cases. By 
the year 2004, the proportion of SET was 
increased to 67.4 % from 30.6 % in 2002. While 
the live birth rate per transfer remained stable 
(26.8 % in 2002 and 25 % in 2004), the multiple 
birth rate was dramatically decreased from 19.4 
to 5.7 %  [  29  ] . 

 According to the latest report of the European 
IVF Monitoring Consortium (EIM), in the year 
2006, a single embryo was transferred in 69.9 
and 49.2 % of all IVF/ICSI cycles in Sweden and 
Belgium resulting in twin delivery rates of 5.7 % 
and 13.2 %, respectively  [  29  ] . Among the 27 
countries reporting to EIM, Norway and Finland 
outstand as the only other countries where SETs 
comprised approximately 50 % of all IVF/ICSI 
cycles in the same year. Despite the absence of 
strict legal restrictions a single embryo was 
transferred in 54.7 and 48 % of IVF/ICSI cycles 
in Finland and Norway, respectively. These four 
countries and Iceland were the only European 
countries which reported a twin delivery rate of 
less than 15 % coupled with a triplet delivery rate 
of less than 1 % in the same year. At the other 



4 B. Ata and E. Seli

end of the spectrum, in eight countries (8/27, 
29.6 %) three or more embryos were transferred 
in more than 50 % of IVF/ICSI cycles. Twin 
delivery rates ranged between 16.7 and 30 % 
while triplets ranged between 0 and 14 % in these 
countries  [  25  ] . 

 Despite the successful examples set by 
Belgium and Sweden, most European countries 
do not have strict legal limitations on the number 
of embryos transferred. Those with regulations 
liberally limit the number of embryos transferred 
with three embryos per cycle, some depending 
on patient age or rank of treatment cycle. 
Notably, since 2009 Turkey has made SET man-
datory for the  fi rst two transfer cycles in women 
less than 35 years of age, and no more than two 
embryos are allowed regardless of cycle rank, 
female age, or government reimbursement sta-
tus. Unfortunately national data has not been 
available at the time of writing this chapter so 
we are unable to comment on the effects of these 
limitations on treatment outcome.  

   North America 

 On the other side of the Atlantic Ocean, Quebec 
province in Canada has taken the lead in limiting 
the number of embryos transferred by law in 
return of government reimbursement for IVF. 
Quebec law states that only one embryo should 
be transferred in either a fresh or frozen IVF 
cycle. However, the physicians are given the 
option of transferring two embryos to women 
less than 36 years and up to three embryos (no 
more than two blastocysts) to women aged 37 
years or older, provided that they can justify the 
rationale for transferring more than one embryo. 
In return, Quebec government reimburses up to 
three IVF cycles with conventional COS or up to 
six IVF cycles with mild stimulation. The law 
came into effect as of 5th of August 2010. 
Bissonnette et al. have reported that the propor-
tion of elective SET rose to 50 % from 1.6 % in 
the province within 3 months after the law  [  30  ] . 
Although the overall clinical pregnancy rate fell 
to 31.6 % from 42.8 %, almost half of all women 
under 40 years of age had at least one embryo 

cryopreserved following the fresh IVF cycle. The 
average number of embryos cryopreserved per 
patient was 3.4, which can be reasonably expected 
to balance the cumulative pregnancy rate. 
Importantly, multiple pregnancy rate was 
decreased to 3.7 % from 25.6 %. The clinical 
pregnancy (32 %) and the relatively low twin 
pregnancy (13 %) rates achieved in women who 
received elective DET attest to the fact that clini-
cians have judiciously used the option of trans-
ferring an additional embryo across the province. 
Furthermore, there were no triplet pregnancies at 
all. It seems that Quebec will be providing better 
access to reproductive care to its residents using 
the funds saved by cutting the costs of multiple 
pregnancies. Other Canadian provinces are 
expected to implement similar legislations and 
reimbursement programs soon. 

 In the United States, however, the situation is 
very different than Canada; there are no legal 
limitations on the number of embryos transferred 
in an IVF cycle. In the United States a single 
embryo was transferred in only 13.5 % of IVF 
cycles using fresh non-donor eggs or embryos in 
2009 [24]. In 34.9 % of IVF cycles using fresh 
non-donor eggs or embryos 3 or more embryos 
were transferred; 3.7 % of women received  fi ve 
or more embryos. This has resulted in 30 % rate 
of multiple infant deliveries, relatively 50 % 
higher than the European rate at 20.8 %  [  24,   25  ] . 
It is important to note that while the US data is 
for the year 2009, the European  fi gure belongs to 
2006. However, the rate of multiple infant deliv-
ery in the United States was similar at 30.7 % 
in 2006. 

 The higher multiple delivery rates in the 
United States than Europe and Quebec is most 
likely due to different reimbursement policies. 
Out of pocket IVF cost is the highest in the United 
States than anywhere else in the world  [  31  ] . 
Moreover, in the majority of states IVF is not 
covered by insurance carriers. It is very likely 
that the  fi nancial pressure on both patients and 
physicians in the United States lead to transfer-
ring more embryos as they try to maximize the 
chances of achieving a pregnancy with the least 
number of attempts. In fact, embryo transfer 
practice seems to differ between states with or 
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without insurance coverage for IVF. Martin and 
colleagues compared IVF outcomes between 
states with (where insurance carriers were 
required to cover at least one IVF cycle for a cou-
ple) and without a mandate for IVF coverage 
 [  32  ] . The average number of embryos transferred 
(2.6 vs. 2.2) and the multiple birth rates (32 % vs. 
29.4 %) were both signi fi cantly lower in states 
with a mandate.  

   South America 

 There are no legal limitations on the number of 
embryos transferred in South American 
Countries. However, more than 90 % of all South 
American IVF centers are registered with Latin 
America Network of Assisted Reproduction 
(RED)  [  33  ] . Clinics are required to follow RED 
norms in order to be accredited by the network. 
According to the guidelines published in 2007, 
RED requires that the rate of multiple pregnan-
cies is less than 30 % of clinical pregnancies 
de fi ned as ongoing pregnancy beyond 12th ges-
tational week, and that the rate of triplet pregnan-
cies does not exceed 1 %. HOMPs are not 
acceptable. In order to achieve this goal RED 
recommends limiting the number of embryos 
transferred according to female age and number 
of previous treatment cycles and no more than 
two embryos should be transferred in about 60 % 
of all IVF cycles. RED states that these recom-
mendations will be revised to decrease the sug-
gested number of embryos to be transferred. It 
should be noted that RED accreditation is volun-
tary and an unaccredited center can continue to 
operate as long as it complies with legal require-
ments in its home country. 

 According to the annual RED report covering 
the year 2009, 27,174 fresh IVF/ICSI cycles were 
started. The average number of embryos trans-
ferred was 2.4. This resulted in 7,500 (27.6 %) 
clinical pregnancies. While twin pregnancies 
comprised 19.5 % of all clinical pregnancies, the 
rate of triplet and HOMP was 2 %. Despite the 
absence of legal limitations, South American 
 fi gures seem closer to European  fi gures than the 
US  fi gures. However, compared to Quebec and 

European countries with legal limitations rate of 
multiples is still high in Latin American countries 
and there seems to be room for improvement.  

   Asia 

 In Japan, the number of embryos transferred is 
not regulated by law. However, government reim-
bursement is only provided when IVF is per-
formed by a center that is registered with the 
Japanese Society of Obstetrics and Gynecology 
(JSOG). Starting in 2008, JSOG has recom-
mended that one embryo is transferred, with a 
maximum of two embryos for those over 
35-years-old or who have failed IVF treatments 
more than once  [  34  ] . Accordingly, 59.9 % of all 
fresh IVF cycles resulted in SET and 35.6 % in 
DET. Resultantly the rate of multiple pregnancies 
was decreased to 7.4 % in 2008 from 11 % in 
2007  [  34  ] . The rate of SET cycles in Japan is 
higher than the rates in Quebec, Belgium, 
Norway, and Finland, only surpassed by Sweden. 
However, the rate of live birth per transfer was 
13.6 % for IVF cycles using fresh embryos, a 
 fi gure less than that achieved in Quebec, Sweden, 
Finland, Belgium, and Norway. 

 In South Korea, while there are no strict legal 
regulations, the government provides guidelines 
on the number of embryos transferred. Two and 
three good quality embryos can be transferred to 
women under 35 years of age and women aged 
35–40 years, respectively. An additional embryo 
is allowed when the embryo quality is poor. For 
women older than 40 years of age there is no 
limit on the number of embryos transferred. 
Similarly, in China, a maximum of two embryos 
can be placed to women younger than 35, and a 
maximum of three embryos to women who are 
35 or older.  

   Australia and New Zealand 

 Despite the absence of legal regulations for the 
number of embryos transferred, all IVF clinics 
are required to be accredited by the Reproductive 
Technology Accreditation Committee (RTAC). 
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RTAC Code of Practice requires clinics to pro-
vide evidence that they regularly monitor multi-
ple pregnancy rates and take corrective actions 
that continuously attempt to reduce the incidence 
of multiple pregnancies in all treatment cycles 
 [  35  ] . RTAC requires IVF clinics to recommend 
SET for all women under 35, and to ensure that 
no more than two embryos are transferred to 
women between 35 and 40 years of age  [  35  ] . 

 Consequently, according to the latest report 
of the Australian Institute of Health and Welfare, 
there has been a signi fi cant increase in the num-
ber of SET cycles in Australia and New Zealand 
 [  36  ] . In 2005, the proportion of SET cycles 
accounted for 48.3 % of embryo transfer cycles 
and by 2009 this proportion had increased to 
69.7 % ( p  < 0.01). There was also a signi fi cant 
decline in the proportion of cycles in which three 
or more embryos were transferred, from 1.9 % 
in 2005 to 0.7 % in 2009 ( p  < 0.01). Despite 
increasing proportion of SET cycles clinical 
pregnancy rates remained stable at around 23 % 
per cycle while the rate of multiple birth deliver-
ies was decreased to 8.2 % in 2009 from 14.1 % 
in 2005.   

   Conclusions 

 Multiple pregnancy is regarded as the most 
important complication of IVF. With the excep-
tion of the rare occurrence of monochorionic 
twinning following SET, IVF multiples are 
caused by multiple embryo transfer. Therefore, 
an SET policy would prevent almost all multiple 
pregnancies in women undergoing IVF. However, 
both physicians and patients feel the pressure to 
achieve a pregnancy with the least treatment 
attempts. Consequently, despite the obvious trend 
toward decreasing the number of embryos trans-
ferred worldwide, triplets and HOMP still occur 
and twin pregnancies comprise a substantial pro-
portion of IVF pregnancies. 

 Reimbursement policies which decrease the 
out of pocket cost of IVF for the couple together 
with legal, but reasonable, restrictions on the 
number of embryos transferred seem to achieve 
remarkable decrease in multiple pregnancies 

while maintaining pregnancy rates. This is very 
well demonstrated by the examples set by Quebec 
and some European countries. Such reimburse-
ment strategies are expected to decrease  fi nancial 
burden of IVF multiples on the healthcare sys-
tems and allow funds to be used for increasing 
access to IVF by those in need. 

 The ultimate aim should be to implement a 
universal SET policy. The major obstacle in 
achieving this goal is our failure to choose the 
implantation competent embryo by current meth-
ods of embryo assessment. The ideal method to 
identify an implantation competent embryo 
among those generated in an IVF cycle should be 
embryologist and embryo friendly; it should be 
easy to use, highly sensitive and speci fi c, nonin-
vasive, as well as cost-effective. During the last 
decade a number of new methods have been 
introduced to select the best gametes and embryos. 
However, the quest for optimal method contin-
ues. In the following chapters of this book world 
renowned experts discuss pros and cons of these 
emerging technologies.      
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 In human-assisted reproductive technologies 
(ART) the search for parameters to assess the qual-
ity and developmental potential of human gametes 
and embryos is of great importance. There is a 
clear need to gather as much information as pos-
sible in order to allow for identi fi cation of those 
gametes or embryos which may  fi nally implant 
and give birth to a healthy child. Although experi-
ence is a key factor in embryology, the overall 
trend is to replace subjective judgment and deci-
sion making with objective devices that assist in 
the process of gamete and embryo classi fi cation. 
The technology of such a device should rely on 
physiological properties, it should be easy to use, 
and should include an automatic user interface 
which will facilitate acceptance in the daily rou-
tine laboratory work. A technique which is avail-
able in all embryology laboratories is microscopy. 
Different microscopic technologies can be used 
to visualize subcellular structures within cells. 
One such technology is polarization microscopy. 

   Historical Background 

 Polarization microscopy dates back to the nine-
teenth century. It enables a look on structures 
which possess birefringence properties and which 
are otherwise invisible by standard light micros-
copy  [  1  ] . Polarization microscopy implies the use 
of a polarization  fi lter and a crossed compensator 
and can only visualize structures which are prop-
erly orientated in regard to the polarized light. 
In the  fi eld of cell biology polarization microscopy 
was initially used to study the architecture of ani-
mal cells and in particular microtubule-dependent 
structures, e.g., the mitotic spindle in living cells 
 [  2,   3  ] . With the introduction of intracytoplasmic 
sperm injection (ICSI) and the potential risk of 
damaging the metaphase-II spindle in human 
oocytes during injection, this technique attracted 
the interest of some people working in the  fi eld of 
assisted reproduction  [  4  ] . However, oocytes and 
embryos are rather large cells and the time needed 
to search for the position and orientation of the 
spindle was too long with the standard polariza-
tion microscopy technique. 

 A new kind of polarization microscope was 
presented in 1995  [  5  ] . This system was based on 
computational improvements in order to allow 
for a real-time image of birefringent structures in 
large cells and independent of the specimen ori-
entation. As this system was adapted to the need 
of embryology, it was immediately applied to 
mammalian oocytes and allowed to visualize the 
elements within the mammalian oocyte which are 
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birefringent: the zona pellucida and the meiotic 
spindle (Fig.  1 )  [  6,   7  ] .  

 Polarization microscopy is a noninvasive 
technique and thus its use in human embryology 
does not interfere with embryo development as 
there is no direct intervention other than micros-
copy and a wavelength which is not different 
from the one used for standard light microscopy. 
As this microscopic assessment can be combined 
with other routine handling steps, there is not 
much of additional manipulation of oocytes or 
embryos. Consequently this technique was imple-
mented in several laboratories and resulted in 
numerous publications which focused on the use 
of spindle imaging by polarization microscopy in 
ART. Systematic reviews on the topic of spindle 
birefringence imaging have been published and 
may be of value for the interested reader  [  8–  10  ] .  

   Zona Pellucida Assessment by 
Polarization Microscopy 

 Besides the birefringence of the spindle, the pres-
ence of a birefringent signal in the zona pellucida 
of mammalian oocytes has also been described. 
The  fi rst report was on hamster oocytes where 
polarization microscopy allowed distinguishing 
three-layers in the zona pellucida, namely an 
outer layer with low birefringence properties, a 

middle layer with no birefringence and an inner 
layer with a very pronounced birefringence  [  6  ] . 
The same properties were con fi rmed later for the 
zona pellucida of human oocytes  [  11  ] . Despite 
these early reports, it is still unknown which 
molecule or which component within the zona 
pellucida is the main source for its birefringence. 
The zona pellucida is a paracrystalline network 
structure composed of the zona proteins (ZP) and 
embedded glycoproteins and polysaccharides 
 [  12  ] . The zona is formed during the follicular 
maturation mainly by the oocyte and partly by 
the granulosa cells  [  13–  16  ] . All studies on zona 
imaging do support the hypothesis that the extent 
of birefringence of the inner zona layer is primar-
ily an indication for the degree of order of the 
contributing structures within the zona. Therefore 
zona imaging may re fl ect the state of cytoplasmic 
maturity which is reached by a given oocyte during 
the maturation process. 

 In contrast to polarization microscopy, con-
ventional light microscopic assessment of the 
zona pellucida does not serve as a prognostic 
marker for oocyte assessment. Although a large 
diameter of the zona pellucida may be problem-
atic for the hatching process and subsequent 
implantation, other morphological zona charac-
teristics cannot be used as a predictive factor 
for the success of assisted reproductive treat-
ment  [  17  ] .  

  Fig. 2.1    Comparison of normal light microscopic image 
( a ) and the corresponding polarization microscopic image 
( b ) shown as an overlay picture with the information of 

the birefringence intensity in the zona pellucida in  red  and 
the normal light microscopic image in  green        
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   Initial Studies on the Prognostic Value 
of Zona Birefringence in Human ART 

 It was found that the birefringence of the inner 
layer of the zona pellucida showed variations in 
intensity and in spatial distribution among differ-
ent oocytes. This opened the  fi eld of zona imag-
ing, which means the analysis of the inner cell 
layer of the zona in regard to the potential of the 
corresponding oocyte and developing embryo to 
give a pregnancy. A  fi rst retrospective study was 
presented by Shen and coworkers who evaluated 
birefringence intensity of the inner zona layer in 
ART patients. These authors found in ICSI cycles 
a correlation between conception cycles and zona 
birefringence in the sense that patients who con-
ceived were more likely to have embryos trans-
ferred which were grown from oocytes with a 
high birefringence of the inner zona layer  [  18  ] . 
Another retrospective study reported a correla-
tion between high zona birefringence and the 
potential of an embryo to develop to the blasto-
cyst stage  [  19  ] . These initial studies stimulated 
further studies on the potential value of zona 
birefringence measurement as a prognostic tool 
in ART. 

 In a  fi rst prospective study a polarization 
imaging system was used to assess the retardance 
of the inner zona layer in unfertilized metaphase-
II-oocytes  [  20  ] . The authors investigated inten-
sity as well as uniformity and classi fi ed oocytes 
subjectively as showing high birefringence or 
low birefringence. This classi fi cation was used as 
the only criterion to preselect preferentially 
oocytes derived from the high birefringence 
group after fertilization for further culture and 
latter transfer. The resulting implantation, preg-
nancy, and live birth rates were signi fi cantly dif-
ferent between cycles where the transferred 
embryos were derived from oocytes with high vs. 
low birefringence. Implantation and pregnancy 
rates were twofold higher after transfer of exclu-
sively high birefringent cells compared to trans-
fers involving only low birefringent cells. 
Furthermore, development of embryos derived 
from high birefringent oocytes on day 3 was 

superior compared to low birefringent cells. This 
study was encouraging in view of the potential of 
zona imaging as a possible prognostic marker for 
oocyte quality assessment. However, a major 
drawback was given by the fact that half of the 
patients presented with oocytes which showed 
low birefringence and hence a selection was 
impossible.  

   Objective Zona Imaging Using 
Automatic Birefringence Assessment 

 A major problem of subjective evaluation and 
selection is that it cannot be considered as robust 
and reliable. Therefore, further efforts were 
undertaken to enable an objective zona evalua-
tion while eliminating any subjective user inter-
ference. Due to its shape and structure, the zona 
pellucida is an ideal target for automatic detec-
tion and assessment of birefringent characteris-
tics. Two different strategies have been developed 
and were used for automatic zona imaging. The 
 fi rst approach is based on a software module that 
calculates a real-time score based on zona inten-
sity and uniformity (Fig.  2 )  [  8  ] . The underlying 
algorithm was derived from the results of the sub-
jective zona assessment study reported above and 
it was validated in a prospective study  [  8,   20  ] . 
This study actually con fi rmed the results previ-
ously obtained by subjective evaluation.  

 Another approach is based on the detection of 
the radial orientation of glycoproteins in the inner 
zona layer  [  21  ] . Any disruption or irregularity of 
the inner zona layer leads to an angular deviation 
of the radial orientation of the birefringent struc-
tures and thus allows identifying a presumably 
suboptimal oocyte. To date only one study has 
used the latter approach for a retrospective evalu-
ation of its applicability and to reveal a possible 
effect on treatment outcome. However, this study 
failed to show a correlation between zona imag-
ing and improved success rates  [  22  ] . At present it 
is unclear if these con fl icting  fi ndings are based 
on the different principle and/or algorithm used 
by that device or if it is a real contradictionary 
result.  
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   Automated Zona Imaging in ICSI 
Cycles 

 Using the automated zona imaging system 
presented by Montag & van der Ven, Ebner and 
colleagues explored in a prospective study the 
relationship between the birefringence of the inner 
zona layer and preimplantation development up 
to the blastocyst stage  [  8,   23  ] . They found that 
when the automatic detection of the birefringence 
of the inner zona layer in the oocytes failed, the 
corresponding embryos showed signi fi cantly 
lower compaction rates and blastocyst formation 
rates, and were signi fi cantly less involved in the 
initiation of a pregnancy. Hence they concluded 
that automatic zona scoring can be a strong pre-
dictor of blastocyst formation. Another study 
reported a positive correlation between automat-
ically assessed zona pellucida birefringence 
score and implantation and pregnancy rates  [  24  ] . 

These authors also showed that the miscarriage 
rate was higher when the transferred embryos 
were exclusively derived from oocytes with a low 
zona birefringence score. 

 However, despite that most of the studies per-
formed with zona imaging do report a bene fi t in 
regard to ART success, the underlying physiol-
ogy of zona imaging is unclear and there is no 
explanation what distinguishes human oocytes 
with high birefringence from those with low 
birefringence. Preliminary data indicate that 
oocyte competence assessed by polarization 
microscopy correlates with different expression 
pro fi les of certain genes in subpopulations of the 
cumulus-oophorus complex. Some of these 
genes are already known to be involved in 
oocyte-cumulus interaction and in oocyte matu-
ration  [  25,   26  ] . A summary of the different stud-
ies and their respective outcomes are listed in 
Table  1 .   

  Fig. 2.2    Different patterns of zona pellucida birefrin-
gence in human oocytes. A very intense and homogeneous 
inner zona birefringence gives the highest zona score ( a ). 

Decreasing intensity ( b ) and a higher variation in the 
birefringence distribution ( c ) lead to lower zona scores       
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   Automated Zona Imaging in IVF 
Cycles 

 To date only one study applied zona imaging to 
IVF cycles  [  27  ] . These authors found no predictive 
value of zona imaging in fertilized oocytes. 
However, they reported a negative correlation 
between ZPB intensity and the age of female 
patients as well as a higher zona score in germinal 
vesicle stage oocytes compared to mature meta-
phase-II-oocytes. In view of these results one has to 
note that as soon as the sperm has entered the oocyte, 
major changes occur in the zona pellucida to prevent 
further sperms from entering the oocyte. This may 
also involve alterations of those parts of the zona 
layer which mediate zona birefringence. Thus zona 
imaging in IVF cycles deserves further investiga-
tions in order to better understand these  fi ndings.  

   Factors In fl uencing Zona 
Birefringence 

 The correlation between oocyte maturity and 
zona imaging has already been mentioned by 
several studies  [  23,   27  ] . One study investigated 
the fate of zona birefringence in immature oocytes 
from stimulated cycles which were matured 
in vitro to metaphase-II  [  28  ] . Overall zona bire-
fringence intensity was higher in immature 
oocytes compared to mature ones. Although 
maturation did not change the percentage of 

oocytes with a good predictive zona birefrin-
gence pattern, a positive and prognostic effect of 
zona birefringence was only noted for oocytes 
which were already retrieved at the metaphase-II-
stage. Similar  fi ndings were reported by others 
 [  29  ] . This implies that zona imaging may not be 
bene fi cial for classifying cytoplasmic maturity in 
in vitro matured oocytes. 

 Only one preliminary study investigated so far 
the use of polarization microscopy for zona imag-
ing of metaphase-II-oocytes during freezing and 
thawing  [  30  ] . It was shown that the freezing and 
the thawing process had an in fl uence on the score 
obtained by zona imaging and that exposure of 
metaphase-II-oocytes to cryoprotectants has an 
impact on the zona and in particular on the bire-
fringence of the inner zona layer. Another study 
assessed the impact of cryopreservation of day-3 
embryos on zona imaging  [  31  ] . No differences 
were found between fresh and frozen-thawed 
embryos, however, in both groups zona imaging 
was done on day 3 and proper studies on the pos-
sible change of zona birefringence intensity dur-
ing the early phase of embryonic development 
are still missing, thus making these data dif fi cult 
to interpret at the moment. One study was under-
taken to investigate changes in zona birefringence 
during the late embryo development from the 
morula to the hatched blastocyst stage  [  32  ] . There 
was an obvious  correlation between zona imag-
ing and zona  hardness in embryos at the morula 
stage vs. the hatched  blastocyst stage. Whether 
these changes are due to physiological alterations 

   Table 2.1    Studies applying zona imaging in human-assisted reproduction   

 References  Study type 
 Fertilization 
method  Stage/outcome observed 

  [  18  ]   Retrospective  ICSI  Unfertilized oocytes/high zona birefringence correlated with conception 
cycles 

  [  19  ]   Retrospective  ICSI  Unfertilized oocytes/high zona birefringence was associated with improved 
embryo development and blastocyst formation rate 

  [  8,   20  ]   Prospective  ICSI  Unfertilized oocytes/high zona birefringence correlated with embryo 
development on day 3 and improved implantation and pregnancy rates 

  [  23  ]   Prospective  ICSI  Unfertilized oocytes/zona imaging correlated with blastocyst formation rate 
  [  24  ]   Prospective  ICSI  Unfertilized oocytes/high zona birefringence correlated with improved 

implantation and pregnancy rates and reduced miscarriage rate 
  [  27  ]   Retrospective  IVF  Fertilized oocytes/no correlation of zona birefringence after IVF with 

embryo development or clinical results 
  [  31  ]   Retrospective  IVF + ICSI  Embryos on day 3/no correlation between fresh and frozen-thawed 

embryos; no correlation of zona birefringence with embryo development 
or clinical results 
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of the zona pellucida or simply re fl ect the effect 
of zona compression which can be observed prior 
hatching as reported for mouse embryos is not 
yet understood  [  33,   34  ] .  

   Zona Imaging in Other Species 

 The use of zona imaging is now entering the vet-
erinarian  fi eld. One study applied zona imaging 
to bovine oocytes which were derived by in vitro 
maturation from slaughterhouse ovaries (Fig.  3 ) 
 [  35  ] . After in vitro maturation the zona birefrin-
gence intensity parameters were lower in oocytes 
that reached metaphase-II compared with arrested 
stages. Also a positive development to blastocyst 
stage was associated with lower zona birefrin-
gence intensity parameters. These results imply 
that developmentally competent, in vitro matured 
bovine oocytes exhibit lower zona birefringence 
intensity parameters and thus birefringence imag-
ing seems to be also suitable technique to predict 
bovine preimplantation embryo development. 
However, overall, these  fi ndings for in vitro 
matured bovine oocytes are in contrast to in vivo 
human-derived oocytes, where high zona bire-
fringence intensity is a positive prognostic marker. 
If the difference is solely due to the difference in 
maturation in vitro or in vivo is unclear.  

 Finally it was shown that—like human and 
unlike bovine—equine oocytes with a high 
developmental capacity revealed greater bire-
fringence scores compared with oocytes of lower 
developmental competence, proving again the 

bene fi t of selecting oocytes by zona birefrin-
gence imaging  [  36  ] .  

   Summary 

 In summary, assessing oocyte developmental poten-
tial by zona pellucida birefringence analysis attracts 
more and more interest in the human as well as in 
the veterinarian-assisted reproductive  fi eld. 
Polarization microscope systems can be easily 
implemented in the routine daily laboratory work 
allowing for an easy application of the technique as 
a new prognostic tool. It enables by noninvasive 
means the visualization of structures which are oth-
erwise inaccessible. According to the data reported 
so far in observational studies, zona birefringence 
does help in identifying oocytes with a higher 
chance to develop to blastocyst and contribute to 
viable pregnancies. Further studies are welcome to 
establish the link between the data measured right 
now and the underlying physiology and follicular 
background of the corresponding oocytes.      
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 The ef fi ciency of human-assisted reproductive 
techniques (ART) is still low and most of the 
embryos transferred fail to implant. As a conse-
quence, the policy of simultaneously replacing 
multiple embryos has been adopted but unfortu-
nately this practice has led to an undesirable 
increase in multiple pregnancy rate  [  1  ] . The ability 
to objectively assess gametes and embryos with the 
most developmental potential is challenging and 
would also represent a tool for troubleshooting. In 
fact, it would help reduce the number of embryos 
transferred without affecting the overall preg-
nancy rate but lowering, at the same time, multi-
ple gestations. To date, the evaluation of embryo 
quality relies mainly on morphology and routine 
inverted microscopic investigations are performed 
at predetermined checkpoints  [  2  ] . A number of 
different grading systems have been described in 
the literature but there are some concerns regard-
ing the predictive value of these parameters. 
Recently, the Alpha Scientists in Reproductive 
Medicine and the ESHRE Special Group of 
Embryology stated that an international consen-
sus on oocyte and embryo morphological assess-
ment is needed. In fact, the standardization would 

help to validate the morphological criteria as 
end-points in clinical trials and other studies that 
assess the effect of new technologies and new 
products, improving the safety and ef fi cacy of 
IVF treatments  [  3  ] . The document produced by 
the two societies in collaboration will be referred 
to as the “Consensus document” and will be dis-
cussed in this chapter  [  3  ] . 

   Morphological Assessment of Oocytes 

 Morphological evaluation of oocytes has been 
super fi cial, at least in the last few years. In fact 
the general approach is the postponement of the 
problem: all the available mature oocytes are 
inseminated and the selection is done at the preim-
plantation embryo level. However, since the 
embryo competence is likely due to oocyte quality, 
the introduction of earlier evaluations, in conjunc-
tion with the well-known cleavage stage embryo 
assessment, may be fundamental for the improve-
ment of the in vitro fertilization techniques. In fact 
it could help reducing the number of oocytes 
inseminated, and thus the number of supernumer-
ary embryos produced. “Good quality” oocytes 
should be preferred to “bad quality” ones for 
insemination in order to avoid the production of 
potentially abnormal embryos. Moreover, when 
possible, this earlier selection could help in the 
identi fi cation of an appropriate number of 
oocytes to be used in egg donation programs. 
Unfortunately, the literature on oocyte morpho-
logical assessment and the impact of certain egg 

    L.   Rienzi   (*)
     GENERA Centre for Reproductive Medicine , 
  Rome ,  Italy    
e-mail:  riezi@generaroma.it  

     B.   Iussig   •     F.   Ubaldi  
     Clinica Valle Giulia ,  GENERA Rome ,   Marostica ,  Italy  

   Ubertide Centre for Reproductive Medicine ,   Rome ,  Italy    

 3      Morphological Assessment 
of Oocytes, Pronuclear and Cleavage 
Stage Embryos        

     Laura   Rienzi      ,    Benedetta   Iussig   , and    Filippo   Ubaldi             



18 L. Rienzi et al.

features on embryo development and clinical 
results is still controversial, and this is probably 
due to the complex picture depicted  [  2  ] . 

   Cumulus-Corona-Oocyte Complex 
Evaluation 

 Cumulus-corona-oocyte complex (CCOC) assess-
ment generally represents the  fi rst-line evaluation 
in the everyday work of an average IVF labora-
tory. Cumulus cells surround the oocyte and 
establish a bidirectional communication that is 
fundamental for the growth of both the egg and 
the follicle  [  4–  7  ] . The innermost layer of the 
cumulus oophorus is called “corona radiata.” The 
cumulus-corona mass of fully mature oocytes is 
expected to be highly expanded as a consequence 
of the secretion of hyaluronic acid that interposes 
among the cells and separates them conferring to 
the complex a  fl uffy appearance  [  8  ] . However, in 
stimulated cycles the CCOC morphology is not 
strictly connected to the oocyte maturity; this 
seems to be due to a different sensitivity to the 
drugs used, with the subsequent lack of synchrony 
between the expansion of cumulus and the egg 
maturation process  [  8–  11  ] . To date there is little 
evidence of a clear relationship between the aspect 
of the CCOC and the oocyte/embryo develop-
mental competence  [  2  ] . However, given the fun-
damental metabolic connection between cumulus 
cells and eggs, the aspect of CCOC should predict 
the intrinsic quality of gametes and their further 
developmental potential  [  12,   13  ] . Therefore, an 
appropriate CCOC scoring system should be a 
tool for troubleshooting. Apart from the different 
grading systems described so far, recently the 
Consensus document suggested the use of a sim-
ple binary score (0 or 1) to describe “poor” CCOC 
or “good” CCOC on the basis of cumulus expan-
sion and corona radiation  [  3,   10,   12–  15  ] .  

   Nuclear Maturity Evaluation 

 The removal of the cumulus-corona cell mass 
allows for a more accurate evaluation of oocyte 
morphology and more importantly nuclear 

maturity. Nuclear maturity is morphologically 
de fi ned as the presence of the  fi rst polar body 
(IPB) in the perivitelline space (PS). In this 
condition the egg is at the resting stage of 
metaphase II (MII), characterized by the align-
ment of the homologous chromosomes on the 
spindle equatorial plate during the second divi-
sion of meiosis. It is generally recognized that 
in about 85 % of the cases the retrieved oocytes 
display the IPB and are classi fi ed as MII, 
whereas 10 % present an intracytoplasmic 
structure called the “germinal vesicle” (GV), 
characteristic of the prophase of the  fi rst meiotic 
division. Approximately 5 % of the oocytes 
have neither visible GV nor IPB extruded: these 
oocytes are generally classi fi ed as metaphase I 
(MI)  [  16  ] . 

 Additional information on oocyte nuclear sta-
tus can be obtained with the use of polarized light 
microscopy combined with software for image 
processing for the noninvasive visualization of 
the meiotic spindle (MS) and other oocyte bire-
fringent structures. The MS is a microtubular 
structure involved in chromosome segregation, 
and thus is crucial in the sequence of events lead-
ing to the correct completion of meiosis and fer-
tilization. Parallel-aligned MS microtubules are 
birefringent and able to shift the plane of polar-
ized light inducing a retardance; these properties 
enable the system to generate contrast and image 
the MS structure  [  17  ]  (Fig.  1a ). This technique 
allows both a qualitative and a quantitive analysis. 
First of all, MS presence gives more accurate 
information about the nuclear stage. In particular, 
some oocytes were found to be clearly immature 
(at the stage of early telophase I) when observed 
with the polarized light microscopy. At this stage, 
there is continuity between the ooplasm and the 
cytoplasm of the forming IPB and the MS is 
interposed between the two separating cells 
(75–90 min). These oocytes would have been 
classi fi ed as “mature” when assessed by routine 
light microscopy based solely on the presence of 
the IPB. Moreover, the MS has been found to dis-
appear in late telophase I, reforming only 
40–60 min after  [  18,   19  ] . However, it must be 
underlined that other factors can contribute to 
MS absence. For example, suboptimal culture 
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conditions, such as temperature  fl uctuations and 
chemical stress during manipulation, can account 
for MS disassembly  [  20–  25  ] . Moreover, the MS 
may be artifactually not visualized if not cor-
rectly orientated during the analysis  [  26,   27  ] . 
Finally, the percentage of oocytes with detectable 
MS is related to the time elapsed from HCG 
administration and is higher after  ³ 38 h post-
administration of HCG  [  28  ] . This  fi nding may be 
explained by the fact that more oocytes are still in 
pro-metaphase II at time intervals closer to HCG 
administration  [  19  ] . Data regarding the correla-
tion between the presence of MS and IVF/ICSI 
outcomes are controversial. In fact, although MS 
presence is generally correlated to higher fertil-
ization rates and better embryo development, 
pregnancy and implantation rates seem not to be 
signi fi cantly affected  [  29  ] .  

 Besides its role played in chromosome segre-
gation, the MS is also a key organelle in the cre-
ation of the IPB and IIPB. Its position at the very 
periphery of the cell, attached to the oolemma 
cortex, is believed to determine the true animal 
pole and the plane of the  fi rst cleavage and thus the 
PB extrusion site  [  27,   30  ] . However, the IPB has 
been found to be frequently dislocated from the 
MS location and the manipulation required for 
cumulus-corona cells removal has been identi fi ed 
as the cause of this artifactual displacement 

 [  26,   31,   32  ]  (Fig.  1b ). The software associated 
with polarized light microscopy is able to calcu-
late the deviation degree and it has been found 
that mechanical stress-induced IPB dislocation 
superior to 90° correlates with lower fertilization 
ability  [  26  ] . Another possible drawback of IPB 
displacement is the potential injury of MS during 
the microinjection procedure. In fact, a displaced 
IPB may be a false indicator of the real position 
of MS, which can then be disturbed by an ICSI 
micropipette  [  16,   33  ] . 

 Finally, since the degree of MS birefringence 
is directly proportional to the molecular organi-
zation of the structure and the density of microtu-
bules, it has been postulated that higher spindle 
retardance may correlate with oocyte competence 
and better embryo development and clinical 
results  [  34–  38  ] . However, the literature on this 
correlation is still controversial and some authors 
failed to  fi nd any statistical signi fi cant correla-
tion between the degree of birefringence and 
IVF/ICSI outcomes  [  39  ] . Instead, there should 
be a relationship between spindle retardance and 
maternal age  [  37,   39  ] . However, it must be kept 
in mind that spindle retardance seems to be MS 
orientation-dependent and probably correlated 
with the time of investigation, thus its reliability 
as a new marker of oocyte quality should be 
questioned  [  19  ] .  

  Fig. 3.1    Metaphase II oocytes observed by polarized 
light microscopy. Meiotic spindles (MS) ( long arrows ) 
and ZP inner layers ( short arrows ) are clearly visible. 

( a ) The MS is aligned under the  fi rst polar body (IPB); 
( b ) the MS is dislocated and placed at about 90° from 
the IPB       
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   Metaphase II Oocyte Morphological 
Evaluation 

 It has been recognized that oocytes undergo both 
nuclear and cytoplasmic maturation. This latter 
comprises the events that prepare the oocyte for 
activation, fertilization, and further development. 
Since these processes can be desynchronized, the 
simple assessment of nuclear maturity is highly 
unlikely to indicate the proper developmental 
competence of oocytes  [  40  ] . Therefore, a variety 
of cytoplasmic/extracytoplasmic factors have 
also been recently taken into account. 

 The normal morphology of a metaphase II 
oocyte consists of a spherical structure enclosed 
by a uniform zona pellucida and a small perivi-
telline space containing one single unfragmented 
polar body. The cytoplasm is translucent and 
moderately granular, with no inclusions  [  3  ]  

(Fig.  2a ). However the majority of oocytes pres-
ent the so-called one or multiple morphological 
abnormalities that have been investigated in order 
to  fi nd a correlation with the IVF/ICSI outcomes. 
Although many papers have been written on this 
subject, a recent systematic review of the litera-
ture found out that none of the features investi-
gated so far was unanimously correlated with 
normal or compromised development and slight 
deviations should be considered as expression of 
phenotypic variance  [  2,   3  ] . As a consequence, the 
Alpha and ESHRE Scientists noted that a pro-
longed evaluation of gametes doesn’t necessarily 
lead to knowledge improvement. Therefore, the 
costs vs. bene fi ts of a more detailed morphologi-
cal classi fi cation should be considered in order to 
avoid an excessive stress to the oocytes  [  3  ] .  

 The oocyte shape is of biological interest only if 
exceptionally large (Fig.  2b ). In fact the so-called 

  Fig. 3.2    Metaphase II oocytes with different morpho-
logical characteristics. ( a ) Normal appearing MII oocyte; 
( b ) giant MII oocyte compared to a normal sized MI 

oocyte; ( c ) MII oocyte with giant IPB ( arrow ); ( d ) MII 
oocyte presenting SER aggregations ( arrows )       
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giant oocytes may contain additional set of 
chromosomes and two distinct MS are present 
 [  41,   42  ] . These oocytes should not be insemi-
nated in order to avoid the risk of aneuploidy  [  3  ] . 
As to the ovoidal shape, some authors found a 
correlation with abnormal cleavage and delay in 
in vitro parameters  [  43  ] . 

 The Zona Pellucida (ZP) is a trilaminar glyco-
protein structure that plays a crucial role in the 
protection of oocytes and embryos and in the fer-
tilization process. Each ZP layer is characterized 
by different molecular arrangements and exhibits 
different birefringence patterns: the inner and the 
outer layers are constituted respectively by radi-
ant and tangentially oriented  fi laments and appear 
birefringent if visualized with the light micros-
copy (Fig.  1 ). On the contrary, the middle layer 
has minimal birefringence, probably caused by a 
random orientation of the  fi laments  [  44  ] . The 
darkness, thickness, and the retardance of ZP, in 
particular those of the inner layer, have been sug-
gested by many authors as new markers of oocyte 
competence  [  37,   44–  46  ] . However, literature 
results are still controversial and the Alpha 
Scientists in conjunction with the ESHRE Special 
Interest Group of Embryology stated that, to date, 
there’s no clear evidence of the reliability of ZP 
characteristics, at least thickness measurement, 
as markers of oocyte quality  [  2  ] . However, it was 
also noted that there could be patient-speci fi c 
effects and thus exceptional observations should 
be performed  [  3  ] . 

 The perivitelline space (PS) interposes 
between the ZP and the oolemma and accomo-
dates the polar bodies. The presence of inclu-
sions is considered anomalous but not suf fi cient 
to support any negative correlation with IVF/
ICSI outcomes; similarly, contradictory results 
were obtained regarding the effect of large PVS 
on further developmental potential  [  2,   3  ] . 
However, an exceptionally large PVS may re fl ect 
an overmaturity of the ooplasm and a note should 
be made  [  3,   47  ] . 

 The IPB can appear smooth (“normal” mor-
phology), fragmented, degenerated or large. The 
evaluation of polar body appearance and conse-
quences on further development has been trou-
blesome. For example, early IPB division and 
disintegration (prior to 20 h after extrusion) may 

be a sign of disrupted events in meiosis and 
decreased development and implantation ability 
 [  48–  52  ] . However, fragmented IPB has been 
associated with the time elapsed from denudation 
and ICSI and correlated to post-ovulatory aging 
instead of being considered a proper marker of 
oocyte quality  [  53,   54  ] . Similarly, a degenerated 
IPB may re fl ect asynchrony between nuclear and 
cytoplasmic maturation and be the result of over-
maturity of the oocytes but its impact on embryo 
development has not been clearly demonstrated 
 [  2,   54  ] . It has been concluded that only large IPB 
(Fig.  2c ) should be noted; in fact, large IPB may 
indicate an inability of the MS to migrate cor-
rectly at the very periphery of the cell and thus 
may account for oocyte aneuploidy  [  3,   39,   55  ] . 

 The cytoplasmic texture includes different 
characteristics such as diffuse or centrally located 
granularity and presence of inclusions. Among 
these features, nonhomogeneous cytoplasm is of 
unknown biological signi fi cance whereas the 
presence of translucent smooth endoplasmic 
reticulum clusters (SER) is troublesome  [  3  ]  
(Fig.  2d ). In fact, it seems that SER aggregation is 
associated with an abnormal calcium surge and 
pathway and is correlated with lower chances of 
successful pregnancy, early fetal demise, and cer-
tain fetal anomalies  [  56–  58  ] . Given the severity of 
impaired outcomes, it has been strongly recom-
mended not to inseminate this type of oocytes  [  3  ] . 
As to the vacuoles, only large ones (>14  m m) seem 
to be associated with fertilization failure  [  3  ] . 

 Unfortunately, it is clear that these evaluations 
are not suf fi cient to select between normal 
appearing oocytes the one with higher develop-
mental potential. Thus far, later morphological 
analysis, such as pronuclear and cleavage stage 
embryo assessment, is still essential in routine 
clinical applications in order to gain reliable 
information about embryo implantation fate.   

   Morphological Assessment 
of Pronuclear Stage Embryos 

 During the natural fertilization process, a sper-
matozoon passes the cellular investments, con-
tacts the zona pellucida, undergoes the acrosomal 
reaction, and attaches to the oolemma for its 
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subsequent incorporation into the oocyte. A com-
plex intracellular cascade of events, “oocyte acti-
vation,” is then initiated and comprises the 
calcium surge, cortical granule release, cytoplasm 
rearrangement, and the resumption of meiosis. 
The oocyte completes the second division of mei-
osis with the split of the chromosomes at the cen-
tromeres and the separation of the sister chromatids 
to the oocyte or a second polar body. In this man-
ner, the egg contributes a haploid number of chro-
mosomes and amount of nuclear DNA. Within a 
few hours male and female pronuclei are formed: 
this stage is termed “pronuclear stage.” It has been 
suggested that the morphology of pronuclear 
stage embryos may be correlated with further 
development, thus it could be an additional valu-
able selection criterion for embryo transfer and 
cryopreservation  [  31,   59–  67  ] . 

 As to the timing of fertilization assessment, it 
would be advisable to take into account the dif-
ferent insemination methods used (standard IVF 
or ICSI): in fact, since ICSI bypasses some time-
consuming processes, the ICSI-derived zygotes 
may be early  [  68  ] . Therefore, fertilization check 
is normally performed 16 h after ICSI and 18 h 
after standard IVF  [  3,   69  ] . The  fi rst sign of fertil-
ization is the presence of two pronuclei (PN) in 
the ooplasm and two polar bodies (PB) extruded 
in the perivitelline space. Actually, this simple 
 fi rst-line evaluation may be troublesome: in fact, 
PN appearance can be asynchronous and PBs 
may have disintegrated before the fertilization 
check. In these cases, time-lapse recordings 
should be helpful in the recognition of correctly 
fertilized oocytes. However, it is likely that bet-
ter embryos develop from zygotes with shorter 
intervals between the appearance of the two pro-
nuclei  [  31  ] . 

 The PN should be juxtaposed, centrally 
located, and evenly sized. Male PN appear in the 
center of the ooplasm while the female PN in the 
cytoplasmic region near the IIPB. The female PN 
then moves towards the male PN until the two 
abut  [  31  ] . The lack of correct apposition and 
localization of the pronuclei in the cytoplasm can 
be caused by the abnormal function of the sperm-
derived centriole and microtubules which are 

responsible for PN alignment, and this is corre-
lated with poor developmental potential and 
implantation  [  60,   62,   66,   70–  72  ] . Therefore, the 
con fi guration of widely separated pronuclei is 
considered severely atypical and zygotes of this 
kind should not be transferred  [  3  ] . Similarly, pro-
nuclear stage embryos with PN of unequal size or 
fragmented have an increased incidence of chro-
mosomal abnormalities and, if possible, should 
not be used  [  3,   72–  75  ] . The failure of PN growth 
may be the consequence of fertilization with 
immature sperm cells  [  76,   77  ] . 

 Pronuclear orientation relative to the PBs might 
be an additional feature to relate to embryo devel-
opment. In fact, the oocyte seems to establish 
polarity by pronuclear rotation towards the IIPB 
after fertilization  [  78  ] . This alignment is funda-
mental because the IIPB extrusion site de fi nes the 
polar axis of the  fi rst cleavage division  [  79  ] . A mis-
alignment of the PN and PBs has been related to 
decrease morphologically quality and chromo-
somal abnormalities of the early embryo  [  72,   80  ] . 

 The central point of pronuclear scoring is the 
evaluation (in terms of number, size, and distri-
bution) of the nucleolar precursor bodies (NPBs) 
present within the nuclei. NPBs are the precur-
sors of nucleoli, which are the sites of ribosomal 
gene transcription and are thus essential for pro-
tein synthesis. Nucleoli are formed by a dense 
 fi brillar component (DFC) required for rDNA 
transcription, a  fi brillar center (FC), a structural 
part that acts as storage for inactive transcription 
factors, and a granular component (GC), which 
consist in a collection of maturing preribosomes 
 [  81,   82  ] . Nucleoli are  fi rst seen in oocytes in 
antral follicles, where they are completely formed 
and synthesize rRNA.    During the maturation pro-
cess that leads to ovulation, rRNA synthesis 
decreases and nucleoli appear small and dissoci-
ated, composed only by the FC;     they are known 
as “nucleolar precursor bodies”  [  83  ] . At fertiliza-
tion, the subsequent increase of rRNA synthesis, 
sees them grow and coalesce to reach their  fi nal 
form at the time of embryonic genome activation 
 [  81,   84–  87  ] . 

 A variety of scoring systems have been pro-
posed through the years but the most popular 
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ones are those used by Tesarik and Scott  [  59–  63  ] . 
These grading systems are very similar to each 
other and differ only in the terminology adopted. 
In both cases, much attention has been paid to the 
identi fi cation of any asynchrony between the two 
pronuclei (different NPBs’ number and/or size 
and/or distribution). In fact, asynchronous pronu-
clear stage embryos have slower development, 
undergo abnormal cleavage more frequently 
leading to more fragmentation, and result in 
lower blastocyst and implantation rates  [  59,   60, 
  62–  66  ] . Notwithstanding, the prognostic value of 
pronuclear classi fi cation is still controversial and 
this is probably due to different experimental 
designs and terminology used  [  88,   89  ] . Recently, 
Alpha Scientists in collaboration with the ESHRE 
Special Interest Group in Embryology found a 
consensus suggesting the allocation of NPBs’ 
patterns into only three categories: symmetrical 
(equal number/size/distribution of NPBs), asym-
metrical (other arrangements, including peripher-
ally located PN), and abnormal (pronuclei with 0 
or 1 NPBs)  [  3  ] . 

 Another level of pronuclear stage embryo 
assessment relies on the cytoplasmic appearance. 
Some authors found a positive correlation 
between the presence of a cytoplasmic halo and 
day-3 embryo grading, blastocyst rate and 
implantation rate  [  59,   90,   91  ] . The “halo” effect 
is described as the microtubule-mediated redistri-
bution of organelles, in particular mitochondria, 
from the cortex to the perinuclear region, the 
most metabolically active site of the cell  [  31,   59, 
  92  ] . Moreover, it could be an indicator of the 
rotational effect of the male pronucleus during 
PN alignment in order to place the centrosome 
and complete fertilization and subsequent mitotic 
division  [  66  ] . However, to date there’s insuf fi cient 
evidence of a prognostic value of the halo appear-
ance in embryo selection  [  3  ] . 

 The prognostic value of pronuclear score 
alone is still a matter of debate but it seems to be 
more informative if used in conjunction with the 
cleavage stage embryo grading  [  67,   93–  95  ] . 
Therefore, the combination of these morphologi-
cal evaluations may lead to the optimization of 
the selection of embryos for transfer.  

   Morphological Assessment 
of Cleavage Stage Embryos 

 In most of the cases, pronuclear stage embryos 
divide mitotically (cleavage) into daughter cells, 
called “blastomeres,” without a discernible 
increase in overall size. Different morphological 
criteria for cleavage embryo assessment have 
been described through the years in the literature 
and a variety of characteristics have been pro-
posed as indicative of embryo viability: early 
cleavage, cleavage rate, blastomere size, pres-
ence of multinucleation, extent of fragmentation, 
and distribution of fragments  [  59,   96–  117  ] . 

 Lately, it has been suggested that the embryo’s 
capacity to reach the blastocyst stage could have 
an additional prognostic value, and an increase in 
pregnancy and implantation rates has been 
reported after fresh or cryopreserved blastocyst 
transfers  [  118–  122  ] . However, data are still con-
troversial, since some authors found comparable 
results after cleavage embryo transfers  [  93,   123, 
  124  ] . Moreover, most embryos fail to develop to 
the blastocyst stage in extended in vitro culture 
and it’s not possible to know how many of these 
embryos would have implanted if they had been 
replaced earlier  [  93,   125  ] . 

 One of the most critical factors in the evalua-
tion of cleavage stage embryos is the strict timing 
for the assessment. In fact, this is the only way 
for a comparative embryo selection  [  126  ] . For 
standardization, it has been agreed to perform the 
2- and 3-day evaluation, respectively, at 44 ± 1 
and 68 ± 1 h post-insemination. Syngamy and 
embryo cleavage assessment should be done, 
respectively, at 23 ± 1 h post-insemination, and 
26 ± 1 h after ICSI or 28 ± 1 h after standard IVF 
 [  3  ] . Early cleavage in two daughter cells has been 
associated with higher development and preg-
nancy and implantation rates; therefore, it could 
be used as a valuable additional embryo selection 
criterion at the discretion of the laboratory  [  3,   59, 
  96,   98–  101  ] . 

 The Alpha and ESHRE Scientists agreed that 
the expected stage of development for a 2- and 
3-day embryo is, respectively, 4 cells and 8 cells  [  3  ] . 
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Too slow or too fast cleavage embryos have little 
developmental potential and present a high 
degree of chromosomal abnormalities  [  103–  106, 
  117,   127,   128  ] . For embryos with 2, 4, and 8 
cells, the blastomeres should have equal or very 
similar size. In fact, embryos with uneven sized 
blastomeres seem to have lower developmental 
capacity  [  104,   105,   107  ] . This impairment may 
be due to the unequal distribution of proteins, 
mRNA, mitochondria, and other organelles 
between the sister cells as well as the disruption 
of the polarization of certain proteins and gene 
products within the oocyte  [  78,   116  ] . Furthermore, 
the genetic analysis conducted on unevenly 
cleaved embryos revealed a higher degree of 
multinucleation and chromosomal abnormalities 
 [  107  ] . As to the other stages (5, 6, 7 cells), uneven 
blastomere size may be simply the effect of asyn-
chronous cleavage rather than abnormal    cyto-
plasmic distribution  [  3,   69  ] . 

 A central point in the cleavage embryo assess-
ment is the correct identi fi cation and differentia-
tion of blastomeres and fragments. These latter 
indicators are de fi ned as anucleate membrane-
bound cytoplasmic structures <45  m m diameter 
in day-2 embryos and <40  m m diameter in day-3 
embryos  [  3  ] . The cause of cell fragmentation is 
unknown and its impact on embryo development 
uncertain  [  69  ] . Fragmentation is considered 
“mild” when <10 %, moderate if 10–25 %, and 
severe when >25 %  [  3  ] . Mild and moderate frag-
mentation has not been associated with impaired 
IVF/ICSI outcomes  [  107,   115,   129  ] . Finally, 
fragment localization has been proposed as a new 
marker of embryo quality; however, this pattern 
is dif fi cult to evaluate since these structures 
are dynamic and may vary or disappear during 
culture  [  3,   116  ] . 

 Another very important morphological param-
eter in embryo selection is multinucleation, 
namely the presence of more than one nucleus 
(micronuclei included) in a single blastomere  [  3  ] . 
The evaluation of multinucleation should be done 
on day-2 because of the greater cell size and the 
better optical accessibility that facilitate the anal-
ysis  [  3  ] . Multinucleation rates vary greatly in the 
literature  [  109,   112,   130  ] . Culture media compo-
sition and improper temperature control have 

been proposed as possible factors that affect 
multinucleation rate and the underlying mecha-
nisms include (1) karyokinesis in the absence of 
cytokinesis; (2) partial fragmentation of the nuclei; 
and (3) defective chromosome migration at the 
mitotic anaphase  [  20,   131,   132  ] . Multinucleation 
has been linked to chromosomal abnormality as 
well as to uneven cleavage and cleavage rate and 
fragmentation degree  [  107,   108,   112  ] . It is thus 
not a surprise that multinucleated embryos have 
lower developmental potential and lead to an 
increased risk of abortion  [  3  ] . 

 Other morphological features, such as cyto-
plasmic texture, have been suggested to be related 
to the embryonic developmental potential. The 
embryo cytoplasm is considered normal if pale 
and clear or  fi nely granular in appearance, 
although the de fi nitive norm has yet to be estab-
lished. In fact, some authors found increased 
cytoplasmic granularity and tiny pits in some 
day-3 embryos and suggested that these could be 
early signs of cytoplasmic activity correlated to a 
better development to the morula and blastocyst 
stages  [  106,   133–  135  ] . However, a more recent 
study failed to  fi nd any signi fi cant correlation 
between cytoplasmic texture and fertilization 
rate, embryo quality, and pregnancy, implanta-
tion, and miscarriage rates  [  136  ] . To date there 
are insuf fi cient evidences to support the prognos-
tic value of the blastomere’s cytoplasmic appear-
ance and more research is required  [  3  ] . Similarly, 
even if early compaction on day 3 is atypical, it is 
still of unknown biological signi fi cance  [  3  ] . 

 A great number of scoring systems that include 
all the features pointed as markers of embryo 
viability have been proposed  [  69,   137–  140  ] . 
However, at present the lack of standardization 
(in the nomenclature used as well as the number 
of characteristics considered and the calculated 
threshold values) is an obstacle for an easy and 
univocal interpretation of the different results. 
Therefore, it has been suggested to use simple 
categories named “good,” “fair,” and “poor” as 
related to embryo quality. A “good” cleavage 
embryo is characterized by mild fragmentation 
(<10 %), stage-speci fi c cell size, and absence of 
multinucleation, whereas a “fair” embryo is 
de fi ned by the presence of moderate fragmentation 
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(10–25 %), stage-speci fi c cell size for the majority 
of blastomeres, and no evidence of multinucle-
ation. Finally, a “poor” embryo presents severe 
fragmentation (>25 %), cell size not stage-
speci fi c, and evidence of multinucleation  [  3  ] . 

 One major limit relative to classic embryo 
selection based on morphology is the static eval-
uation (that means only few observations at 
speci fi c time points) regardless of the dynamic 
nature of the human embryo. Continual monitor-
ing by means of time-lapse cinematography leads 
to a more complete picture of embryo morpho-
logical changes and permits a better correlation 
of morphokinetics with further development and 
clinical fate (Fig.  3 ). Indeed, timing of different 
embryonic developmental events post-insemina-
tion has been proposed as an additional criterion 
in embryo selection  [  141–  143  ] . Early disappear-
ance of pronuclei, onset of the  fi rst cleavage divi-
sion, and synchrony in the reappearance of the 
nuclei after the  fi rst cleavage have been shown to 
be correlated to the embryo cleavage status and 
pregnancy rate  [  141  ] . Moreover, blastocyst rate 

seems to be affected by the duration of the  fi rst 
cleavage division and the time required for the 
division of 2-cell and 3-cell embryos, respec-
tively  [  142  ] . A more recent study revealed that an 
optimal time range (time window) exists for 
every early cell division, supporting the hypoth-
esis that viable embryos undergo tightly regu-
lated cellular events  [  143  ] . In particular, the time 
required by a 4-cell embryo to divide into 5 cells 
(t5), the duration of the period as a 3-cell embryo 
(s2), and the duration of the second cell cycle 
(cc2) are strong predictors of the further implan-
tation fate and may be combined with the mor-
phology score in the identi fi cation of the embryos 
with the higher developmental potential  [  143  ] .   

   Conclusions 

 Morphological assessment of gametes and 
embryos is still the key-point in the everyday 
work of an IVF laboratory. In fact, it is simple, 
noninvasive, and cost-effective. The combination 

  Fig. 3.3    Sequence of events recorded in time-lapse cin-
ematograpy from 2PN formation ( a ) to 2-cell cleavage 
stage embryo ( b ), 3-cell cleavage stage embryo ( c ), 4-cell 

cleavage stage embryo ( d ), 5-cell cleavage stage embryo 
( e ), and 8-cell cleavage stage embryo ( f )       
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of different morphological criteria, from the 
oocyte to the pronuclear stage and the cleavage 
embryo, has proven to be predictive for embryo 
developmental potential, even if the overall 
ef fi cacy of ART is still low, considering that most 
of the embryos produced fail to implant. The 
improving knowledge about gametes and embryo 
physiology would allow the identi fi cation of 
novel markers of embryo quality to be used as 
additional selection criteria. The recent “-omics” 
technology (metabolomics, trascriptomics, and 
proteomics) is promising in widening the horizon 
of human-assisted reproduction and will proba-
bly be an additional tool for improvement. 
Furthermore, preimplantation genetic screening 
may help in the determination of embryonic 
“health” through the screening of the genetic 
constitution of the embryo. Unfortunately, even if 
their promise is powerful, they are still far from 
routine introduction in the IVF clinic and further 
investigation is needed to ensure the reliability 
and sensitivities of these methods.      
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 The bene fi ts of single embryo transfer (SET) to 
mother and baby are well documented and SET is 
rapidly becoming the standard of care for several 
groups of patients, especially those <38 and 
oocyte donor programs  [  1  ] . The advantages of 
blastocyst transfer have been well argued and 
growing data supports the move to day 5 transfer 
as an effective means of moving to SET while the 
transfer of embryos at the blastocyst stage has 
been shown to not only increase implantation 
rates, but decrease pregnancy losses  [  2–  8  ] . 

 The human embryo, like that of the mouse, 
can be cultured to the blastocyst stage in a wide 
variety of culture conditions, and several exten-
sive reviews have been written on this topic 
 [  9–  12  ] . It is the view of the authors that the safest 
and most effective way to culture human embryo 
until day 5 is with sequential media, whereby the 
media are renewed after 48 h to ensure the lowest 
possible accumulation of ammonium in the 
medium, and to mirror the nutrient gradients 
present as the embryo progresses through the ovi-
duct to the uterus  [  13  ] . Using such media, and 
employing a reduced oxygen concentration (5 %) 
together with an appropriate quality control sys-
tem, it is quite feasible to obtain implantation 

rates of over 50 % for patients <38 and oocyte 
donors (both patient groups acting as bench 
marks for the IVF laboratory). 

 Given the high implantation potential of human 
blastocysts, and that when more than one blasto-
cyst is transferred the incidence of twins is typi-
cally around 50 %, it is paramount that effective 
selection criteria are used in order to identify the 
blastocyst with the best chance of resulting in a 
pregnancy  [  5  ] . Recent studies on the utilization of 
omics-based technologies in clinical in vitro 
fertilization (IVF) applications have reported 
promising results to enhance the noninvasive 
assessment and predictive detection of implanta-
tion potential of single human embryos in vitro 
 [  14  ] . Furthermore, the analysis of the proteome/
secretome, together with an increased understand-
ing of the complex relationships regulating the 
metabolome, have been and will continue to be 
extremely valuable in the optimization of culture 
and cryopreservation procedures  [  15,   16  ] . 
However, to date, there are still no routinely appli-
cable techniques or analytical devices available, 
and the omics-based technologies tend to reside in 
a few selected research laboratories. Consequently, 
IVF clinics worldwide continue to select embryos 
for transfer based on their developmental rate and 
morphological features as assessed by conven-
tional light microscopy. It is envisaged that new 
suitable physiological-based tests will be used to 
augment morphometric analysis. 

 Consequently, the immediate necessity for an 
accurate morphological grading system for blas-
tocyst stage embryos predicting the implantation 

    B.   Balaban   (*)
     Assisted Reproduction Unit ,  American Hospital 
of Istanbul ,   34365   Istanbul ,  Turkey    
e-mail:  basakb@amerikanhastanesi.org  

     D.  K.   Gardner  
     Department of Zoology ,  University of Melbourne , 
  Melbourne ,  VIC ,  Australia    

 4      Morphological Assessment 
of Blastocyst Stage Embryos: 
Types of Grading Systems 
and Their Reported Outcomes        

     Basak   Balaban       and    David   K.   Gardner             



32 B. Balaban and D.K. Gardner

potential and the clinical outcome is evident  [  17  ] . 
One of the clear advantages of examining the 
morphology of a blastocyst is that one can readily 
see the differentiation of the two cell types, the 
inner cells mass (ICM) and the trophectoderm 
(Td). This gives a distinct advantage over the 
analysis of cleavage stage morphology, as one 
can already determine whether the true embry-
onic tissue has formed successfully. 

   Development of Grading Systems 
for the Human Blastocyst 

 One of the  fi rst grading systems based on mor-
phological characteristics of blastocysts was pub-
lished by Docras et al., where morphological 
characteristics were correlated with clinical out-
come data  [  18–  20  ] . Although established as a 
grading system as early as 1993, the  fi rst study 
showing the clinical ef fi cacy of it was published 
in 2000  [  19  ] . Blastocyst classi fi cation took into 
consideration primarily the developmental speed 
of blastocyst formation; the cavitation and degree 
of expansion of the blastocoel cavity, and the 
characteristics of the ICM. The validity of the 
grading system was con fi rmed by measuring 
 b -hCG secreted by the individual blastocyst 
grown on culture cells. Top quality blastocysts 
de fi ned as Grade I (BG1) were characterized by 
early cavitation, resulting in the formation of an 
eccentric and then expanded cavity lined by a 
distinct ICM region and Td layer. Grade II (BG2) 
blastocysts exhibited a transitional phase where 
single or multiple vacuoles were seen, which over 
subsequent days developed into the typical blas-
tocyst appearance of the Grade I blastocysts. 
Grade III (BG3) blastocysts were de fi ned as those 
with several degenerative foci in the ICM, with 
cells appearing dark and necrotic (Fig.  1 ).  

 A subsequent study by Balaban et al. examined 
the relationship between blastocyst quality de fi ned 
by the Docras grading system and the results of 
350 day 5 or 6 embryo transfers, with subsequent 
assessment of implantation and clinical pregnancy 
rates  [  19  ] . Cycles were strati fi ed according to the 
homogeneity of transferred embryos. Heterogenous 
cycles were comprised of all blastocysts of the 
same grade. Transfer cycles involving hatching 

blastocysts were analyzed separately. Results of 
the heterogenous and Grade III blastocyst transfer 
cycles revealed that implantation rate per embryo 
and the clinical pregnancy and multiple pregnancy 
rates were signi fi cantly decreased only when poor 
quality blastocysts were transferred. Very high 
multiple pregnancy rate were observed when the 
patient received at least one top quality (Grade I), 
or one moderate quality (Grade II) for transfer, 
whereas in the group of patients who received 
only poor quality (Grade III) blastocysts for 
embryo transfer, signi fi cantly less multiple 
implantations were encountered, despite the fact 
of signi fi cantly more blastocysts being transferred. 
Results from homogenous cycles showed that the 
clinical pregnancy, implantation rate, and multiple 
pregnancy rate were signi fi cantly higher when top 
quality or moderate quality blastocysts were trans-
ferred in comparison to poor quality blastocysts. 
Although the clinical pregnancy, implantation and 
multiple pregnancy rates were higher when top 
quality blastocysts were transferred in compari-
son to moderate quality blastocysts, the results 
were not statistically different. In cycles where all 
blastocysts transferred were hatching a 57.7 % 
clinical pregnancy rate, a 43.9 % implantation rate 
per embryo, and a 82.1 % multiple pregnancy rate 
were achieved. In patients who had no hatching 
blastocysts available for transfer, respective rates 
were 27.8 %, 19.1 %, and 40.6 % ( P  < 0.05 for all). 

 In conclusion, this study demonstrated that 
there is a close relationship between the suc-
cess of blastocyst transfer and morphological 
appearance, hence quality of the blastocyst. It 
was of major importance to demonstrate that this 
grading system could be used to reduce the num-
ber of blastocysts to be transferred to prevent 
multiple pregnancies without compromising the 
pregnancy rate.  

   Inclusion of Inner Cell Mass and 
Trophectorderm Data in the Grading 
System 

 With the increase of blastocyst transfer proce-
dures in assisted reproduction centers around the 
world, the majority of published clinical arti-
cles correlating blastocyst morphology with the 
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clinical outcome have used the grading system 
described by Gardner and Schoolcraft or a 
modi fi ed version based on the same criteria  [  21  ] . 
This advanced grading system took into consid-
eration the morphology of ICM as well as Td 

cells, in addition to the degree of expansion and 
developmental rate of the blastocysts. The devel-
opmental stages, and the expansion rate of the 
blastocysts are de fi ned by numbers as follows: 
1 (early blastocyst), where the blastocoel is less 

  Fig. 4.1    ( a – d ) BG1—top quality blastocysts graded by 
the Docras scheme  [  18  ]  (at 117 h post-insemination fol-
lowing ICSI). Blastocysts are fully expanded and there is 
a distinct ICM and the Td is formed. The diversity of mor-
phologies which reside within each grade is evident, mak-
ing it dif fi cult to identify the de fi nitive blastocyst for 
transfer. ( e – h ) BG2—good quality blastocysts graded by 

the Docras scheme  [  18  ]  (at 117 h post-insemination fol-
lowing ICSI). Delayed development compared to BG1. 
( i – l ) BG3—poor quality blastocysts graded by the Docras 
scheme  [  18  ]  (at 117 h post-insemination following ICSI). 
Blastocysts have several degenerative foci in the ICM 
with cells appearing dark and necrotic       
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than half the volume of the embryo; 2  (blastocyst), 
with blastocoel being greater than half the  volume 
of the embryo; 3 (full blastocyst), with the blasto-
coel completely  fi lling the embryo; 4 (expanded 
blastocyst), where the blastocoel  volume is larger 
than originally seen in the early embryo and the 
zona pellucida starts to thin; 5 (hatching blasto-
cyst), where trophectoderm starts to herniate 
through the zona pellucida; and 6 (hatched blas-
tocyst), where the blastocyst has completely 
escaped from the zona pellucida. In the second 
step of Gardner grading system, an analysis of 
both the ICM and Td quality is performed for the 
blastocysts scored as grade 3 or higher. Inner cell 
mass quality consisted of three independent 
grades as follows: A, symbolizing a tightly packed 
ICM with many cells; B, loosely grouped with 
several cells; or C, very few cells. Trophectoderm 
quality is also classi fi ed by another three grades: 
A, symbolizing Td with many cells forming a 
cohesive epithelium; B, few cells forming a loose 
epithelium; and C, very few large cells (Fig.  2 ). 
Therefore, a fully hatched blastocyst with a 
tightly packed ICM and highly populated and 
cohesive Td would be graded “6AA.”  

 A study by Gardner and Schoolcraft showed a 
strong correlation between the clinical outcome 
(implantation rates, pregnancy and twinning 
rates) and the morphological scores of blastocysts 
graded using this system  [  22  ] . The study was per-
formed on 107 patients undergoing culture and 
transfer of two blastocysts, with a patient receiv-
ing two top scoring blastocysts ( ³ 3AA) the 
implantation and pregnancy rates were 70 % and 
87 % respectively, with a 61 % twinning rate. 
When only one top quality blastocysts were avail-
able for transfer, the implantation and pregnancy 
rates were 50 %, and 70 %, with a twinning rate 
of 50 %. In contrast, when only low-scoring blas-
tocysts (<3AA) were available for transfer, 
implantation and pregnancy rates were 28 % and 
44 %, with a twinning rate of 29 %. This study 
clearly demonstrated that the ability to transfer 
one high-scoring blastocyst should lead to preg-
nancy rate s greater than 60 %, without complica-
tion of twins. This initial study was subsequently 
validated on a much larger sample of 790 patients 
showing the same relationship between blastocyst 

score and transfer outcome  [  23  ] . The same clinic 
has also shown that a substantial number of 
patients can bene fi t from single blastocyst trans-
fers when the implantation potential of top qual-
ity blastocysts is quantitated prior to transfer  [  24  ] . 
This prospective randomized study was per-
formed on 48 women with good prognosis, where 
the clinical outcome of 23 women who received 
single blastocyst for transfer was compared with 
25 women who received two blastocysts for trans-
fer. The transfer of a single blastocyst resulted in 
an implantation and ongoing pregnancy rate of 
60.9 % with no twins, whereas double embryo 
transfers resulted in an implantation rate of 56 %, 
with an ongoing pregnancy rate of 76 %, of which 
47.4 % were twin pregnancies. Thus, the clinical 
ef fi cacy of blastocyst transfer where the degree of 
expansion and quality of ICM and Td are jointly 
observed for the selection of a single blastocyst is 
of critical value for eliminating multiple births 
while maintaining high pregnancy rates. 

 Given that these grading systems demonstrate 
an effective means of morphological identi fi cation 
of blastocysts with high implantation rates, a ran-
domized controlled trial of both systems was per-
formed by Balaban et al. to compare their clinical 
predictive value side by side  [  18  ] . Clinical results 
of 66 good prognosis patients in each grading sys-
tem group were compared in the study. Despite 
the fact that the overall patient characteristics, 
laboratory outcome, and the number of blasto-
cysts transferred in each study group were similar, 
clinical pregnancy, implantation, and multiple 
pregnancy rates were higher when blastocysts 
were selected for transfer according to Gardner’s 
grading system compared with those of the Dokras 
system (clinical pregnancy: 66.7 % vs. 53.0 %, 
not statistically different; implantation rate: 
37.6 % vs. 25.0 %,  P  < 0.01; multiple pregnancy 
rate: 38.6 % vs. 17.1 %,  P  < 0.05). When the main 
cohorts were grouped according to the quality of 
the blastocysts transferred, the Gardner grading 
system was shown to be a better predictor of preg-
nancy and implantation outcome, especially when 
the blastocysts to be transferred are of high qual-
ity. In contrast the Dokras grading system was a 
better predictor of a negative outcome if only poor 
quality blastocysts are available for transfer. 
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  Fig. 4.2    ( a ,  b ) Using the Gardner grading scheme  [  21  ]  
these blastocysts are graded as A for the ICM, which con-
sists of many tightly packed cells. ( c ,  d ) Using the Gardner 
grading scheme  [  21  ]  these blastocysts are graded as A for 
the Td, with many cells forming a cohesive epithelium. 
( e – h ) Blastocysts scored as 3AA with the Gardner grad-
ing scheme. ( e ) Transferred with delivery of a healthy boy. 
( f ) Transferred with delivery of a healthy boy. ( g ) 
Transferred with delivery of a healthy girl. ( h ) Transferred, 
not implanted. ( i – l ) Blastocysts scored as 4AA with the 
Gardner grading scheme: ( i ) Transferred with delivery of 
a healthy boy. ( j ) Transferred with delivery of a healthy 

girl. ( k ) Transferred, did not implant. ( l ) Transferred, 
implanted with a late trimester abortion. ( m ,  n ) Blastocysts 
scored as 5AA with the Gardner grading scheme: ( m ) 
Transferred with delivery of a healthy boy. ( n ) Transferred 
with delivery of a healthy boy. ( o ,  p ) Blastocysts scored as 
3CC with the Gardner grading scheme. Both embryos 
were transferred, but none implanted. ( q ,  r ) Blastocysts 
scored as 5BB with the Gardner grading scheme. ( q ) 
Transferred, did not implant. ( r ) Transferred with delivery 
of a healthy boy. ( s ,  t ) Blastocysts scored as 5BA with the 
Gardner grading scheme. ( s ) Transferred, did not implant. 
( t ) Transferred with delivery of a healthy boy         
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 Various studies have been published since the 
introduction of both grading systems, with the 
aim of identifying the most predictive morpho-
logical parameter of the human blastocyst that 
can be used to determine the highest implanta-
tion and pregnancy outcome. The study by 
Shapiro et al., performed on 93 women, demon-
strated that the timing of blastocoel development 
and grade of expansion are important predictors 
of implantation potential, with implantation rates 
of 43 % for embryos transferred to women 
receiving only expanded blastocysts, compared 
to 17 % for embryos transferred to women 
receiving one or more less developed blastocysts 
 [  25  ] . Pregnancy rates were higher for women 
receiving only expanded blastocysts than for 
women receiving one or more less developed 
blastocysts, although the difference was not 
signi fi cant. 

 Zaninovic et al. subsequently brought up the 
discussion of whether blastocyst expansion, more 
so than ICM formation or Td quality, plays the 
more critical role in re fl ecting the viability of 
scored blastocysts  [  26  ] . A retrospective analysis 
was performed on 156 patients who underwent 
fresh or frozen/thawed day 5 blastocyst transfer. 
The expansion of blastocysts was graded accord-
ing to three options—(1) no expansion; (2) 
slightly expanded; or (3) fully expanded, and 
ICM and Td quality were also scored, in line with 
the Gardner grading system. The results revealed 
that the morphology of the blastocyst, measured 
with this 3-part grading system for blastocyst 
expansion signi fi cantly correlated with implan-
tation rates, demonstrating an implantation 
 potential that approaches 70 %, even with the 
transfer of a single 3AA blastocyst. However, 
when expansion or inner cell mass quality was 

Fig. 4.2 (continued)
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compared individually, no signi fi cant differences 
in implantation rate were found. In contrast 
signi fi cantly higher implantation rates resulted 
from transferring blastocysts with a high Td 
score, above the other parameters. The authors 
therefore proposed that the Td is the most impor-
tant individual factor for implantation, as it plays 
a crucial role in blastocyst attachment, tropho-
blast development, and subsequent uterine inva-
sion, allowing the ICM direct embryo development 
after implantation. 

 Richter et al. went on to examine the predic-
tive value of quantitative measurements of blas-
tocyst morphology (blastocyst diameter, number 
of trophectoderm cells, and ICM morphology) 
 [  27  ] . Following 174 transfers it was observed 
that blastocyst diameter and trophectoderm cell 
numbers were unrelated to implantation rates. 
The authors showed that expanded blastocysts 
with ICMs of >4,500  m m 2  implanted at a higher 
rate than did those with smaller ICMs (55 % vs. 
31 %). More expanded blastocysts on day 5 
with slightly oval ICM implanted (58 %) com-
pared with those with either rounder ICM (7 %) 
or more elongated ICMs (33 %). Implantation 
rates were highest (71 %) for embryos with 
both optimal ICM size and shape, with preg-
nancy rates higher for day 5 blastocysts with 
ICMs of optimally shape, rather than size. 
Similar  fi ndings for the predictive value of ICM 
quality as a correlate of implantation potential 
were reported by Marek et al., who determined 
that the highest clinical pregnancy rate (41.7 %) 
was obtained following transfer of a blastocyst 
with a Grade A ICM (grading performed accord-
ing to Gardner grading system) compared to 
one with an ICM of Grade B (24.1 %) or C 
(6.3 %)  [  28  ] . The implantation rates for Grade 
A, B, and C for their ICM were 41.7 %, 24.1 %, 
and 6.3 % respectively, demonstrating a linear 
relationship. 

 More recently, the study by Shapiro et al. uti-
lized a set of 25 objectively measurable criteria 
including blastocyst diameter, size of the ICM, 
and trophectoderm cell number, to develop a pre-
dictive model of clinical pregnancy in a group of 
361 blastocyst transfers  [  29  ] . Day 5 blastocyst 

characteristics such as blastocyst diameter, Td 
cell count, and ICM size were found to be 
signi fi cantly higher in the group of clinically 
pregnant women ( n  = 147), compared with the 
nonpregnant group ( n  = 214). Of all the parame-
ters, blastocyst diameter was found to be the most 
signi fi cant predictor of clinical pregnancy in the 
multivariate model. 

 Rehman et al. proposed another numerical 
blastocyst morphology grading system they 
called the blastocyst quality score (BQS) based 
on the Gardner grading system  [  30  ] . The aim of 
that study was to overcome the limitations of the 
Gardner grading system associated with the use 
of alphanumerical label for each combination of 
degree of expansion, ICM grade, and Td grade. 
The limitations described were the inability to 
calculate the mean blastocyst grade for the two 
or more transferred, or to determine the mean 
grade of the whole embryo cohort at any given 
point in time, as well as dif fi culty in grouping or 
stratifying embryos statistically. For the BQS, 
the de fi nition of developmental rate and expan-
sion of a blastocyst was similar to the Gardner 
grading system (1–6), except that ICM, and Td 
quality presented by letters in Gardner grading 
system were converted to numerically values 
(ICM or Td Grade A = 3, Grade B = 2, and Grade 
C = 1). Additive and multiplicative combinations 
were evaluated for the three component num-
bers that represent expansion, ICM, and Td. So 
for example, a 4AA blastocyst was given an 
additive blastocyst score (BQS-A) of 10 
(=4 + 3 + 3), or a multiplicative blastocyst score 
(BQS-M) of 36 (=4 × 3 × 3), with BQS-M show-
ing a greater spread of values in between lower 
and higher quality blastocysts. Analysis of 1,292 
intracytoplasmic sperm injection (ICSI) and 842 
standard IVF cycles showed that BQS-M of the 
transferred embryos had higher analytical power 
for predicting clinical pregnancy rates than the 
Gardner score alone. More recently the study by 
Matsuura et al., demonstrated a positive correla-
tion between BQS and estimated blastocyst cell 
number, suggesting BQS can be clinically use-
ful to evaluate blastocyst quality and culture 
systems  [  31  ] . 
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 It is of no doubt that the best way of under-
standing the ef fi cacy of a grading system is to 
correlate it directly with the main endpoint of live 
birth outcome, instead of only pregnancy and 
implantation. The  fi rst study to analyze the results 
of 1,117 fresh single day 5 blastocyst transfers 
and their live birth outcome related to Gardner 
score was published recently by Ahlstrom et al. 
 [  32  ] . All three parameters: blastocyst expansion, 
ICM, and Td quality show a signi fi cant associa-
tion with live birth rates. However, once adjusted 
for known signi fi cant confounders, it was shown 
that trophoectoderm quality was the only statisti-
cally signi fi cant independent predictor of live 
birth outcome (37.8 %). Patient and cycle vari-
ables were analyzed separately by univariate 
analysis, and for grade of blastocyst expansion, 
there was nearly a twofold increase in the odds of 
live birth for grade 3 blastocysts when compared 
with lower grades ( P  < 0.001). Grade 4 blasto-
cysts had a further decreased chance of live birth 
when compared with blastocysts of grade 3 
( P  < 0.01). When the effect of ICM and Td grades 
were analyzed, the likelihood of live birth was 
statistically signi fi cantly lower for Grade B ICM 
blastocysts compared with grade A ICM blasto-
cysts ( P  < 0.001), however blastocysts with Grade 
3 ICM quality could not be analyzed as the sam-
ple size was insuf fi cient. Blastocysts with Grade 
B trophoectoderm resulted in signi fi cantly higher 
live birth rates compared with grade A 
( P  < 0.0001), and for Td of Grade C compared 
with Grade B ( P  = 0.0176). This study therefore 
shows that a 4BA blastocyst has a statistically 
greater chance of forming a live newborn than a 
4AB blastocyst for all female ages, and that a 
3BA blastocyst is more likely to than a 4AB. 

 The methodological weakness of the data 
described above examining the primary predic-
tive morphological parameter of the human blas-
tocyst, is that of the described studies are 
retrospective. More prospective randomized tri-
als will be needed to understand the predictive 
value of different morphological markers of 
human blastocysts, and perhaps improve the 
grading system according to updated evidence-
based data.  

   Moving Forward: The Alpha/ESHRE 
Consensus on Blastocyst Grading 

 Selecting embryos at different stages for transfer 
based on their developmental rate and morpho-
logical features, as well as the choice of embryo 
grading scheme applied, makes inter-clinic com-
parisons extremely dif fi cult. Recently, an expert 
panel of scientists agreed on a consensus on 
embryo assessment, basing their criteria on the 
Gardner grading system  [  33,   34  ] . The only 
changes made to this were the use of numerical 
references for ICM and Td quality instead of let-
ters representations, similar to the BQS, such that 
the A,B, and C for ICM and Td were graded as 1, 
2, and 3 respectively. The aim of these changes is 
therefore to use numeric scores to facilitate the 
entering of individual parameters into electronic 
database systems, which will ultimately facilitate 
statistical analysis, especially in multicenter tri-
als. Despite the fact that introduction of this new 
grading scheme may signi fi cantly delay the avail-
ability of inter-clinic comparisons when applied 
over the next few years, it still needs to be further 
investigated in terms of clinical predictivity by 
new prospective randomized trials (Fig.  3 ).   

   Key Morphological Parameters 
for Frozen-Thawed Blastocysts 

 The re-expansion of the blastocoel after thawing 
of cryopreserved blastocysts had been shown to 
be the most vital morphological predictor of 
implantation potential  [  35,   36  ] . It has been 
reported in the literature that independently of 
the freezing technique used for cryopreserving 
blastocysts, the re-expansion of the blastocoel as 
a sign of viability should be expected within 24 h 
after thawing or warming  [  37,   38  ] . 

 One of the  fi rst studies examining the effect of 
post-thaw morphological characteristics of 
human blastocysts on pregnancy outcome, other 
than re-expansion, was published by Desai and 
Goldfarb  [  39  ] . The study analyzed 66 thaw and 
56 fresh transfer cycles, with clinical pregnancy 
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  Fig. 4.3    ( a ,  b ) Blastocysts scored as 1 with the Alpha/
ESHRE Consensus Grading. ( c ,  d ) Blastocysts scored as 
2 with the Alpha/ESHRE Consensus Grading. ( e ,  f ) 
Blastocysts scored as 3.1.1 with the Alpha/ESHRE 
Consensus Grading. ( g ,  h ) Blastocysts scored as 3.2.2 
with the Alpha/ESHRE Consensus Grading. ( i ,  j ) 
Blastocysts scored as 3.1.3 with the Alpha/ESHRE 
Consensus Grading. ( k ,  l ) Blastocysts scored as: ( k ) 3.2.3 

with the Alpha/ESHRE Consensus Grading; ( l ) 3.3.1 
with the Alpha/ESHRE Consensus Grading. ( m ,  n ) 
Blastocysts scored as: ( m ) 3.2.2 with the Alpha/ESHRE 
Consensus Grading; ( n ) 3.3.2 with the Alpha/ESHRE 
Consensus Grading. ( o ,  p ) Blastocysts scored as 3.3.3 
with the Alpha/ESHRE Consensus Grading. ( q ,  r ) 
Blastocysts scored as 4.1.1 with the Alpha/ESHRE 
Consensus Grading         
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of 27 % and a live birth rate of 18 %. The effect 
of post-thaw morphological characteristics of 
blastocysts, such as blastocyst developmental 
stage, ICM, and Td morphology were compared 
with the clinical pregnancy rate. Post-thaw blas-
tocyst morphology at transfer was found to be an 
important prognostic factor associated with suc-
cess. The ability of the blastocyst to re-expand 
within a few hours (2–4 h after thawing) was 
found to be a strong indicator of blastocyst via-
bility potential. Although there were no signi fi cant 
differences between the group of blastocysts with 
different ICM qualities and clinical pregnancy 
rate, Td grade was proposed to be a vital factor in 
successful implantation. 

 Abbeel et al. reported the effect of blastocyst 
developmental rate and stage on cryosurvival 
outcome, and further development after thawing 
 [  38  ] . Of the high grade blastocysts frozen 
(expanded and hatching blastocysts with early 
cavitation and good quality ICM and Td), mor-
phological recovery immediately after thawing 
was higher for early blastocysts than for expanded 
and hatching blastocysts. Conversely, the ongo-
ing survival in subsequent culture was higher for 

advanced and hatching blastocysts than com-
pared to early blastocysts. The effect of ICM and 
Td morphology on survival rates was not exam-
ined separately, as more than one blastocyst was 
transferred and the good quality blastocysts were 
pooled during transfer that were frozen with two 
different techniques. 

 Recently, and in agreement with the previous 
studies, Shu et al. examined the value of fast 
blastocoel re-expansion in the selection of via-
ble thawed blastocysts for transfer  [  40  ] . They 
observed that the rates of survival and fast 
 blastocoel re-expansion of partially intact blas-
tocyst were signi fi cantly reduced compared to 
fully intact blastocysts. Transfer of blastocysts 
with a faster re-expanding blastocoel cavity, 
compared to transfers with more delayed re-
expansion, resulted in signi fi cantly higher rates 
of clinical pregnancy (37.1 % vs. 16.8 %) and 
implantation (26.7 % vs. 11.3 %). What would 
make an excellent adjunct to morphology and 
rate of post-thaw expansion is the analysis of 
embryonic metabolism, which we have previ-
ously shown to be bene fi cial at the cleavage 
stages after thawing  [  41  ] .  

Fig. 4.3 (continued)
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   Key Morphological Parameters for 
Vitri fi ed Blastocysts 

 Similar to the  fi ndings with slow freezing of 
human blastocysts, the re-expansion of vitri fi ed 
and warmed blastocysts play an important role in 
implantation potential and clinical outcome  [  42  ] . 
Stehlik et al. proposed that during slow freezing, 
dehydration occurs over a long period of time as 
ice crystal formation in the medium concentrates 
the extracellular sucrose, facilitating both cellular 
dehydration and blastocoel shrinkage   . The rapid 
dehydration that occurs in less than a minute for 
during vitri fi cation does not however allow time 
for a complete collapse of the blastocoel, accord-
ing to them. Therefore, the re-expansion of 
vitri fi ed/warmed blastocysts appears to be more 
rapid when compared with slow frozen/thawed 
blastocysts. As re-expansion had been shown to 
be the most critical morphological correlate of 
clinical success of frozen-thawed blastocysts, 
vitri fi cation might be more advantageous in terms 
of morphological selection of the blastocysts for 
transfer, especially if this appears in a more timely 
manner. Another indirect bene fi t of faster re-
expansion after warming could be the ease of 
selecting blastocysts according to ICM and Td 
quality, since these morphological characteristics 
can be clearly seen in a well-expanded 
blastocyst. 

 Ebner et al. suggested a four-part score for 
vitri fi ed/warmed blastocysts to evaluate predic-
tion of certain morphological parameters that 
might be more closely correlated with implanta-
tion, pregnancy, and live birth  [  43  ] . This grading 
system was based on re-expansion, hatching, 
extensive cytoplasmic granulation, and the pres-
ence of necrotic foci. The study was performed 
on 129 vitri fi cation/warming cycles, where the 
overall survival rate of the blastocysts was 74 %. 
The report showed that early blastocysts showed 
better survival when compared with expanded/
hatching blastocysts ( P  < 0.01). Of the morpho-
logical parameters analyzed, those that were 
signi fi cantly predictive of implantation, preg-
nancy, and live birth outcomes were immediate 
re-expansion ( P  < 0.05) and hatching ( P  < 0.001).  

   Conclusions 

 The predictive value of morphological grading 
systems has undoubtedly assisted in the selection 
of the most viable human blastocysts for transfer. 
However, as such assessments are not directly 
linked to complex physiological parameters, they 
provide limited information. It is proposed that  
combining morphological criteria with noninva-
sive techniques using metabolic, genetic, and epi-
genetic markers will undoubtedly increase the 
success of assisted reproduction, resulting in 
 single blastocyst transfer becoming an excellent 
strategy for achieving conception in infertile cou-
ples  [  44  ] . Furthermore, time-lapse analysis of 
human embryos under in vitro culture conditions 
may further enable us to quantitate some of the 
more complex events of embryo development 
 [  45  ] . It is envisaged that using this kind of com-
bined approach for blastocyst analysis will fur-
ther increase the chances of implantation and live 
birth outcomes for all couples seeking infertility 
treatment, beyond current methods of analysis.      
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 With more than four million babies and counting, 
in vitro fertilization (IVF) is a well-established 
choice for couples who otherwise could not have 
children; for some, it is their only option. It has 
been more than three decades since a physician 
produced the  fi rst successful pregnancy through 
IVF  [  1  ] . But the success rate for a live birth still 
remains disappointingly low, on average round 
30 %, mainly due to the low probability of an 
individual embryo successfully implanting in the 
uterus and producing a child. For this reason, IVF 
clinics generally transfer more than one embryo 
per cycle, in the hope of increasing the probabil-
ity of success. While this approach has helped to 
maintain IVF pregnancy rates at an acceptable 
level, it has also led to a dramatic rise in the 
number of multiple pregnancies and the subse-
quent risk of complications for both the mother 
and developing fetuses. Multiple pregnancies are 
prevented by transferring fewer embryos to the 
mother’s uterus each cycle; however, restricting 
the number of embryos transferred has a negative 
impact on the likelihood of a patient becoming 
pregnant each cycle. The reason for this is that 

the embryos produced in a typical IVF cycle are 
extremely variable in terms of their ability to form 
a viable pregnancy. In cases of single embryo 
transfer (SET) it is therefore essential that the 
embryo chosen for transfer is the one having the 
greatest potential to form a pregnancy and produce a 
healthy child. 

 IVF technology allows for observation of 
early actions of human fertilization and embryo-
genesis. Nevertheless, concerns about excessive 
embryo handling have limited the frequency of 
microscopic observations outside the controlled 
incubation environment, thus the knowledge of 
growth rates and morphological changes have 
been deduced largely from morphological appear-
ance of embryos at a few discrete static points. 
Such “freeze frame” images of the active pro-
cesses of growth and development necessarily 
limit the information available to the observer and 
short-lived events may be missed entirely  [  2  ] . 
Additionally, most of the grading systems cur-
rently used for assessing embryo quality are made 
on the basis of morphological evaluation con-
ducted in the IVF laboratory and although there 
are a large number of published studies, there is 
no consensus about the most accurate method for 
embryo quality estimation. Grading based only on 
these qualitative criteria is very subjective and 
may be one of the main causes of the interobserver 
variance introduced in these methods. In view of 
these considerations, researchers have been look-
ing for an innovative way to improve the chances 
of a pregnancy by selecting only the strongest and 
healthiest embryos. 
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   Time Lapse Imaging 

 Image analysis may be a way to overcome the 
subjectivity of the existing rating systems if it 
could provide quantitative evaluation of key 
aspects of embryo development. The technology 
for recording embryo development has become 
progressively user-friendly and as its value became 
clear, the technology improved. Imaging develop-
ment is now carried out digitally, with images 
captured at speci fi c time intervals through special-
ized image-capture software installed on a com-
puter. In combination with image processing 
software, digital time-lapse imaging makes pro-
cessing, editing, annotating, and viewing the 
developmental sequence forwards and backwards 
veritably easier  [  3  ] . Time-lapse analysis records a 
series of still images of a developing embryo over 
time and when aligned and assembled into an ani-
mated sequence, time-lapse images reveal surpris-
ingly dynamic events, which could be captured 
with no other methods. 

 Mammalian embryos were studied using time-
lapse cinematography for the  fi rst time in 1929 
 [  4  ] . Rabbit blastocysts were examined and it was 
found that mature blastocysts can periodically 
contract and expand; similar characteristic con-
tractions were found later in blastocysts of other 
mammalian species including humans. Other 
important discoveries made with the use of time-
lapse cinematography are data on the time course 
of embryo cleavage, durations of individual cell 
cycles, critical stages of preimplantation devel-
opment, and many other processes. Optimal con-
ditions for culturing early embryos accompanied 
by long-term time-lapse are certainly of prime 
importance in terms of obtaining complete infor-
mation on the development of individual embryos 
along with directly estimating their quality  [  5  ] . 

 Time-lapse image acquisition can minimize 
disturbance to the culture environment by inte-
grating the incubation and embryo evaluation 
into one system. This has advanced the fertiliza-
tion processes and development of early human 
embryos. The opportunity to follow the dynamic 
developmental patterns of individual embryos 
will give embryologists useful information for 
embryo selection and allows a phenomenon 

observed at a speci fi c time point to be linked 
directly to an embryo’s developmental capacity 
and implantation potential  [  6  ] . 

 In essence, micro-cinematography offers 
unique possibilities for noninvasive studies of 
early embryogenesis in humans. One of the new 
generations of combined incubator-microscope 
structures is the Embryoscope (Unisense 
FertiliTech, Aarhus, Denmark), which provides an 
integrated monitoring system consisting of a safe, 
controlled culture environment including auto-
mated time-lapse high resolution image acquisi-
tion. A number of other systems have also been 
adapted to video monitoring including Auxogyn 
EEVA™ system and PRIMO Vision System. The 
imaging systems therefore allow retrospective 
detection and testing for critical events during 
early embryo development, thus one of the  fi rst 
objectives related with this new technology was to 
validate its clinical use.  

   Built-in Time-Lapse Incubation 

 It has been previously discussed that embryo 
selection at static routine timepoints is not always 
associated with a higher implantation or preg-
nancy rate, therefore other criteria should be 
considered in the recognition of embryos with a 
good prognosis. Time-lapse image analysis has 
rendered more information of human embryonic 
development and growth behavior in compari-
son with conventional practice or intermittent 
observation. It offers the potential for morpho-
logical evaluation to be carried out without the 
need to remove embryos from the optimized gas 
and temperature conditions inside the incubator; 
this should reduce environmental stress experi-
enced by the embryo and may lead to some 
improvements in embryo viability and preg-
nancy rates as a result. In a recent study, it has 
been shown that embryos in the combined cul-
ture and monitoring system are not affected by 
the continuous observation associated with the 
Embryoscope (Fig.  1 )  [  7  ] . It can therefore be 
concluded that this technology provides new 
openings to get detailed and precise information 
about morphological characteristics and cleavage 
status.  
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 At this point it is important to bring to light 
that embryos cultured in an incubator with an 
integrated time-lapse system are periodically 
exposed to light when digital images are acquired 
and it is clear that light exposure is an unnatural 
stress to embryos and might affect embryo devel-
opment  [  8  ] . Despite the risk of impaired develop-
ment in these culture surroundings, authors did 
not  fi nd signi fi cant differences between embryos 

cultured with the time-lapse video system and 
embryos submitted to discontinuous observations 
in a conventional incubator. Blastocyst rate and 
percentage of viable embryos were similar between 
the two culture systems (Embryoscope or standard 
incubator). The reproductive outcomes were also 
the same between the two groups, con fi rming the 
usefulness of this new technology (Fig.  2 ). 
Studies assessing embryo culture in a time-lapse 

  Fig. 5.1    Comparison of blastocyst development and the proportion of transferred, frozen, and discarded embryos when 
cultured in the embryoscope vs. classical incubator       

  Fig. 5.2    Reproductive outcomes as assessed by Clinical 
Pregnancy Rate and Implantation Rate (Positive Fetal 
Heart Beat) of embryos cultured in the embryoscope vs. 

classical incubator and transferred on Day 3. No signi fi cant 
differences were observed between both groups       
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monitoring system will allow us to detect new 
valuable selection parameters in order to improve 
embryo selection.   

   Morphokinetics for Embryo 
Selection: A Time-Lapse Study 

 Accurate selection of viable embryos for transfer 
is a key factor in the success of IVF. However, the 
de fi nition of “optimal” embryos and how to select 
such embryos with high developmental potential 
remains an open question. The estimation of 
embryo competence prior to transfer is notori-
ously subjective so one possible approach to fur-
ther increase the pregnancy rate following IVF 
relies on the association between embryo devel-
opment and rate of cleavage  [  9  ] . Cleavage-stage 
development is a dynamic process in which 
embryo morphology may change signi fi cantly 
over a time span of even a few hours, thus con-
ventional grading practices may not detect subtle 
differences between individual embryos such as 
the time to progress from one cleavage division 
to the next. Compared with assessment of embryo 
morphology, embryo progression is a less-well 
studied concept re fl ecting dynamic changes 
(growth and development) of the embryo over 
time. Progression thus encompasses information 
from serial embryo evaluations over time whereas 
morphology is a snapshot of the embryo at one 
point in time, probably most crucially on the day 
of embryo transfer  [  10  ] . One aspect of embryo 
progression that has been proposed as an early 
marker of embryo quality is the presence of early 
cleavage, referring to the timing of the  fi rst and 
second blastomere divisions to reach the two- and 
four-cell stages. 

 The timing of the  fi rst zygotic cleavage has 
been successfully used in human IVF programs 
to identify embryos of superior quality and repre-
sents a noninvasive marker of embryo develop-
mental potential  [  11  ] . Studies in animal models 
point to a connection between timing of comple-
tion of the  fi rst cell cycle and developmental 
potential and it has been observed that morulae 
and blastocysts developed from slowly dividing 
embryos gave rise to a lower fetal development 

after transfer than those embryos which developed 
from more rapidly dividing cleavage stages  [  12  ] . 
The idea that such an association also exists in 
human comes from the  fi nding that patients who 
produced early cleavage had higher pregnancy 
and implantation rates than those who did not 
 [  13–  15  ] . These studies were corroborated by 
others who also found that blastocysts from early 
cleaving embryos were of higher quality than 
their later counterparts and this was attributable 
speci fi cally to difference in the timing of the  fi rst 
cleavage rather than variations in the rate of pro-
gression of subsequent cell cycles  [  16,   17  ] . 

 One limitation of these studies implied that 
many transfers involved more than one embryo 
and included both early and late cleaving embryos 
thus it is dif fi cult to obtain conclusive evidences 
that the implantation could be attributed to early 
cleavage. However, in one interesting study, Van 
Montfoort compared embryo transfers that were 
composed entirely of early cleaving embryos 
with pure transfers of late cleaving embryos and 
found signi fi cantly higher pregnancy rates in the 
early cleavage group in both single and double 
embryo transfers  [  18  ] . 

 A key re fl ection in most studies related to the 
timing of cell divisions is the limited number of 
observations, which restricts temporal assess-
ment of a given phenomenon to a determination 
if an event occurred before or after a particular 
time point. In a study of morphological grading 
carried out for day-3 embryos, the existence of 
moderate intraobserver variability was con fi rmed 
and the authors demonstrated substantial differ-
ences between embryologists in the morphologi-
cal scores given to a group of embryos  [  19  ] . 
In addition, the dynamic and gradual nature of 
change in cellular morphology can obscure events 
that only become visible when images are con-
densed into a continuous and coherent movie. 
It is inevitable that in some circumstances this 
variability will affect the decision of which 
embryos are selected for transfer and will have, 
as a result, direct impact on the probability of 
IVF success. Current classi fi cation scores only 
analyze morphology at a few prede fi ned points 
during embryo development leading to a subse-
quent lack of information about what happened 
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between the examined time points. Thus, nonstop 
monitoring might provide one strategy to collect a 
complete representation of embryo developmental 
kinetics. 

 The search for prognostic factors predicting 
embryo development and the outcome of IVF 
treatment attracts considerable research attention 
and one such predictive factor is the proper 
timing of early embryo development which can 
be measured using noninvasive, automated 
approaches. When coupled to software analysis 
this can yield objective and consistent data and 
thus avoid subjective classi fi cation of embryo 
characteristics. Time-lapse video cinematogra-
phy overcomes the limitations of intermittent 
observations by providing a higher resolution and 
continuous image in which the various compo-
nents of the cells can be recognized and followed 
during the entire course of the record period; for 
instance, a correlation exists between a higher 
pregnancy rate and the synchronous reappear-
ance of nuclei in the two blastomeres formed 
after the  fi rst division and human embryo devel-
opment to blastocyst stage was strictly correlated 
with some speci fi c interval timings in the  fi rst 
stages of development  [  20,   21  ] . 

 In a recent study, our own group examined the 
existence of a correlation between morphokinetic 
parameters and implantation and ongoing preg-
nancy rates in order to generate and evaluate a tool 
for the selection of viable embryos based on the 
exact timing of embryo development events 
together with morphological parameters by using a 
time-lapse monitoring system  [  22  ] . This compel-
ling study investigated the integer chronologic pat-
tern of development with morphologic features 
with the purpose of describing correlations between 
time taken to reach each developmental milestone 
and the implantation potential of that speci fi c 
embryo. It identi fi ed an optimal range for each 
variable which was correlated with a signi fi cantly 
higher probability of implantation; these correla-
tions formed the basis for a proposed hierarchical 
classi fi cation procedure to select viable embryos 
for transfer with a high implantation potential. 

 A retrospective analysis was conducted, with 
an external monitor (EmbryoViewer, Unisense 

Fertilitech, Aarhus, Denmark), using image analysis 
software in which exact timings of embryo 
 divisions were annotated and six discriminative 
morphokinetic parameters were identi fi ed: the 
consecutive embryo divisions from zygote to 
5-cell stage (t2, t3, t4, and t5); the duration of the 
second cell cycle (cc2=t3-t2) representing the 
time of division from a two-cell embryo until 
division to a three-cell embryo; and the second 
synchrony (s2) de fi ned as the transition from a 
two-cell embryo to a four-cell embryo (s2=t4-t3). 
For each of these variables two timing intervals 
were selected with the highest frequency of 
implanting embryos and this was combined with 
morphologic exclusion criteria such as  fi rst cleav-
age asymmetry, abrupt  fi rst division to more than 
two cells and multinucleation on day 2 of devel-
opment. Thus the conclusion was the possibility 
of identifying an optimal timing range within 
embryos that have a greater probability to implant 
(Fig.  3 ). Observed variations in the timing of 
embryonic development may be related to culture 
conditions that can affect embryo metabolism and/
or sperm paternal effect which may in fl uence the 
length of the S-phase in the cell cycle  [  23,   24  ] .  

 Up to date, human embryo research on mor-
phokinetic development has been limited by the 
small number of samples produced under diverse 
experimental conditions; in fact, the majority of 
studies using time-lapse image analysis only 
included measurements from early stages of devel-
opment, and although an interesting link has been 
described to human embryo development between 
digital images and molecular data from the zygote 
to blastocyst stage, the results were provided from 
frozen-thawed zygotes and may not be comparable 
with studies with fresh embryos  [  17,   21,   25–  29  ] . 

 The description of important differences in the 
chronology of development between implanting 
and nonimplanting embryos can signi fi cantly 
improve the chance of implantation when compar-
ing embryos with slower/faster development. 
These data support the hypothesis in which embryo 
viability depends on a tightly regulated sequence 
of cellular events that begin at the time of the fer-
tilization and also con fi rms the presence of an 
optimal time interval for all the embryo cell 
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divisions; although it is generally accepted that 
early cleavages are better than later cleavages, it 
has been demonstrated that cell division could 
occur “too early” and impair embryo competence. 

 According to the kinetic parameters evaluated, 
t5, cc2, and s2 seem to be important indicators 
which are signi fi cantly correlated with embryo 
implantation. Perhaps, later divisions could be 

  Fig. 5.3    ( a ) Percentage of implanting embryos with cell 
division times inside or outside ranges. We determined the 
timing of cleavage timings to a 2-, 3-, and 5-cell embryo 
(t2, t3, and t5). ( b ) Percentage of implanting embryos with 
cell division times inside or outside ranges. We also deter-

mined a variable related to duration of cell cycles named 
cc2, second cell cycle, duration of the time as a 2-blasto-
mere (t3-t2) and s2 synchrony in division from 2-blastom-
ere embryo to 4-blastomere embryo         
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even more indicative of embryo viability but as 
long as the embryo development progresses, it is 
more dif fi cult to precise exact timings both man-
ually and through digital image analysis. When 
an embryo has to be evaluated, it is easier to 
count two cells rather than counting eight cells, 
the more cells in the embryo, the more they tend 
to cover each other and distinguishing embryo 
fragmentation becomes harder in the  fi rst stages 
of development. The data from our study moni-
tors embryo development until day 3 of culture 
and in doing so provides additional information 
that will improve the ability to select the more 
competent embryos for transferring; moreover, 
by using implantation rate as the main end-point 
it is possible to examine not only embryo com-
petence for blastocyst formation but also fol-
lowing processes like hatching and successful 
implantation. 

 The correlation established between mor-
phokinetics data and embryo implantation could 
be considered the starting point to build a deci-
sion tree in order to improve the selection of 
embryos with the highest implantation potential. 
This hierarchical classi fi cation includes six cate-
gories from A to F. The categorization starts with 
a morphological screening of all embryos in a 
cohort to discard nonviable embryos which are 
not being considered for transfer (class F); subse-
quently, the model excludes embryos that ful fi ll 
any of the exclusion criteria (class E). The suc-
cessive levels follow a strict hierarchy based on 
the binary timing variables t5, cc2, and s2. If the 
value of T5 falls inside the optimal range (48.8–
56.6 h), the embryo is categorized as A or B; if 
the value of T5 falls outside the optimal range, 
the embryo is classi fi ed as C or D. If s2 is within 
the optimal range ( £ 0.76 h), embryo is A or C 
depending on T5; in a similar way, if s2 >0.76 h, 
embryo is B or D depending also on T5. Finally, 
the embryo is cataloged with the extra plus (+) if 
CC2  £ 11.9 h (A+/B+/C+/D+) or with a minus (−) 
if CC2 >11.9 h (A−/B−/C−/D−) (Fig.  4 ). 
Depending on its cataloging, embryo implanta-
tion potential dramatically decreases from class 
A+ (66 %) to class E (8 %).   

   Conclusions 

 In summary, these data demonstrate that a 
time-lapse embryo monitoring system in a clinical 
setting provides novel information about develop-
mental parameters that differ between implanting 
and nonimplanting embryos. An embryo can 
belong to both the best morphology and the best 
time-lapse category and still fail so it is not rare that 
unsuccessful embryos have the same morphoki-
netic pro fi le as implanting embryos; by contrast, the 
morphokinetics data facilitate rejecting embryos 
with lower implantation potential because their 
variances are larger than implanting embryos. In 
conclusion, this categorized scheme could be 
helpful in improving embryo selection. 

 As previously mentioned, image analysis may 
add objectivity to the process of embryo selection 
and consequently lead to an improvement of the 
IVF process. An automatic system might stimu-
late different grading systems and the combined 
scores could lead to a  fi nal single status; also, 
image analysis techniques would allow storage of 
accurate measurements of several embryo char-
acteristics that could be used for improving the 
knowledge about early embryo development and 
lead to further re fi nements of morphological 
grading systems. For example, Richter showed 
that blastocysts with relative large and/or slight 
oval inner mass cell are more likely to implant 
than other blastocysts  [  30  ] . With a full automatic 
segmentation and quanti fi cation of embryos mor-
phological features, more  fi ndings of this kind 
will hopefully be found. 

 However, embryo image analysis poses some 
challenges to the image analysis community. 
Many of the morphological features analyzed are 
not always well perceived immediately thus an 
accurate evaluation of a three dimensional 
embryo would require an automatic system to 
analyze several images of the same embryo taken 
through different planes of focus in order to 
quantify the features needed  [  31  ] . 

 Time-lapse image analysis is an exciting, pow-
erful, and noninvasive technique for observing 
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cellular activity during fertilization and embryo-
genesis in a coherent, uninterrupted manner. The 
technology to perform analysis in real time has 
improved dramatically and the morphological and 
chronological analysis of reproduction can poten-
tially make important contributions to assisted 
reproductive technology. It is likely that the use 
of automated systems will save the embryologist 
staff a signi fi cant amount of time and the avail-
ability of 24 h observation may allow IVF proce-
dures to be conducted in a more  fl exible manner 
throughout the day. Computer-assisted embryo 
evaluation will improve and streamline the IVF 
procedure, reducing costs and increasing the 
ability of embryologists to identify the embryo 
most likely to produce a child. Advances of this 
type will be vital for clinics to transition to 
ef fi cient SET and eliminate high order multiple 
pregnancies.      
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 Morphological assessment has been the primary 
tool of the embryologist for selecting which 
embryo(s) to replace. Since the early years of 
in vitro fertilization (IVF), it was noted that 
embryos cleaving faster and those of better mor-
phological appearance were more likely to lead 
to a pregnancy. Indeed, Edwards et al. noted only 
a few years after the birth of Louise Brown “that 
cleavage rates on a certain day and overall embryo 
morphology were valuable in choosing which 
embryo to transfer”  [  1  ] . In 1986 one of the initial 
large studies ( N  = 1,539 embryos) examining the 
utility of embryo morphology was published by 
Cummins et al.  [  2  ] . It was reported that embryo 
quality scores were valuable in predicting suc-
cess. Indeed Cummins et al.  [  2  ]  calculated an 
embryo development rating based on the ratio 
between the time at which embryos were observed 
at a particular stage after insemination and the 
time at which they would be expected to reach 
that stage of a hypothetical “ideal” growth rate 
with a cell cycle length of 11.9 h. Using this scor-
ing system, “normally” growing embryos scored 
100; however, the scoring system appears to have 
never been assessed prospectively. The following 
year a study by Puissant et al.  [  3  ]  reported the 

grading of embryos based on the amount of 
anucleate fragments expelled during early cleav-
age and on developmental speed. They found that 
embryos endowed with a high score were more 
often associated with pregnancy and in particular 
with the occurrence of multiple pregnancy. 
Interestingly, they already proposed that in the 
event of a high score: “It might be warranted to 
replace only two embryos when these conditions 
are ful fi lled.” 

 In addition to the classical parameters of cell 
number and fragmentation, numerous other char-
acteristics have now been examined including 
pronuclear (PN) morphology, early cleavage to 
the 2-cell stage, top quality embryos on successive 
days, and various forms of sequential assessment 
of embryos (see reviews by refs.  [  4–  6  ] ). One could 
therefore make a case that morphological assess-
ment systems have evolved over the past decade. 
Furthermore, the ability to culture and assess 
blastocyst stage embryos has also signi fi cantly 
improved the ability to select embryos on the basis 
of morphology  [  7  ] . The main question is however 
“How far can morphological assessment of the 
cleavage stage embryo go in the identi fi cation of 
viable embryos?” 

   Pronucleate Oocyte 

 The many transformations that take place during 
the fertilization process make this a dynamic 
stage to assess. The oocyte contains the majority 
of the developmental materials, maternal mRNA 
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and proteins, for ensuring that the embryo reaches 
the 4–8-cell stage. In human embryos, embryonic 
genome activation has been shown to occur 
between the 4- and 8-cell stage  [  8  ] . The quality of 
the oocyte therefore, plays the lead role for deter-
mining embryo development and subsequent 
viability. 

 A number of studies have postulated that 
embryo quality can be predicted at the pronu-
cleate oocyte stage. Separate studies by Tesarik 
and Scott  [  9,   10  ]  had concentrated on the predic-
tive value of the nucleoli. Tesarik and Greco  [  9  ]  
postulated that the normal and abnormal mor-
phology of the pronuclei were related to the 
developmental fate of human embryos. They ret-
rospectively assessed the number and distribu-
tion of nucleolar precursor bodies (NPB) in each 
pronucleus of fertilized oocytes that led to 
embryos that implanted. The characteristics of 
viable embryos were then compared to those that 
led to failures in implantation. The features that 
were shared by zygotes that had the 100 % 
implantation success were: (1) the number of 
NPB in both pronuclei never differed by more 
than 3, and (2) the NPB were always polarized or 
not-polarized in both pronuclei but never polar-
ized in one pronucleus and not in the other. 
Pronucleate oocytes not showing the above crite-
ria were more likely to develop into preimplanta-
tion embryos that had poor morphology and/or 
experienced cleavage arrest. The presence of at 
least one embryo, which had shown the above 
criteria at the pronuclear stage in those trans-
ferred, led to a pregnancy rate of 50 % (22/44) 
compared to only 9 % (2/23) when none were 
present. A further study by Scott and Smith  [  11  ]  
devised an embryo score on day 1 based on the 
alignment of pronuclei and nucleoli, the appear-
ance of the cytoplasm, nuclear membrane break-
down, and cleavage to the 2-cell stage. Patients 
who had an overall high embryo score ( ³ 15) had 
a pregnancy and implantation rate of 71 % 
(34/48) and 28 % (49/175), respectively, com-
pared to only 8 % (4/49) and 2 % (4/178) in the 
low embryo score group. It is interesting to note 
that in the embryo scoring system initially 
described by Scott and Smith  [  11  ] , embryos that 

had already cleaved to the 2-cell stage by 25–26 h 
post-insemination were assigned an additional 
score of 10. This represents a sizeable part of the 
overall score considering that high-quality 
embryos were judged to be those scoring  ³ 15, 
i.e., in order to be high quality the embryo had to 
exhibit early cleavage. 

 Subsequent studies examining similar pronu-
clear attributes, de fi ned as the “Z-score”  [  10,   12  ] . 
This have been reviewed by Scott  [  12  ] . However, 
although the use of the Z-score has some support-
ers, there are just as many detractors (Table  1 ). 
Initial studies on pronucleate assessment suffered 
because of small sample sizes and because the 
technique was never rigorously evaluated using 
single embryo transfer (SET). In a study using 
SET  [  13  ]  a total of 1,520 zygotes were analyzed 
according to a classi fi cation system based on the 
number and distribution of NPB. In the compara-
tive analysis, none of the six different PN scoring 
classes produced superior quality embryos or 
higher pregnancy rates in 144 single embryo 
transfers. In a recent larger study  [  14  ]  the authors 
did not  fi nd any statistically signi fi cant correla-
tion between the Z-score of 1,032 embryos trans-
ferred in 393 embryo transfers and the 
implantation rate or the pregnancy outcome. In 
particular, the best Z-score identi fi ed (Z1, 7.2 %) 
did not seem to correlate with embryo implanta-
tion rate or pregnancy outcomes any better than 
those with worse scores (Z2, 6.9 % and Z3, 
85.9 %). Nicoli et al.  [  14  ]  concluded that Z-score 
alone cannot be considered a better tool than 
standard morphologic criteria for identifying, 
controlling, or selecting embryos with a better 
chance of successful ongoing pregnancy.   

   Table 6.1    The use of pronuclear scoring and early 2-cell 
cleavage in predicting pregnancy outcome   

 Stage of 
assessment 

 Predictive 
(reference numbers) 

 Not Predictive 
(reference numbers) 

 Pronuclear 
scoring 

  [  10,   76–  78  ]    [  14,   79–  81  ]  

 Early 2-cell 
cleavage 

  [  25,   26,   28,   29, 
  82–  85  ]  

  [  73  ]  

  A selection of studies indicating predictability or no 
predictability in using these techniques  
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   Cleavage Stage Embryos 

   Sequential Analysis of Cleavage 
and Morphology 

 The most widely used criteria for selecting the best 
embryos for transfer have been based on cell num-
ber and morphology  [  2  ] . A vast number of varia-
tions on this theme have been published and the 
main change that has happened in the past decade 
is a greater focus on sequential assessment of the 
embryo. This has come about because of the under-
standing that a static assessment of a particular 
embryo is less informative (Fig.  1 ). As discussed 
by Bavister  [  15  ]  one of the most critical factors in 
determining selection criteria is to ascertain strict 
time points to compare the embryos.  

 In a series of key studies Gerris et al.  [  16  ]  and 
Van Royen et al.  [  17  ]  employed sequential crite-
ria to select single embryos for transfer. The nec-
essary characteristics of their “top” quality 

embryos were established by examining retro-
spectively embryos that had a very high implan-
tation potential  [  17  ] . Such “top” quality embryos 
had the following characteristics: 4 or 5 blastom-
eres on day 2 and at least 7 blastomeres on day 3 
after fertilization, an absence of multinucleated 
blastomeres, and <20 % of fragments on days 2 
and 3 after fertilization. When these criteria were 
utilized in a prospective randomized clinical trial 
comparing single and double embryo transfers 
(DET), it was found that in 26 single embryo 
transfers where a top quality embryo was avail-
able an implantation rate of 42.3 % and ongoing 
pregnancy rate of 38.5 % was obtained. In a pre-
liminary study of 27 DET an implantation rate of 
48.1 % and ongoing pregnancy rate of 74 % was 
obtained. A larger study analyzing the outcome 
of 370 consecutive single top quality embryo 
transfers in patients younger than 38 years for 
pregnancy showed that the ongoing pregnancy 
rate after single top quality embryo transfer was 
36.5 % (135/370)  [  18  ] . 

  Fig. 6.1    The impact of scoring times on cleavage stage 
embryo development. A slower ( solid line ) and faster ( dashed 
line ) cleaving embryo can not be distinguished when scored 
at speci fi c time points in their development ( rectangular 

boxes ) therefore not allowing the embryologist to distinguish 
cleavage rates. Selecting speci fi c times of expected cleavage 
as times of assessment can help distinguish the faster and 
slower cleaving embryos more ef fi ciently       
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 Many groups have now reported the use of 
sequential scoring systems (see review by Skiadas 
and Racowsky  [  19  ] ). One type of scoring system 
is the Graduated Embryo Score (GES): a value of 
up to 100 which includes investigation of nucleo-
lar alignment along the pronuclear axis, regular 
cleavage, and degree of fragmentation at the  fi rst 
cell division, and cell number and morphology 
on day 3. It was determined that the transfer of 
one or more embryos with a GES  ³ 70 predicted 
pregnancy and implantation rates better than a 
single morphologic evaluation on day 3  [  20,   21  ] . 
It was also found that a high GES score up to day 
3 was more predictive of blastocyst development. 
In a further study, using a sequential embryo 
assessment score, it was found that even though 
an embryo had the best developmental markers 
on days 1, 2, and 3 it was still only likely to reach 
the blastocyst stage only 50 % of the time  [  22  ] . 

 Recently a larger data set has been reported 
examining the sequential growth of 4,042 
embryos individually cultured from day 1 to 5/6 
 [  23  ] . Pronuclear morphology on day 1, and early 
cleavage, cell number, and fragmentation rate on 
day 2 were evaluated for each zygote. Interest-
ingly, early cleavage and cell number on day 2 
were the most powerful parameters to predict the 
development of a good morphology blastocyst at 
day 5. Overall the study found that parameters of 
early development were not helpful in predicting 
their implantation ability and that transfer of a 
good morphology blastocyst was still associated 
with high implantation and live birth rates. The 
more complex sequential embryo assessment 
schemes, including the GES, have yet to be tested 
in a single embryo transfer setting as has the Top 
Quality Embryo Scoring system described above, 
therefore it is hard to gauge their true bene fi t. 
Recently, however Racowsky et al.  [  24  ]  have 
investigated the bene fi ts of scoring embryos on 
more than 1 day and concluded that day 2 or 3 
evaluations alone are suf fi cient for morphologi-
cal selection of cleavage stage embryos.  

   Early Cleavage to the Two-Cell Stage 

 The issue of using a static assessment of embryo 
development has always been one that has 

plagued embryologists. To address this issue, 
Sakkas and colleagues determined that at particu-
lar times assessment of cleavage could be more 
discerning in identifying which embryos were 
cleaving faster than others. For example, a 4-cell 
embryo scored in the morning of day 2 is clearly 
not the same as one that only developed into a 
4-cell in the afternoon of day 2. Therefore, cleav-
age to the 2-cell stage at 25 h post-insemination 
or microinjection was chosen as the critical time 
point for selecting embryos  [  25–  27  ] . The most 
impressive data investigating the usefulness of 
early cleaving (EC) 2-cell embryos is that sup-
ported by single embryo transfer  [  28,   29  ] . In one 
of these studies Salumets et al.  [  28  ] , showed that 
when transferring single embryos a signi fi cantly 
higher clinical pregnancy rate was observed after 
the transfer of early cleaving (50 %) rather than 
non-early cleaving (26.4 %) embryos. Van 
Montfoort et al.  [  29  ]  also found in a retrospective 
analysis of 165 SETs that a signi fi cantly higher 
pregnancy rate was observed after transfer of 
single EC embryos compared to single non-EC 
embryos (46 % vs. 18 %). This result was veri fi ed 
in DET when two early cleavers were present 
when compared to DET with two non-EC 
embryos (45 % vs. 25 %). Logistic regression 
analysis showed that EC was an independent pre-
dictor for pregnancy. A number of studies have 
also found that the embryos that cleave early to 
the 2-cell stage have also been reported to have a 
signi fi cantly higher blastocyst formation rate  [  22, 
  23,   28,   29  ] . In conclusion, a number of studies on 
early embryo cleavage on day 2 have proven use-
ful, although there is one that did not  fi nd it of 
bene fi t (Table  1 ).  

   Fragmentation and Multinucleation 

 More detail has recently been placed on assess-
ment of fragmentation within the embryos and 
multinucleation in individual blastomeres. It is 
generally held that increasing percentages of 
fragmentation within an embryo leads to lower 
pregnancy rates  [  3,   30,   31  ] . The assessment of 
fragmentation is however hindered by the obser-
vations that fragments are extruded and absorbed 
by blastomeres  [  32  ] . As with other aspects of 
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morphology this infers that examining embryos 
at particular times may alter the outcomes of 
assessment. The  fl uidity and transient nature of 
some of these fragments brings into question how 
we can truly examine them morphologically. Of 
interest it appears that the removal of fragments 
may be bene fi cial  [  33,   34  ] . Furthermore, frag-
mentation is in fl uenced by the culture system, the 
presence of serum and/or ambient oxygen, lead-
ing to greater embryo trauma. Subsequently, a 
certain percentage of fragmentation observed is 
an artifact of the culture system employed. 

 Another morphological detail that is drawing 
more attention is the presence of multinuclei 
in individual blastomeres. Multinucleated embryos 
can be observed most ef fi ciently on days 2 or 3 as 
afterwards their observation is dif fi cult. The fre-
quency of multinucleation has been assessed in a 
number studies with varying reports about the 
incidence; however, their impact in general is con-
sidered to be detrimental  [  35–  39  ] . Signi fi cantly, 
both fragmentation and multinucleation have both 
been correlated to the presence of chromosomal 
abnormalities in embryos  [  33,   40,   41  ] .  

   Development to the Blastocyst Stage 

 A perplexing fact is that with the commercial 
availability of sequential culture media systems, 
and the ability to routinely perform blastocyst cul-
ture in many IVF clinics, the majority of transfers 
are still performed at the cleavage stages. There is 
still an argument as to whether day 5 or 2/3 trans-
fers differ  [  42–  50  ]  even though the most recent 
Cochrane report ruled in favor of day 5 transfers 
 [  51  ] . This recent Cochrane report concluded that 
their examination of the available trials provided 
evidence to suggest that there is now a signi fi cant 
difference in pregnancy and live birth rates in 
favor of blastocyst transfer with good prognosis 
patients, with high numbers of 8-cell embryos on 
day 3 being the most favored subgroup for whom 
there is no difference in cycle cancellation. 

 Morphologically the assessment of a good 
blastocyst has consistently shown the greatest 
impact on in fl uencing implantation rates  [  7,   43, 
  47,   52–  66  ] . As with the scoring of embryos during 

the cleavage stages, time and morphology play 
an important part in selecting the best blastocyst. 
Although many scoring assessment schemes 
exist for blastocysts, they are largely based on 
assessing the expansion state of the blastocyst 
and on the consistency of the inner cell mass 
(ICM) and trophectoderm cells  [  67  ] . Using one 
such grading system Gardner and Schoolcraft 
determined that when two high scoring blasto-
cysts (>3AA), i.e., expanded blastocoel with 
compacted ICM and cohesive trophectoderm epi-
thelium, are transferred a clinical pregnancy and 
implantation rate of >80 % and 69 % can be 
attained  [  68  ] . When two blastocysts not achiev-
ing these scores (<3AA) are transferred, the clini-
cal pregnancy and implantation rate are 
signi fi cantly lower, 50 % and 33 %  [  69  ] . Although 
reduced from the values obtained with top scor-
ing blastocysts, it is evident that early blastocysts 
on day 5 still have high developmental potential. 
It is important to note that to date the strongest 
criteria of morphological assessment appears to 
be the selection of a high-quality blastocyst on 
day 5 of development  [  23,   68  ] . In addition to this 
data looking at individual components of the 
blastocysts has also proved effective. Ahlstrom 
et al.  [  70  ]  examined morphological parameters 
of 1,117 fresh day 5 single blastocyst transfers 
and their live birth outcome in a retrospective 
analysis and found that degree of blastocoel 
expansion, appearance of the trophectoderm 
(TE), and the ICM all had a signi fi cant effect on 
live birth. However, once adjusted for known 
signi fi cant confounders, it was shown that TE 
was the only statistically signi fi cant-independent 
predictor of live birth outcome. Their study indi-
cated for the  fi rst time the predictive strength of 
TE grade over ICM for selecting the best blasto-
cyst for embryo replacement. 

 Interestingly, another indication of the impor-
tance of blastocyst development as a morphologi-
cal marker is the fact that many studies examining 
earlier morphological markers adopt blastocyst 
development as an endpoint  [  20,   22,   23  ] . Recently, 
a day 4 scoring system was also successfully 
developed and implemented. Day 4 SETs were 
found to be a viable option or alternative to day 5 
SETs with no difference in pregnancy rates  [  71  ] . 
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 It is also of note that an embryo may not pass 
any of the earlier hurdles of development on days 
1, 2, or 3 but still form a high-grade blastocyst on 
day 5. A number of studies have shown that 
preselection of the best embryos on day 3 does 
not always predict embryos that would have been 
transferred on day 5 as blastocysts  [  6,   22,   47,   72  ] . 
An embryo can therefore take numerous paths to 
become a blastocyst and this may not always 
be re fl ected in its morphology on days 1, 2, or 3 
(Fig.  2 ).    

   Problems with Morphology 

 Although morphology has been used almost 
exclusively for embryo selection over the past 30 
years, it is still a very subjective technique. As a 
technique it has never truly been validated and 
many clinics come across cases in which poor 
quality embryos are replaced and lead to live births. 
One of the only attempts at an international 

standardization has been the creation of web sites 
with photographic documentation of embryos 
and quality control assessment (for example: 
  www.fertaid.com    ). Therefore, in relation to 
cleavage stage embryos little progress appears to 
have been made in their assessment, and in com-
parison to some of the early assessment papers 
published in the early 1980s, we are generating 
few new conclusions. 

 A signi fi cant advance in the IVF laboratory 
over the past decade has been the ability to grow 
blastocysts, whose morphological assessment 
appears to give great bene fi t in embryo selection 
 [  51  ] . Unfortunately, although day 5 blastocyst 
culture remains as one of the strongest indicators 
of all morphological parameters  [  73  ] , the reality 
is that most practicing IVF centers still choose to 
perform the majority of transfers on an earlier 
day, although this appears to be changing slowly. 

 In conclusion, although assessment of speci fi c 
morphological parameters at speci fi c times has 
been shown to greatly increase the success of 

  Fig. 6.2    An embryo can take various paths to becoming 
a blastocyst on day 5. Although the likelihood of forming 
a blastocyst is higher when an embryo is top quality on 
days 1, 2, and 3 ( solid blue arrows ), it can still take numer-

ous other morphological paths to form a similar looking 
blastocyst ( yellow arrows ) or even have poor morphology 
( dashed blue arrows ) and form a blastocyst       

 

http://www.fertaid.com/
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embryo selection, such knowledge does not pro-
vide information regarding the actual physiology 
of the embryo. The advent of real-time morphol-
ogy  [  74,   75  ]  may or may not change this, and its 
role may still be limited in providing a selection 
tool. Indeed some of the initial strategies are 
examining de-selection rather than prospective 
selection (see Chap.   5     by Meseguer and col-
leagues). The data from Wong et al. does indicate 
that time-lapse image analysis and gene expres-
sion pro fi ling do correlate  [  75  ] . Therefore, it is 
envisaged that we may move away from the tra-
ditional morphological parameters we have relied 
on for many years and other methods of assess-
ment, such as real-time imaging, genetic, pro-
teomic, and/or metabolic analysis will provide 
more relevant information to assist in the selec-
tion of the one embryo for transfer.      

   References 

    1.    Edwards R, Fishel S, Cohen J. Factors in fl uencing the 
success of in vitro fertilization for alleviating human 
infertility. J In Vitro Fert Embryo Transf. 1984;1:3–23.  

    2.    Cummins J, Breen T, Harrison K, Shaw J, Wilson L, 
Hennessey J. A formula for scoring human embryo 
growth rates in in vitro fertilization: its value in pre-
dicting pregnancy and in comparison with visual esti-
mates of embryo quality. J In Vitro Fert Embryo 
Transf. 1986;3:284–95.  

    3.    Puissant F, Van RM, Barlow P, Deweze J, Leroy F. 
Embryo scoring as a prognostic tool in IVF treatment. 
Hum Reprod. 1987;2(8):705–8.  

    4.    De Neubourg D, Gerris J. Single embryo transfer—
state of the art. Reprod Biomed Online. 2003;7(6):
615–22.  

    5.    Sakkas, D. Evaluation of embryo quality: A strategy 
for sequential analysis of embryo development with 
the aim of single embryo transfer. In: Laboratory and 
Clinical Perspectives, Gardner D, Weissman A, 
Howles C, Shoham Z (Eds), Martin Dunitz Press, 
London; 2001. p. 223.  

    6.    Sakkas D, Gardner DK. Noninvasive methods to 
assess embryo quality. Curr Opin Obstet Gynecol. 
2005;17(3):283–8.  

    7.    Gardner DK, Surrey E, Minjarez D, Leitz A, Stevens 
J, Schoolcraft WB. Single blastocyst transfer: a pro-
spective randomized trial. Fertil Steril. 2004;81(3):
551–5.  

    8.    Braude P, Bolton V, Moore S. Human gene expression 
 fi rst occurs between the four- and eight-cell stages of 
preimplantation development. Nature. 1988;332:
459–61.  

    9.    Tesarik J, Greco E. The probability of abnormal pre-
implantation development can be predicted by a sin-
gle static observation on pronuclear stage morphology. 
Hum Reprod. 1999;14:318–23.  

    10.    Scott L, Alvero R, Leondires M, Miller B. The mor-
phology of human pronuclear embryos is positively 
related to blastocyst development and implantation. 
Hum Reprod. 2000;15(11):2394–403.  

    11.    Scott LA, Smith S. The successful use of pronuclear 
embryo transfers the day following oocyte retrieval. 
Hum Reprod. 1998;13(4):1003–13.  

    12.    Scott L. Pronuclear scoring as a predictor of embryo 
development. Reprod Biomed Online. 2003;6(2):
201–14.  

    13.    Salumets A, Hyden-Granskog C, Suikkari AM, 
Tiitinen A, Tuuri T. The predictive value of pronuclear 
morphology of zygotes in the assessment of human 
embryo quality. Hum Reprod. 2001;16(10):2177–81.  

    14.    Nicoli A, Valli B, Di GR, Di TB, Gallinelli A, La Sala 
GB. Limited importance of pre-embryo pronuclear 
morphology (zygote score) in assisted reproduction 
outcome in the absence of embryo cryopreservation. 
Fertil Steril. 2007;88(4 Suppl):1167–73.  

    15.    Bavister B. Culture of preimplantation embryos: facts 
and artefacts. Hum Reprod Update. 1995;1:91–148.  

    16.    Gerris J, De Neubourg D, Mangelschots K, Van Royen 
E, Van de Meerssche M, Valkenburg M. Prevention of 
twin pregnancy after in-vitro fertilization or intracyto-
plasmic sperm injection based on strict embryo crite-
ria: a prospective randomized clinical trial. Hum 
Reprod. 1999;14(10):2581–7.  

    17.    Van Royen E, Mangelschots K, De Neubourg D, 
Valkenburg M, Van de Meerssche M, Ryckaert G, 
et al. Characterization of a top quality embryo, a step 
towards single-embryo transfer. Hum Reprod. 
1999;14(9):2345–9.  

    18.    De Neubourg D, Gerris J, Mangelschots K, Van Royen 
E, Vercruyssen M, Elseviers M. Single top quality 
embryo transfer as a model for prediction of early 
pregnancy outcome. Hum Reprod. 2004;19(6):
1476–9.  

    19.    Skiadas CC, Racowsky C. Development rate, cumula-
tive scoring and embryonic viability. In: Cohen J, 
Elder KT, editors. Human embryo evaluation & selec-
tion. London: Informa Healthcare; 2007. p. 101–21.  

    20.    Fisch JD, Rodriguez H, Ross R, Overby G, Sher G. 
The Graduated Embryo Score (GES) predicts blasto-
cyst formation and pregnancy rate from cleavage-
stage embryos. Hum Reprod. 2001;16(9):1970–5.  

    21.    Fisch JD, Sher G, Adamowicz M, Keskintepe L. The 
graduated embryo score predicts the outcome of 
assisted reproductive technologies better than a single 
day 3 evaluation and achieves results associated with 
blastocyst transfer from day 3 embryo transfer. Fertil 
Steril. 2003;80(6):1352–8.  

    22.    Neuber E, Rinaudo P, Trimarchi JR, Sakkas D. 
Sequential assessment of individually cultured human 
embryos as an indicator of subsequent good quality 
blastocyst development. Hum Reprod. 2003;18(6):
1307–12.  

http://dx.doi.org/10.1007/978-1-4614-6651-2_5


62 D. Sakkas and D.K. Gardner

    23.    Guerif F, Le Gouge A, Giraudeau B, Poindron J, 
Bidault R, Gasnier O, et al. Limited value of morpho-
logical assessment at days 1 and 2 to predict blasto-
cyst development potential: a prospective study based 
on 4042 embryos. Hum Reprod. 2007;22(7):
1973–81.  

    24.    Racowsky C, Ohno-Machado L, Kim J, Biggers JD. Is 
there an advantage in scoring early embryos on more 
than one day? Hum Reprod. 2009;24(9):2104–13.  

    25.    Shoukir Y, Campana A, Farley T, Sakkas D. Early 
cleavage of in-vitro fertilized human embryos to the 
2-cell stage: a novel indicator of embryo quality and 
viability. Hum Reprod. 1997;12(7):1531–6.  

    26.    Sakkas D, Shoukir Y, Chardonnens D, Bianchi PG, 
Campana A. Early cleavage of human embryos to the 
two-cell stage after intracytoplasmic sperm injection 
as an indicator of embryo viability. Hum Reprod. 
1998;13(1):182–7.  

    27.    Sakkas D, Percival G, D’Arcy Y, Sharif K, Afnan M. 
Assessment of early cleaving in vitro fertilized human 
embryos at the 2-cell stage before transfer improves 
embryo selection. Fertil Steril. 2001;76(6):1150–6.  

    28.    Salumets A, Hyden-Granskog C, Makinen S, Suikkari 
AM, Tiitinen A, Tuuri T. Early cleavage predicts the 
viability of human embryos in elective single embryo 
transfer procedures. Hum Reprod. 2003;18(4):821–5.  

    29.    Van Montfoort AP, Dumoulin JC, Kester AD, Evers 
JL. Early cleavage is a valuable addition to existing 
embryo selection parameters: a study using single 
embryo transfers. Hum Reprod. 2004;19(9):2103–8.  

    30.    Alikani M, Calderon G, Tomkin G, Garrisi J, Kokot 
M, Cohen J. Cleavage anomalies in early human 
embryos and survival after prolonged culture in-vitro. 
Hum Reprod. 2000;15(12):2634–43.  

    31.    Antczak M, Van Blerkom J. Temporal and spatial 
aspects of fragmentation in early human embryos: 
possible effects on developmental competence and 
association with the differential elimination of regula-
tory proteins from polarized domains. Hum Reprod. 
1999;14(2):429–47.  

    32.    Hardarson T, Lofman C, Coull G, Sjogren A, 
Hamberger L, Edwards RG. Internalization of cellular 
fragments in a human embryo: time-lapse recordings. 
Reprod Biomed Online. 2002;5(1):36–8.  

    33.    Alikani M, Cohen J, Tomkin G, Garrisi GJ, Mack C, 
Scott RT. Human embryo fragmentation in vitro and 
its implications for pregnancy and implantation. Fertil 
Steril. 1999;71(5):836–42.  

    34.    Keltz MD, Skorupski JC, Bradley K, Stein D. 
Predictors of embryo fragmentation and outcome 
after fragment removal in in vitro fertilization. Fertil 
Steril. 2006;86(2):321–4.  

    35.    Hardarson T, Hanson C, Sjogren A, Lundin K. Human 
embryos with unevenly sized blastomeres have lower 
pregnancy and implantation rates: indications for 
aneuploidy and multinucleation. Hum Reprod. 2001;
16(2):313–8.  

    36.    Pickering SJ, Taylor A, Johnson MH, Braude PR. An 
analysis of multinucleated blastomere formation in 
human embryos. Hum Reprod. 1995;10(7):1912–22.  

    37.    Royen EV, Mangelschots K, Vercruyssen M, Neubourg 
DD, Valkenburg M, Ryckaert G, et al. Multinucleation 
in cleavage stage embryos. Hum Reprod. 2003;18(5):
1062–9.  

    38.    Van Royen E, Mangelschots K, Vercruyssen M, De 
Neubourg D, Valkenburg M, Ryckaert G, et al. 
Multinucleation in cleavage stage embryos. Hum 
Reprod. 2003;18(5):1062–9.  

    39.    Yakin K, Balaban B, Urman B. Impact of the presence 
of one or more multinucleated blastomeres on the 
developmental potential of the embryo to the blasto-
cyst stage. Fertil Steril. 2005;83(1):243–5.  

    40.    Kligman I, Benadiva C, Alikani M, Munne S. The 
presence of multinucleated blastomeres in human 
embryos is correlated with chromosomal abnormali-
ties. Hum Reprod. 1996;11(7):1492–8.  

    41.    Staessen C, Van SA. The genetic constitution of 
multinuclear blastomeres and their derivative daugh-
ter blastomeres. Hum Reprod. 1998;13(6):1625–31.  

    42.    Bungum M, Bungum L, Humaidan P, Yding AC. Day 
3 versus day 5 embryo transfer: a prospective random-
ized study. Reprod Biomed Online. 2003;7(1):98–104.  

    43.    Estes SJ, Hoover LM, Smith SE, Somkuti SG, 
Schinfeld JS, Barmat LI. Comparison of pregnancy, 
implantation, and multiple gestation rates for day 3 
versus day 5 embryo transfers. J Assist Reprod Genet. 
2003;20(10):409–12.  

    44.    Kolibianakis EM, Zikopoulos K, Verpoest W, Camus 
M, Joris H, Van Steirteghem AC, et al. Should we 
advise patients undergoing IVF to start a cycle lead-
ing to a day 3 or a day 5 transfer? Hum Reprod. 
2004;19(11):2550–4.  

    45.    Racowsky C, Jackson KV, Cekleniak NA, Fox JH, 
Hornstein MD, Ginsburg ES. The number of eight-
cell embryos is a key determinant for selecting day 3 
or day 5 transfer. Fertil Steril. 2000;73(3):558–64.  

    46.    Rienzi L, Ubaldi F, Iacobelli M, Ferrero S, Minasi 
MG, Martinez F, et al. Day 3 embryo transfer with 
combined evaluation at the pronuclear and cleavage 
stages compares favourably with day 5 blastocyst 
transfer. Hum Reprod. 2002;17(7):1852–5.  

    47.    Rijnders PM, Jansen CA. The predictive value of day 
3 embryo morphology regarding blastocyst forma-
tion, pregnancy and implantation rate after day 5 
transfer following in-vitro fertilization or intracyto-
plasmic sperm injection. Hum Reprod. 1998;13(10):
2869–73.  

    48.    Blake D, Proctor M, Johnson N, Olive D. Cleavage 
stage versus blastocyst stage embryo transfer in 
assisted conception. Cochrane Database Syst Rev. 
2002;2:CD002118.  

    49.    Blake D, Proctor M, Johnson N, Olive D. Cleavage 
stage versus blastocyst stage embryo transfer in 
assisted conception. Cochrane Database Syst Rev. 
2005;4:CD002118.  

    50.    Blake DA, Proctor M, Johnson NP. The merits of blas-
tocyst versus cleavage stage embryo transfer: a 
Cochrane review. Hum Reprod. 2004;19(9):2174.  

    51.    Blake DA, Farquhar CM, Johnson N, Proctor M. 
Cleavage stage versus blastocyst stage embryo trans-



636 Limitations and Benefits of Morphologic Embryo Assessment Strategies…

fer in assisted conception. Cochrane Database Syst 
Rev. 2007;4:CD002118.  

    52.    Balaban B, Urman B, Alatas C, Mercan R, Aksoy S, 
Isiklar A. Blastocyst-stage transfer of poor-quality 
cleavage-stage embryos results in higher implantation 
rates. Fertil Steril. 2001;75(3):514–8.  

    53.    Balaban B, Urman B, Sertac A, Alatas C, Aksoy S, 
Mercan R. Blastocyst quality affects the success of 
blastocyst-stage embryo transfer. Fertil Steril. 
2000;74(2):282–7.  

    54.    Bolton VN, Wren ME, Parsons JH. Pregnancies after 
in vitro fertilization and transfer of human blastocysts. 
Fertil Steril. 1991;55(4):830–2.  

    55.    Gardner DK, Schoolcraft WB. Culture and transfer of 
human blastocysts. Curr Opin Obstet Gynecol. 
1999;11(3):307–11.  

    56.    Gardner DK, Schoolcraft WB, Wagley L, Schlenker 
T, Stevens J, Hesla J. A prospective randomized trial 
of blastocyst culture and transfer in in-vitro fertiliza-
tion. Hum Reprod. 1998;13(12):3434–40.  

    57.    Gardner DK, Lane M. Culture of viable human blas-
tocysts in de fi ned sequential serum-free media. Hum 
Reprod. 1998;13 Suppl 3:148–59.  

    58.    Jones GM, Trounson AO, Lolatgis N, Wood C. Factors 
affecting the success of human blastocyst development 
and pregnancy following in vitro fertilization and 
embryo transfer. Fertil Steril. 1998;70(6):1022–9.  

    59.    Menezo YJ, Sakkas D, Janny L. Co-culture of the 
early human embryo: factors affecting human blasto-
cyst formation in vitro. Microsc Res Tech. 1995;
32(1):50–6.  

    60.    Milki AA, Fisch JD, Behr B. Two-blastocyst transfer 
has similar pregnancy rates and a decreased multiple 
gestation rate compared with three-blastocyst transfer 
[see comments]. Fertil Steril. 1999;72(2):225–8.  

    61.    Olivennes F, Hazout A, Lelaidier C, Freitas S, Fanchin 
R, de Ziegler D, et al. Four indications for embryo 
transfer at the blastocyst stage. Hum Reprod. 
1994;9(12):2367–73.  

    62.    Sakkas D, Percival G, D’Arcy Y, Lenton W, Sharif K, 
Afnan M. Blastocyst transfer for patients with multi-
ple assisted reproduction treatment failures: prelimi-
nary experience. Hum Fertil (Camb). 2001;4(2):
104–8.  

    63.    Schoolcraft WB, Gardner DK, Lane M, Schlenker T, 
Hamilton F, Meldrum DR. Blastocyst culture and 
transfer: analysis of results and parameters affecting 
outcome in two in vitro fertilization programs. Fertil 
Steril. 1999;72(4):604–9.  

    64.    Toledo AA, Wright G, Jones AE, Smith SS, Johnson-
Ward J, Brockman WW, et al. Blastocyst transfer: a 
useful tool for reduction of high-order multiple gesta-
tions in a human assisted reproduction program. Am J 
Obstet Gynecol. 2000;183(2):377–82.  

    65.    Van der Auwera I, Debrock S, Spiessens C, Afschrift 
H, Bakelants E, Meuleman C, et al. A prospective ran-
domized study: day 2 versus day 5 embryo transfer. 
Hum Reprod. 2002;17(6):1507–12.  

    66.    Marek D, Langley M, Gardner DK, Confer N, Doody 
KM, Doody KJ. Introduction of blastocyst culture and 

transfer for all patients in an in vitro fertilization pro-
gram. Fertil Steril. 1999;72(6):1035–40.  

    67.    Gardner DK, Schoolcraft WB. In vitro culture of 
human blastocysts. In: Jansen R, Mortimer D, editors. 
Towards reproductive certainty: infertility and genet-
ics beyond. Carnforth: Parthenon Press; 1999. p. 378.  

    68.    Gardner DK, Lane M, Stevens J, Schlenker T, 
Schoolcraft WB. Blastocyst score affects implanta-
tion and pregnancy outcome: towards a single blasto-
cyst transfer. Fertil Steril. 2000;73(6):1155–8.  

    69.    Gardner DK, Stevens J, Sheehan CB, Schoolcraft 
WB. Morphological assessment of the human blasto-
cyst. In: Elder KT, Cohen J, editors. Analysis of 
the human embryo. London: Taylor & Francis; 2007. 
p. 79–87.  

    70.    Ahlstrom A, Westin C, Reismer E, Wikland M, 
Hardarson T. Trophectoderm morphology: an impor-
tant parameter for predicting live birth after single 
blastocyst transfer. Hum Reprod. 2011;26(12):
3289–96.  

    71.    Feil D, Henshaw RC, Lane M. Day 4 embryo selec-
tion is equal to Day 5 using a new embryo scoring 
system validated in single embryo transfers. Hum 
Reprod. 2008;23(7):1505–10.  

    72.    Milki AA, Hinckley MD, Gebhardt J, Dasig D, 
Westphal LM, Behr B. Accuracy of day 3 criteria for 
selecting the best embryos. Fertil Steril. 2002;77(6):
1191–5.  

    73.    Rehman KS, Bukulmez O, Langley M, Carr BR, 
Nackley AC, Doody KM, et al. Late stages of embryo 
progression are a much better predictor of clinical preg-
nancy than early cleavage in intracytoplasmic sperm 
injection and in vitro fertilization cycles with blasto-
cyst-stage transfer. Fertil Steril. 2007;87(5):1041–52.  

    74.    Meseguer M, Herrero J, Tejera A, Hilligsoe KM, 
Ramsing NB, Remohi J. The use of morphokinetics as 
a predictor of embryo implantation. Hum Reprod. 
2011;26(10):2658–71.  

    75.    Wong CC, Loewke KE, Bossert NL, Behr B, De Jonge 
CJ, Baer TM, et al. Non-invasive imaging of human 
embryos before embryonic genome activation pre-
dicts development to the blastocyst stage. Nat 
Biotechnol. 2010;28(10):1115–21.  

    76.    Balaban B, Urman B, Isiklar A, Alatas C, Aksoy S, 
Mercan R, et al. The effect of pronuclear morphology 
on embryo quality parameters and blastocyst transfer 
outcome. Hum Reprod. 2001;16(11):2357–61.  

    77.    Senn A, Urner F, Chanson A, Primi MP, Wirthner D, 
Germond M. Morphological scoring of human pronu-
clear zygotes for prediction of pregnancy outcome. 
Hum Reprod. 2006;21(1):234–9.  

    78.    Scott L, Finn A, O’Leary T, McLellan S, Hill J. 
Morphologic parameters of early cleavage-stage 
embryos that correlate with fetal development and 
delivery: prospective and applied data for increased 
pregnancy rates. Hum Reprod. 2007;22(1):230–40.  

    79.    James AN, Hennessy S, Reggio B, Wiemer K, Larsen 
F, Cohen J. The limited importance of pronuclear 
scoring of human zygotes. Hum Reprod. 2006;21(6):
1599–604.  



64 D. Sakkas and D.K. Gardner

    80.    Chen C, Kattera S. Comparison of pronuclear zygote 
morphology and early cleavage status of zygotes as 
additional criteria in the selection of day 3 embryos: a 
randomized study. Fertil Steril. 2006;85(2):347–52.  

    81.    Payne JF, Raburn DJ, Couchman GM, Price TM, 
Jamison MG, Walmer DK. Relationship between pre-
embryo pronuclear morphology (zygote score) and 
standard day 2 or 3 embryo morphology with regard 
to assisted reproductive technique outcomes. Fertil 
Steril. 2005;84(4):900–9.  

    82.    Terriou P, Giorgetti C, Hans E, Salzmann J, Charles 
O, Cignetti L, et al. Relationship between even early 
cleavage and day 2 embryo score and assessment of 
their predictive value for pregnancy. Reprod Biomed 
Online. 2007;14(3):294–9.  

    83.    Hesters L, Prisant N, Fanchin R, Mendez Lozano 
DH, Feyereisen E, Frydman R, et al. Impact of early 
cleaved zygote morphology on embryo development 
and in vitro fertilization-embryo transfer outcome: a 
prospective study. Fertil Steril. 2008;89(6):
1677–84.  

    84.    Lundqvist M, Johansson U, Lundkvist O, Milton K, 
Westin C, Simberg N. Does pronuclear morphology 
and/or early cleavage rate predict embryo implanta-
tion potential? Reprod Biomed Online. 2001;2(1):
12–6.  

    85.      Platteau P, Fenwick J, Murdoch AP, Herbert C. Time 
from insemination to  fi rst cleavage predicts develop-
mental competence of human preimplantation 
embryos in vitro. Hum Reprod. 2002;17(2):407–12.      



65D.K. Gardner et al. (eds.), Human Gametes and Preimplantation Embryos: Assessment and Diagnosis,
DOI 10.1007/978-1-4614-6651-2_7, © Springer Science+Business Media New York 2013

 The successful outcome following in vitro 
 fertilization and embryo transfer (IVF-ET) 
depends on a large number of variables ranging 
from maternal age, cause of infertility, number 
and maturity of oocytes, sperm characteristics, 
embryo quality, and ultimately the quality of 
embryo transfer. In the order of signi fi cance the 
two parameters that in fl uence the outcome of IVF 
most are the age of the female patient (or the egg 
donor) followed by the quality of the embryo(s) 
transferred. It is well established that the mor-
phological characteristics and the quality of the 
embryos are largely dependent on the oocyte 
 [  1–  4  ] . A combination of sperm characteristics 
such as concentration, morphology, and motility 
offers some predictive value as it relates to the 
fertilization of oocytes in vitro; however, their 
importance in predicting embryo morphology is 
controversial. In fact the contribution of sperm to 
the process of reproduction can be divided into 
three steps: (1) transfer of paternal genome to the 
oocyte; (2) activation of the oocyte; and (3) trans-
fer of centriole/centrosome to the oocyte to assist 

in the organization of mitotic spindle. It is only 
logical to assume that any abnormality or defect 
in the spermatozoon fertilizing the oocyte will be 
re fl ected in the embryonic development and preg-
nancy outcome following transfer of the embryo. 
The term “embryo quality” generally refers to the 
morphological assessment of the embryo; how-
ever, in terms of implantation potential the 
embryo quality suitably includes criteria such as 
the rate of embryonic cleavage and its genetic 
(chromosomal) status. Several publications have 
analyzed the relationship between sperm mor-
phology and implantation and/or pregnancy out-
come with little or no mention of embryo quality. 
Since successful implantation and clinical preg-
nancies are indirect indication of potentially good 
quality embryos, these studies have been included 
in this review. 

   Sperm Morphology 

 The normal human spermatozoon is identi fi ed 
with its oval shaped head that is covered with an 
acrosome extending to over one third of the 
head, a midpiece shorter than one third of the 
width of the head, and a long tail  fl agellum 
extending beyond the base of the midpiece. In 
terms of measurement the length and the width 
of the head should be 4.0–5.0 and 2.5–3.5  m m, 
respectively. The midpiece should measure 2.0–
2.5  m m in length and less than 1  m m in width. 
The tail should be slender, straight, and approxi-
mately 45  m m in length. 
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 Determination of normal sperm morphology is 
an integral part of semen analysis. Over the years 
the reference ranges for normal sperm in ejaculate 
as outlined in WHO Manual has been revised 
multiple times and the criteria for classifying 
sperm as morphological normal has changed over 
time. Thus the classi fi cation of semen sample 
under the category of teratozoospermia has inher-
ent limitations. Various reproductive laboratories 
follow different WHO standards for the analysis 
of sperm samples and this further compounds 
the morphological classi fi cation of sperm. The 
Kruger’s strict morphology criteria is one of the 
most rigorous sperm classi fi cation systems and 
according to this even slight deviation from nor-
mal shape and measurement categorizes the sperm 
cell as abnormal  [  5  ] . Based on the strict morphol-
ogy criteria ejaculates with less than 4 % morpho-
logically normal sperm have poor prognosis for 
pregnancy and the use of such sperm sample in 
IVF may result in severely reduced fertilization 
and increased incidence of failed fertilization  [  6–
  8  ] . Despite its strict categorization, Kruger’s sys-
tem has limitations and its signi fi cance in 
evaluating the fertility potential of the male has 
been supported as well as questioned  [  9–  11  ] .  

   Sperm Morphology and 
Chromosomal/Chromatin 
Abnormalities 

 Human sperm exhibit wide variations in the mor-
phology ranging from defects in acrosome, head, 
midpiece, and tail. Human ejaculate is a complex 
mixture, among several other components, of 
morphologically normal and abnormal spermato-
zoa. Based on high fertility potential of men who 
have high proportion of normal shaped sperm, it 
is instinctively logical to assume that morphologi-
cally normal sperm are also normal in terms of 
chromosome number. By the same token, it is also 
reasonable to think that morphological defects in 
the sperm are a re fl ection of genetic make-up and 
morphologically abnormal spermatozoa are chro-
mosomally abnormal. This perception of positive 
correlation between normal sperm morphology 
and normal haploid chromosomal status has 

been largely found to be untrue. Human sperm 
 karyotype analysis of pronucleus following ham-
ster egg penetration found no signi fi cant associa-
tion between the proportions of morphologically 
and chromosomally abnormal sperm suggesting 
sperm morphology is not a good indicator of chro-
mosomal normality  [  12  ] . There is also a lack of 
association between sperm morphology and kary-
otype in infertile men  [  13–  15  ] . Despite the 
absence of direct correlation between sperm mor-
phology and chromosomal content, a two- to 
threefold increase in numerical chromosomal 
abnormalities in infertile men with teratozoo-
spermia as compared with normal fertile donors 
has been reported  [  16–  19  ] . Sperm with certain 
speci fi c morphological defects exhibit a signi fi cant 
correlation with chromosomal complement. 
Macrocephallic (large head) sperm display a high 
rate of aneuploidy or polyploidy  [  20,   21  ] . Other 
sperm defects such as multiple tails, multinucle-
ated head, and microcephaly (pin head) are also 
associated with signi fi cantly elevated numerical 
chromosomal aberrations  [  22,   23  ] . 

 The normal haploid chromosomal constitu-
tion of sperm does not necessarily imply that 
such sperm are essentially capable of fertilizing 
karyotypically normal oocytes to produce genet-
ically normal embryos. Spermatozoa have been 
shown to have fragmentation and damage in the 
DNA strands and there is a negative correlation 
between the degree of DNA damage in sperm 
nucleus and fertility in men  [  24  ] . Spermatozoa 
with DNA fragmentation are capable of fertiliz-
ing oocytes at the rate similar to sperm with 
intact DNA and there is no correlation between 
sperm morphology and the integrity of DNA. 
There are con fl icting reports on the effect of 
damaged sperm DNA on embryonic cleavage 
 [  25–  27  ] . Sperm with fragmented DNA form 
embryos that exhibit slow cleavage and reduced 
blastocyst formation  [  25,   26  ] . Moreover, a high 
incidence of spontaneous pregnancy loss appears 
to be a direct consequence of damaged DNA in 
sperm population. Couples with high proportion 
(over 30 %) of spermatozoa with denatured DNA 
in the ejaculate have high incidence of multinu-
cleated embryos following ICSI as compared 
those who show lower incidence of sperm DNA 
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damage  [  27  ] . Multinucleated human embryos 
are known to be associated with a reduced 
implantation and pregnancy rate. Injection of 
sperm with vacuoles which are not visible at the 
magni fi cations commonly used for ICSI may 
have a negative effect on fertilization, implanta-
tion, and pregnancy  [  28  ] . Identi fi cation and 
selection of normal sperm without vacuoles and 
other defects for ICSI has been suggested to 
enhance successful outcome  [  28,   29  ] . 

 In general the individual sperm defects such 
as head, midpiece, and tail defects are not associ-
ated with chromosomal abnormalities. The inci-
dence of numerical or structural chromosomal 
aberrations in morphologically abnormal sperm 
is comparable to those observed in normal sper-
matozoa  [  30  ] .  

   Globozoospermia in Assisted 
Conception 

 Globozoospermia is a rare cause of male infertil-
ity characterized by the presence in the ejaculate 
of round headed sperm lacking acrosomal cap. 
The incidence of globozoospermia has been 
reported to be less than 0.1 % in infertile men 
 [  31,   32  ] . In patients with absolute globozoo-
spermia there is complete failure of fertilization 
in IVF primarily due to the failure of sperm to 
attach and penetrate zona pellucida. Using sperm 
injection (ICSI) suboptimum fertilization 
(0–37 %) and pregnancies have been achieved in 
patients with globozoospermia  [  33–  37  ] . There is 
however little direct information available regard-
ing the quality of embryos produced from round 
headed sperm injection. The activation of oocytes 
using calcium ionophore augments the fertiliza-
tion rate of injected oocytes; however, several 
investigators have reported fertilization and suc-
cessful pregnancies following ICSI with round 
headed sperm without assisted oocyte activation 
 [  33,   38–  40  ] . The reason for failed or reduced fer-
tilization by round sperm is the asynchronous 
chromosome condensation of the sperm nucleus. 
The round sperm injected in the oocyte undergo 
premature chromosome condensation (PCC) in 
response to chromosome condensing factors 

present in the ooplasm without activating the 
oocyte which remains arrested at Metaphase II 
 [  41  ] . The premature chromatin condensation has 
been attributed to the protamine de fi ciency in 
globozoospermic sperm  [  42  ] . Globozoospermia 
is associated with a modest (two- to threefold) 
increase in the frequency of sex chromosome 
aneuploidy and also autosomal aneuploidy but if 
pregnancy is initiated there is no evidence of 
higher incidence of miscarriage or congenital 
defects  [  31,   43–  46  ] . Sperm chromatin integrity 
and DNA fragmentation in globozoospermia are 
comparable to sperm populations in normal fer-
tile males  [  47  ] . The occurrence of globozoo-
spermia in siblings indicates a genetic origin  [  43, 
  48,   49  ] . The pathogenesis of this syndrome 
implies defective elongation of sperm head and 
acrosome formation during spermiogenesis  [  31  ] . 
There is some evidence that globozoospermia 
may be associated with microdeletions in AZFa 
and AZFb regions of the Y chromosome  [  50  ] .  

   Effect of Teratozoospermia on 
Embryo Development and Pregnancy 

 The diminishing pregnancy rates with advancing 
maternal age are attributed to high frequency of 
chromosomal aberrations, namely meiotic non-
disjunction in Metaphase II oocytes. The intro-
duction of the paternal genome by spermatozoon 
into the oocyte initiates the complex cycle of 
events leading to fertilization and embryonic 
cleavage. There exists a signi fi cant correlation 
between normal sperm parameters, namely con-
centration, normal morphology, and progressive 
motility, and the rate of fertilization in IVF. 
A marked reduction in the fertilization rate is 
observed in couples when the male partner 
is diagnosed with teratozoospermia  [  51  ] . 
Interestingly the morphological qualities of 
embryos in terms of fragmentation, number and 
appearance of blastomeres, irregular cells, and 
embryo score are quite similar between normo-
zoospermic and teratozoospermic couples. 
Embryo implantation, clinical pregnancy and live 
birth rates between normospermic and teratozo-
spermic groups are also comparable between the 
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two groups  [  51  ] . The decrease in the fertilization 
rate in teratozoospermia is attributed to reduced 
sperm binding to the zona. The equivalent post-
fertilization embryonic development and implan-
tation in teratozoospermia as compared with 
normospermic group can be explained in two 
ways:
    1.    Abnormal sperm especially those with sperm 

head and acrosome defects fail to penetrate 
the cumulus and zona pellucida. It is possible 
that in teratozoospermic samples there are 
enough normal spermatozoa that are able to 
penetrate the cumulus and the oocyte is fertil-
ized by a normal sperm. This leads to normal 
fertilization, development, implantation, and 
pregnancy.  

    2.    It is possible that morphologically borderline 
abnormal sperm are also capable of fertilizing 
the oocyte resulting in normal embryonic 
development and pregnancy  [  51  ] .     

 Contrary to the reports of the lack of association 
between teratozoospermia, embryo quality, and 
pregnancy, some investigators have observed a 
direct link between abnormal sperm parameters 
with poor embryo morphology  [  52,   53  ] . 
Interestingly there also appears a correlation 
between the severity of male factor and the time-
line of fertilization. In majority of normospermic 
patients, normal fertilization as evident by the 
appearance of two pronuclei is noted at approxi-
mately 16–18 h post-insemination. In contrast, in 
patients with moderate male factor, fertilization 
may be delayed until 42–90 h post-insemination. 
Moreover male factor-associated delayed fertil-
ization is also accompanied with a signi fi cant 
reduction in embryo quality and the rate of 
 cleavage  [  53  ] . 

 The differential in fl uence of oocyte and sperm 
on early embryonic development has been ele-
gantly analyzed in oocyte donation setting  [  11  ] . 
In this study oocytes from each young donor 
were divided equally between two recipients and 
fertilized by standard insemination (no ICSI) 
using partner’s sperm. The embryo quality 
between two couples who shared oocytes from 
the same donor was then compared to assess the 
effect of sperm on morphology and rate of early 
cleavage. There was a strong correlation in 

embryo morphology between recipients who 
shared the oocytes from a single donor. The rate 
of embryonic cleavage, on the other hand, was 
strongly correlated with the sperm morphology. 
Other sperm characteristics such as concentration 
and progressive motility had no in fl uence on 
blastomere cleavage or embryo morphology  [  11  ] . 
Even though embryo morphology is a good pre-
dictor of pregnancy, the rate of early embryonic 
cleavage offers a better prognosis of implantation 
potential of embryos  [  54  ] .  

   Insemination by IVF or ICSI 
and Embryo Quality 

 The two basic methods of insemination of oocytes 
are standard insemination (also referred to as the 
microdrop insemination, standard insemination, 
or IVF) and intracytoplasmic sperm injection 
(ICSI). Several investigators have attempted to 
compare the fertilization rate, embryo develop-
ment, and pregnancy outcome following insemi-
nation by IVF and ICSI  [  55–  58  ] . During the 
standard IVF, the oocytes are incubated for 
16–20 h with several thousand sperm, evaluated 
for fertilization and then transferred to the fresh 
medium for further culture. It is argued that the 
prolonged incubation with spermatozoa exposes 
the oocytes to free oxygen radicals released by 
sperm  [  59  ] . The exposure to reactive oxygen spe-
cies results in the peroxidation of unsaturated 
fatty acids in the sperm plasma membrane and 
may negatively affect sperm–oocyte fusion. In 
addition oxidative stress has been shown to affect 
the integrity of sperm chromatin and cause exten-
sive damage in DNA strands  [  60,   61  ] . Short-term 
(2 h) coincubation of oocytes with sperm has 
been shown to yield fertilization rates that are 
similar to prolonged 20 h sperm exposure  [  62  ] . 
The embryos generated by short-term exposure 
to spermatozoa exhibit better morphology and 
less fragmentation than those derived by pro-
longed overnight incubation with sperm  [  62  ] . 
Embryo implantation and clinical pregnancy rate 
likewise are signi fi cantly higher in the group with 
short-term exposure to spermatozoa. Brief 
 exposure to sperm while adequate for allowing 
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fertilization limits the exposure of oocytes to 
metabolic byproducts and free oxygen radicals 
generated by spermatozoa during prolonged 
incubation. Insemination with high concentration 
of sperm also adversely affects early cleavage in 
the embryo  [  63  ] . The ICSI offers comparable or 
even higher fertilization rates than standard 
insemination of oocyte, avoids the exposure of 
oocytes to high concentration of sperm, and pro-
duces embryos that are superior in morphology 
as compared with those generated in IVF 
 [  64–  66  ] . 

 Assessment of sperm morphology while use-
ful in predicting fertilization in IVF has little if 
any predictive value in ICSI. Sperm classi fi ed as 
morphologically abnormal by Kruger’s strict or 
WHO criteria are capable of fertilizing when 
introduced in the oocyte by ICSI. Comparison of 
embryos generated following IVF and ICSI 
shows that sperm morphology does not in fl uence 
the embryo quality on day 2 or 3 of development 
 [  58  ] . This is logical in view of the fact that early 
human embryonic cleavage (up to 6–8 cells) is 
largely under the in fl uence of maternal genome. 
The development of embryos from eight cells to 
blastocyst stage should therefore provide better 
information on the role of sperm in early embry-
onic development. In fact poor sperm morphol-
ogy has been attributed to result in lower rate and 
poor quality blastocyst formation  [  56  ] . 

 It is not possible to determine the morphology 
of the individual sperm that fertilized the oocyte 
in IVF and therefore studies involving embryo 
quality or pregnancy outcome in relation to sperm 
morphology try to correlate the embryo quality 
with the proportion of normal and abnormal 
sperm in the washed preparation. Such correla-
tions while certainly provide some insight into 
the process of embryonic development lack the 
rigor of studies involving ICSI where it is possi-
ble to select the sperm and follow the develop-
ment of the embryo. 

 It is interesting that the site of sperm deposi-
tion in the oocyte by ICSI does not affect the fer-
tilization rate but in fl uences the rate of embryo 
development. When sperm are deposited farthest 
from the anticipated site of spindle (near the polar 
body), the embryos exhibit less fragmentation 
and better morphology than those embryos that 

are generated by depositing sperm close to the 
mitotic spindle  [  67  ] . Interestingly the mode of 
oolema penetration during ICSI and the amount 
of suction applied to aspirate the ooplasm also 
affects the rate of embryo development. Pricking 
the oolema once and depositing the sperm with-
out sucking ooplasm in the ICSI needle resulted 
in higher rate of degeneration of oocytes. Slight 
suction of ooplasm followed by deposition of the 
sperm in the oocyte produced relatively better 
quality embryos than no suction, higher suction, 
or when more than one prick was needed to pen-
etrate the oolema  [  67  ] . 

 Injection of isolated sperm head or tail 
 fl agellum is capable of causing oocyte activation 
and formation of two pronuclei. The resulting 
embryos however exhibit high incidence of mosa-
icism and abnormal development  [  68,   69  ] . 
Structurally damaged spermatozoa when injected 
in the oocyte are capable of pronuclear formation 
but these zygotes fail to undergo embryonic 
cleavage. This suggests the importance of struc-
tural integrity of spermatozoa in normal embryo 
development.  

   Developments in the Techniques 
for the Selection of Normal Sperm 
for Injection and Their Outcome 

 As discussed earlier in this chapter, there is little 
evidence showing a correlation between the poor 
sperm quality and fertilization rate or embryo 
quality post-ICSI. One of the explanations for the 
lack of association between poor semen analysis 
and pregnancy outcome is that the embryologists 
selectively choose morphologically normal (or 
near normal) shaped sperm for ICSI. Excellent 
fertilization rates following injection of morpho-
logically selected sperm followed by selection 
and transfer of developmentally and morphologi-
cally chosen embryos from a cohort results in 
superior pregnancy rates in couples with a primary 
diagnosis of male factor infertility. Certain defects 
in the sperm head especially the nucleus that are 
not visible at magni fi cations commonly employed 
for ICSI (up to ×400) may be responsible for poor 
outcome following sperm injection. It has been 
hypothesized that subtle organelle malformations 
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may be associated with abnormal sperm those are 
incapable of producing successful pregnancies 
 [  29  ] . It may be possible to recognize normal sperm 
nucleus with smooth outlines, without nuclear 
vacuoles and other slight midpiece and tail defects 
under high magni fi cation. The approach that uses 
real-time motile sperm organelle morphology 
examination (MSOME) is based on the premise 
that assessment of sperm nuclear morphology at 
higher magni fi cation (>6,000×) offers a means to 
select sperm with normal nuclear DNA content 
and organization and also signi fi cantly reduced 
probability of DNA fragmentation  [  29,   70  ] . Sperm 
injection (ICSI) using MSOME has been referred 
to as intracytoplasmic morphologically selected 
sperm injection or IMSI. In couples with the male 
factor diagnosis of severe oligoasthenoteratozoo-
spermia, IMSI resulted in a signi fi cantly higher 
clinical pregnancy rate as compared with conven-
tional ICSI). Furthermore couples with two or 
more previous failed attempts using ICSI as the 
method of insemination bene fi tted most with 
IMSI. Selection at high optical and digital 
magni fi cations of sperm without nuclear imper-
fections also results in a substantial reduction in 
miscarriage rate  [  71  ] . Based on the studies sug-
gesting the superiority of IMSI over ICSI, this 
technique may be especially advantageous in cou-
ples with severe oligoasthenoteratozoospermia or 
when only a few oocytes are available for sperm 
injection and embryo selection based on the num-
ber of available embryos is limited. 

 Another method to select mature genetically 
normal sperm devoid of DNA fragmentation that 
has been suggested involves the use of hyaluronic 
acid (HA). The remodeling of sperm plasma 
membrane during spermiogenesis results in the 
appearance of HA receptors on the sperm head. 
Only mature sperm are capable of binding to HA 
or zona pellucida. The sperm that bind to a solid 
phase HA have been shown to exhibit three- to 
ninefold decreased frequency of chromosomal 
disomy, diploidy, and sex chromosome disomy 
 [  72,   73  ] . The mature sperm that bind to HA are 
also devoid of cytoplasmic remnants and exhibit 
signi fi cantly lower incidence of DNA fragmenta-
tion  [  74  ] . A signi fi cant enhancement in the fertil-
ization rate following sperm selection by HA 
binding has been noted; however, further studies 

are needed to con fi rm the effect of such selection 
on embryo quality, implantation, and pregnancy 
outcome  [  75  ] .  

   Conclusions 

 The prognostic value of sperm morphology in 
implantation potential of resulting embryos 
remains controversial. There is no correlation 
between the sperm morphology and the chromo-
somal make up. Likewise the sperm chromatin or 
DNA integrity is also not re fl ected in morphol-
ogy of the spermatozoa. Patients with teratozoo-
spermia have reduced fertilization by IVF and 
have better prognosis of pregnancy if ICSI is used 
to fertilize the oocytes. The morphological 
appearance of embryos and the rate of early 
cleavage in couples with the diagnosis of terato-
zoospermia is comparable to those with normal 
semen analysis. ICSI offers high rate of fertiliza-
tion in severe oligoasthenoteratozoospermia, the 
only requirement for fertilization being the avail-
ability of one viable sperm per oocyte. There is 
little diagnostic and predictive value of Kruger’s 
strict sperm morphology involving ICSI cycles. 
Severe oligoasthenoteratozoospermia may be 
responsible for poor embryo quality including 
high degree of fragmentation and slow cleavage. 
Infertility due to morphologic abnormalities in 
the sperm such as globozoospermia can be treated 
with ICSI though fertilization and pregnancy 
rates are lower than those observed in other male 
factor categories. The advances in the technique 
of sperm injection involving selection of motile 
sperm with normal organelle morphology (IMSI) 
or HA binding may offer higher pregnancy and 
lower miscarriage rates but further studies are 
needed to con fi rm the superior outcome of these 
sperm selection procedures.      
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 Intracytoplasmic sperm injection, or ICSI, had 
been introduced in the mid-90s, for treatment of 
male infertility patients with low sperm concen-
tration and motility  [  1  ] . ICSI may also be used in 
non-oligozoospermic men, either in those with 
unexplained male infertility, characterized by 
normal seminal sperm concentration and motility 
yet diminished fertilizing potential. Another 
group of patients are treated with ICSI in order to 
increase pregnancy success, particularly in cou-
ples who failed to achieve pregnancy in previous 
IVF cycles. A key issue of ICSI is sperm quality 
which depends on the method of sperm selection, 
and it may be assessed by the objective sperm 
biomarkers that have been the primary focus of the 
Huszar laboratory in the past two decades  [  2  ] . 

 Regarding ICSI sperm selection, it should be 
recognized that due to the historically known 
incidence of various adverse genetic outcome 
following physiological fertilization, one would 
prefer to select and use for ICSI a sperm that 
would exhibit properties of sperm normally bind-
ing to the zona pellucida of oocytes, and, thus, 
participate in physiological conception by inter-
course or conventional IVF. Also, with the advent 
of scienti fi c ICSI sperm selection, the ongoing 
research on sperm biochemical markers of and 
function has became more prominent  [  2  ] . 

   Beyond Routine Sperm Analysis: 
Sperm Biochemical Markers 

 A major approach in the discovery of sperm 
biochemical markers is based on the recognition 
that there are objective biomarkers of sperm 
integrity and function that focus on elements of 
spermatogenesis and spermiogenesis that cause 
arrested sperm development. One of the  fi rst rec-
ognized markers was cytoplasmic retention 
which was assessed by the excess cytoplasm in 
sperm; biochemically this was measured by 
increased sperm creatine phosphokinase (CK) 
activity  [  3  ] . The variation in CK activity in semen 
samples is well documented, as well as the fact 
that sperm recovered from pellets following den-
sity gradient centrifugation, had substantially 
lower CK content  [  4  ] . A logistic regression anal-
ysis of 180 couples with oligozoospermic hus-
bands treated with intrauterine insemination (IUI) 
indicated that the increased levels of CK activity 
(excess cytoplasmic retention) in oligospermic 
men predicted a lower likelihood for causing 
pregnancy  [  5  ] . 

 The association between arrested cytoplasmic 
extrusion and diminished sperm fertilizing func-
tion was also established by experiments using 
CK-immunocytochemistry of individual sperm–
hemizona complexes; only the sperm with clear 
heads without cytoplasmic retention were able to 
bind to the hemizona  [  6  ] . This important  fi nding 
led to the recognition of spermiogenetic remodel-
ing of the sperm plasma membrane, that is related 
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to the discovery of the formation of the sperm 
receptors for the zona pellucida and also for 
hyaluronic acid that is a key element of the con-
temporary ICSI sperm selection  [  2,   7  ] . 

 Other aspects of the sperm biochemical mark-
ers, including (a) developmentally regulated pro-
tein expression of the HspA2 protein in human 
sperm (b) persistent histones which indicate 
abnormal histone-transition protein-protamine 
replacement process; (c) apoptotic processes; (d) 
reactive oxygen species (ROS), and (e) Sperm 
DNA chain integrity will all be discussed with 
the bene fi ts of the novel ICSI sperm selection 
method facilitated by sperm-hyaluronic acid 
binding  [  2,   8–  10  ] .  

   Sperm Testing: DNA Chain Integrity 

 Over the past two decades, a number of tests have 
been introduced for the analysis of sperm nuclear 
DNA fragmentation  [  11,   12  ] . In general, single-
stranded DNA damage provides a better progno-
sis and is easier to repair than double-stranded 
DNA damage  [  11–  20  ] . Double-stranded DNA 
damage is more likely to lead to failure of paternal 
contribution of sperm to the embryo  [  21  ] . 

 Some controversy still exists regarding which 
DNA test is best  [  22  ] . A recent study reported by 
Borini et al. showed that sperm DNA fragmenta-
tion values in aliquots of the same sperm fraction 
used for IVF, measured by TUNEL, were 
signi fi cantly correlated with pregnancy outcome 
 [  23  ] . This is in contrast to the results reported by 
Bungum et al. who found no correlation between 
sperm DNA fragmentation values in IVF samples, 
as measured by the SCSA test, and pregnancy 
outcome  [  12  ] .  

   SCSA Issues 

 Regarding SCSA, Evenson et al. published data 
in which they used  fl ow cytometry measurements 
of heated sperm nuclei to reveal a signi fi cant 
decrease in resistance to in situ denaturation of 
spermatozoal DNA in samples from bulls, men 
with diminished fertility  [  24  ] . The SCSA test has 

been more extensively studied to date from the 
clinical point of view  [  24–  29  ] . The degree of 
DNA damage is measured by  fl ow cytometry and 
is expressed as a DNA Fragmentation Index or 
DFI. Previous studies indicate that a DFI value 
>27 % is associated with pregnancy failure in 
ART  [  30,   31  ] . However, recent reports challenge 
the predictive value of the SCSA test  [  32,   33  ] . 
Independently from the SCSA values, various 
studies have emphasized the importance of DNA 
integrity in human fertility success  [  22,   34,   35  ] . 
The single  fi nal determinant of pregnancy suc-
cess is the quality of the sperm DNA in the actual 
fertilizing spermatozoa. 

 We suggest that a possible reason for the dis-
crepancy between the SCSA studies is the vari-
ability of sperm concentrations within the samples 
studied. In other words, for fertilization to occur 
there is a minimal threshold number of normal fer-
tile sperm that is necessary. If this amount of fertile 
sperm is present (the threshold level depends on 
the conception model), the additional presence of 
non-fertile sperm, whether 20, 40, or 70 % of the 
total sperm content is not a relevant factor.  

   Sperm Preparation by Gradient 
Centrifugation 

 The two phase gradient centrifugation and frac-
tionations of sperm is based on the speci fi c gravity 
differences between normally developed sperma-
tozoa (as the biomarkers indicate, completed 
cytoplasmic retention, in the head there are only 
DNA and the plasma membrane), as opposed to 
sperm affected by arrested development (excess 
cytoplasm in the sperm head). Normal sperm will 
sediment in the pellet whereas the lighter, arrested 
development, sperm with cytoplasmic retention 
will remain at the interface or on the top phase of 
the gradient media. 

 In 1988, a paper by Aitken and Clarkson dem-
onstrated that centrifugal pelleting of unselected 
sperm fractions from human ejaculates caused 
the production of ROS (superoxide and hydroxyl 
radicals) within the pellet  [  36  ] . ROS production 
has induced irreversible damage to the spermato-
zoa and impairment of their fertilizing ability. 
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Superoxide radicals cause peroxidation of sperm 
plasma membrane phospholipids and elevated 
superoxide production, through a membrane-
bound NADPH oxidase system, which has been 
implicated in defective sperm function at the 
cellular level  [  37,   38  ]  

.
  

 Various other studies have emphasized the 
importance of DNA integrity in human fertility 
success  [  22,   34,   35  ] . Independently from the 
SCSA values, the single  fi nal determinant of 
pregnancy success is the quality of the sperm 
DNA within the actual fertilizing spermatozoa. 

 Regarding the question whether all sperm 
(developed or with arrested development) are 
equally affected by ROS propagation three related 
biomarker issues were addressed in the Huszar 
laboratory  [  6  ] . First, a relationship was found 
between cytoplasmic retention as measured by 
creatine phosphokinase activity and ROS produc-
tion: thus, retention of the excess cytoplasm was 
proportional with the ROS production. The sec-
ond point was the fact that sperm fractions sedi-
mented through Percoll gradient centrifugation 
showed lower ROS production and residual cyto-
plasmic content. Third, in order to study whether 
the iatrogenic cause of increased ROS production 
indeed propagate from spermatozoa-to-sperma-
tozoa, the following experiments were performed. 
Semen pairs (with low and high ROS) were stud-
ied by  fi rst assessing sperm destruction by ROS 
following measurement of malonyldialdehide 
(MDA), an end product of sperm lipid peroxida-
tion. First, the two semen samples were assayed 
independently, and the mixture of the two samples 
were also subjected to MDA assessment. All three 
semen fractions (A, B, and A + B) were than cen-
trifuged for 10 min, and the sperm pellets were 
incubated at 37°C for 30 min, in order to provide 
close sperm-to-sperm contact in the experiments. 
Further, the MDA has been remeasured in all three 
samples. The data indicated that the aggregate 
(A + B) MDA levels were in the range of the origi-
nal starting two semen samples (A and B) before 
the mixing, centrifugation, and incubation of the 
two semen samples, whether the initial MDA 
measurements were low or high  [  6  ] . 

 Thus, it appeared that in the case of iatrogenic 
ROS damage, the propagation of the ROS 

production, does not apparently apply to the 
normally developed sperm without cytoplasmic 
retention. Further, based on the data, Huszar and 
colleagues concluded that the increased sperm 
MDA levels and ROS production is apparently 
not an “acquired,” but an “inborn” error of sper-
matogenesis and spermiogenesis  [  6  ] . The data, 
with respect to “inborn errors,” and the role of 
objective biochemical markers in the detection of 
sperm function and fertility, have been con fi rmed 
with numerous further studies  [  2,   8,   39–  42  ] .  

   Scienti fi c Basis of Hyaluronic Acid-
Mediated Sperm Selection 

 The hyaluronic acid-based sperm selection is 
based on the recognition of molecular and cellular 
aspects of sperm development, particularly the 
attributes that are generally present in normally 
developed spermatozoa selected by nature for 
spontaneous fertilization. Conversely, it is now 
well established that the presence of some sperm 
attributes indicate failed development and dimin-
ished fertilizing potential and/or de fi cient sperm 
paternal contribution  [  2  ] . 

 The recognitions of such positive or negative 
sperm characteristics have evolved in the past 
15–20 years in the Huszar laboratory. Biomarkers 
have been identi fi ed, and their role in sperm 
fertilizing potential, implantation, and success in 
causing pregnancy has been examined. In the  fi rst 
approach, sperm creatine kinase content and 
activity were assessed, which re fl ects the pres-
ence of surplus cytoplasm, due to incomplete 
sperm cytoplasmic extrusion which is a key event 
of spermiogenesis  [  5,   43,   44  ] . Indeed, it has been 
observed that normal spermatozoa which com-
pleted cytoplasmic extrusion are the only ones 
that are able to bind to the zona pellucida or to 
hemizonae (these are unfertilized human oocytes 
which were bisected in order to avoid inadvertent 
fertilization)  [  45  ] . 

 This experiment provided three novel conclu-
sions of paramount importance: (1) Sperm that 
failed to undergo cytoplasmic extrusion are 
unable to bind to the zona pellucida, and (2) 
Sperm–oocyte interaction during fertilization is 
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directed and regulated by the attributes of the 
spermatozoa. (3) Another key element in the con-
temporary sperm research has been the recogni-
tion of the sperm plasma membrane remodeling, 
simultaneously with cytoplasmic extrusion in ter-
minal spermiogenesis. This remodeling facili-
tates the formation of the zona pellucida and 
hyaluronic acid-binding site(s) in spermatozoa. 
Thus, sperm that fail to undergo the plasma mem-
brane remodeling process are unable to recognize 
the zona pellucida or the layer of hyaluronic acid, 
and thus the fertilizing potential of such sperm 
are diminished  [  2  ] .  

   ICSI Sperm Selection in Men with 
Excessive Semen ROS Production 

 Sperm preparation for assisted reproduction in 
men with high seminal ROS may improve sperm 
quality with media containing antioxidants such 
as reduced glutathione, catalase/EDTA  [  46–  48  ] . 
Such approach may protect gametes from high 
oxidative stress. 

 In case of oxidative stress-related infertility, 
the appropriate treatment strategy is the elimina-
tion of the underlying cause, whether lifestyle 
and environmental factors that enhance oxidative 
stress, or use of sperm for IVF-ICSI arising from 
the testicular sperm extraction (TESE sperm). 
It is also advisable to avoid using cryopreserved 
spermatozoa which are very sensitive to DNA 
damage  [  49  ] . 

 Regarding the utilization of TESE sperm, is it 
established that sperm originating in the adlumi-
nal area are protected from oxidative attack, 
whereas most ROS initiated DNA fragmentation 
occurs during epididymal storage  [  50  ] . There 
were signi fi cant improvements in sperm DNA 
quality in TESE samples compared to the cauda 
epididymis or ejaculated sperm  [  51,   52  ] . 

 Another approach is offered by the hyaluronic 
acid-mediated sperm selection for single sperm 
for IVF/ICSI. The rationale is as follows: (a) A 
close correlation has been shown between ROS 
production and cytoplasmic retention which rep-
resent arrested gamete development. (b) Sperm 
selection by HA binding is also helpful as 

hyaluronic acid-bound sperm is also devoid of 
cytoplasmic retention, of excess persistent 
histones, DNA fragmentation and the apoptotic 
process  [  6  ] . Thus, sperm selection by prioritizing 
of normally developed spermatozoa with low or no 
ROS production is an appropriate and practical 
solution  [  2  ] . 

 In line with the above discussion regarding 
ROS damaged sperm, most negative effects may 
be avoided by using testicular sperm. A number 
of reports indicate that sperm DNA damage is 
signi fi cantly lower in the seminiferous tubules. 
The use of testicular sperm in couples with 
repeated pregnancy failure in ART, and high 
sperm DNA fragmentation, resulted in a signi fi cant 
increase in pregnancy rates  [  51  ] . However, due 
to the lack of motility, testicular sperm are not 
appropriate for hyaluronic acid-binding-mediated 
selection.  

   Sperm Chromatin Maturation 
and Its Importance 

 The formation of normally developed mature 
spermatozoa is a unique process involving a 
series of developmental steps in both the nuclear 
and cytoplasmic compartments including his-
tone-transition protein-protamine replacement. 
In this process,  fi rst somatic histones are replaced 
by testis-speci fi c histone variants which are then 
replaced by transition proteins (TP1 and TP2) in a 
process that involves extensive DNA rearrange-
ment and remodeling  [  53  ] . A greater than tenfold 
compaction of sperm chromatin is achieved 
during the  fi nal phases of spermatogenesis when 
the normally occurring histone that is bound to 
DNA is almost completely replaced by protamine 
1 and protamine 2  [  54  ] . 

 Earlier studies showed an association between 
diminished histone-transition protein-protamine 
exchanges that may be detected by aniline blue 
staining due to the excess persistent lysine-rich 
histones  [  55–  60  ] . Accordingly, based on the 
variations in sperm maturity, staining intensity 
was light, intermediate, and dark tone, and repre-
sents sperm with mature, moderately immature, 
and severely immature developmental status, 
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respectively. This requirement for histone-to-
protamine exchange in order to maintain chroma-
tin integrity facilitates the correct folding of DNA 
and preserves DNA chain integrity  [  42  ] . 

 It is clear that sperm chromatin is essential for 
sperm function and subsequent embryonic devel-
opment because defects in sperm chromatin are 
linked to natural reproductive malfunctions like 
spontaneous abortion as well as assisted repro-
ductive failure  [  12,   56,   59,   61  ] . Protamine 
replacement of histones and transition proteins 
may also facilitate the modulation of the expres-
sion pattern of the genome, as well as the imprint-
ing pattern of the gamete. This methylation pattern 
lends variability to the paternal genome during 
zygotic gene expression events with individual 
consequences in developmental factors and epi-
genetic variations. There are several studies on 
the impact of sperm chromatin methylation 
levels in IVF success regarding both fertilization 
and pregnancy rates. Some support the idea that 

children conceived by ART do not show a higher 
degree of imprinting variability and that DNA 
methylation and the state of chromatin develop-
ment are important  [  61,   62  ] . 

 The relationship between persistent histones 
and DNA degradation was highlighted in a 
recent report from the Huszar laboratory. In 
individual spermatozoa with dark aniline blue 
staining, representing extensive levels of persis-
tent histones, there was a lack of  fl uorescence in 
situ hybridization (FISH) chromosome signal 
 [  63  ] . Thus, de fi ciency in sperm chromatin devel-
opment, improper DNA folding, and consequen-
tially diminished DNA chain integrity caused 
diminished FISH probe binding, as there were 
limited number of long DNA sequences for FISH 
probe binding (Fig.  1 ). In addition, environmen-
tal stress also can disturb chromatin maturation, 
and ultimately lead to an abnormal chromatin 
structure that is incompatible with fertility 
 [  10,   64  ] .   

  Fig. 8.1    Double staining of human spermatozoa with ani-
line blue ( left panel ) and  fl uorescence in situ hybridization 
(FISH,  right panel ), using FISH probes for chromosome Y 
( red ), chromosome X ( green ), and chromosome 17 ( yellow ). 
Please observe on the  left panel  the spermatozoa with 
various amounts of persistent histones stained with aniline 
blue (quanti fi ed as light, intermediate, and dark), and the 
respective FISH results on the  right panel . Light sperm 
(low levels of persistent histones) show normal chromo-
somal pattern, sperm with intermediate staining (more of 

persistent histones) show a higher frequency of sperm 
with disomies,  fi nally dark sperm (high levels of persis-
tent histones) don’t exhibit FISH signal. We suggest that 
the lack of FISH signal in dark sperm is a consequence of 
the extensive DNA chain fragmentation in sperm cells 
which affected by retardation of the histone-transition 
protein-protamine developmental sequence. Thus, the 
FISH probes do not  fi nd long DNA chains to attach (from 
Ovari et al.  [  63  ] , with permission)       
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   HSPA2 Chaperon Protein Sperm 
Biomarker and Clinical Applications 

 Another key biomarker identi fi ed in human 
sperm is the chaperone protein HspA2  [  8,   65,   66  ] . 
This protein is homologous to the HSP70 which 
has been found in the mouse system  [  67–  69  ] . 
Measurements of HspA2 levels in human sperm 
fractions have indicated that HspA2, which is 
part of the synaptonemal complex and also a key 
element of intracellular transport of DNA repair 
enzymes and other housekeeping elements in the 
developing spermatozoa, is very important indi-
cator of sperm fertilizing potential  [  65  ] . HspA2 
is also involved in the control of sperm DNA 
chain integrity and aneuploidy frequency. In the 
clinical arena, the markers of sperm creatine 
kinase and HspA2 levels were tested with respect 
to pregnancy success in blinded studies of IUI 
or IVF couples. The data indicated that the sperm 
CK content (a measure of excess cytoplasm in 
sperm) and HspA2 levels provide an objective 
measure of sperm fertilizing potential. The  fi rst 
study was conducted on couples with oligozoo-
spermic husbands who were treated with IUI. 
When sperm CK content of couples with preg-
nancy success and lack of pregnancy were com-
pared, the data indicated that there was no 
relationship between pregnancy success and sperm 
concentration, motility, or the amount of sperm 
inseminated. The important factor was sperm cre-
atine kinase activity, re fl ecting sperm cytoplasmic 
content. The lower CK activity patients who had 
undergone cytoplasmic extrusion showed 
signi fi cantly higher pregnancy rates compared to 
those who had high creatine kinase activity and 
cytoplasmic retention. This indicated that the 
sperm biomarker CK re fl ecting extra cytoplasm, 
which is a negative factor with respect to fertility 
and pregnancy occurrence, whereas sperm con-
centration, motility, and total motile sperm are not 
contributing to the relationship between sperm 
developmental integrity and fertility, whether due 
to the fertilization process or to sperm paternal 
contribution  [  4  ] . 

 The predictive value of sperm creatine kinase 
and HspA2 levels were also tested in the IVF 

setting. Similar to the IUI study, when the sperm 
creatine kinase activity was high in the samples, 
the pregnancy success has declined in spite of 
comparable sperm concentration and motility in 
the semen samples with high CK and low HspA2 
levels. In a blind collaborative study between 
Yale and Norfolk, we have analyzed IVF cycles 
in 82 couples and found that if the sperm creatine 
kinase activity in the husband’s sample was high, 
the couples did not achieve pregnancy  [  70  ] . In a 
subsequent study where sperm HspA2 was mea-
sured, we had a similar experience. With low 
HspA2 levels, there was lack of pregnancies. 
In both of these studies, there were about 15 % of 
men who were normozoospermic with normal 
sperm concentration and motility, yet they did 
not achieve pregnancy either in the creatine 
kinase-focused or in the HspA2 chaperone pro-
tein-focused IVF groups  [  65  ] . This is the basis 
for the idea of “unexplained male infertility” con-
cept (diminished fertility in spite of normal sperm 
concentration and motility) that was developed in 
the Huszar laboratory during the 1990s. 

 The discovery of the HspA2 chaperone in 
sperm has led our group to the biomarkers of 
sperm development and sperm genetic integrity. 
First, HspA2 is part of the synaptonemal com-
plex of the developing sperm cell and, thus, the 
low levels of chaperone protein are leading to 
problems with respect to chromosomal aneuploi-
dies, including disomies and diploidies. This 
phenomenon of the relationship between cyto-
plasmic retention and low HspA2 levels, as they 
are related to increase in chromosomal aneuploi-
dies, was well demonstrated by the report of  [  71  ] . 
When the spermatozoa were sorted by gradient 
centrifugation, sperm with cytoplasmic retention, 
which have decreased speci fi c gravity due to the 
presence of cytoplasm, were compared to the 
developed spermatozoa which completed cyto-
plasmic extrusion. The spermatozoa with extra 
surplus cytoplasm exhibited a two and a half times 
higher incidence of chromosomal aneuploidies. 
Indeed, in the lighter sperm fraction, there was a 
close correlation ( r  = 0.05,  p  < 0.002) between 
residual cytoplasm and disomies of the 17 and Y 
chromosomes, as well as the XY sex-chromosome 
disomies. 
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 The other key enlightenment regarding sperm 
biomarkers, the remodeling of sperm plasma 
membrane during spermiogenesis, was another 
substantial contribution by the Huszar laboratory: 
we have assessed in the same sperm fractions the 
amount of residual cytoplasm and also the pres-
ence of the enzyme galactosyltransferase, a 
unique sperm marker signifying the development 
of the sperm plasma membrane. There was a very 
close and signi fi cant inverse correlation 
( r  = >−0.9) indicating that the spermatozoa which 
have surplus cytoplasm, and low HspA2 levels, 
also exhibit arrested sperm plasma membrane 
remodeling, Thus, sperm with the increased cre-
atine kinase activity, indicating the failure of cyto-
plasmic extrusion, are unable to recognize and 
bind to the zona pellucida. These data are very 
important because they indicated that the sperm 
plasma membrane remodeling is a key in the for-
mation of the zona pellucida binding sites and 
development of sperm fertilizing potential  [  72  ] .  

   Sperm Plasma Membrane Remodeling 
and Formation of the Zona Pellucida 
and the Newly Recognized Hyaluronic 
Acid (HA) Receptor 

 Hyaluronic acid or hyaluronan, is a complex 
bioactive agent, which is well represented in the 
female reproductive tract. It is part of the cervical 
mucus spinkbarkheit during ovulation, and it is 
also a component of the cumulus oophorus which 
surrounds the oocytes. We recognized the sperm-
hyaluronic acid interaction via observing that in 
the presence of hyaluronic acid, human sperm 
exhibited a substantially increased tail cross-beat 
frequency. Further, when we applied solid-state 
hyaluronic acid to a glass slide or a plastic sur-
face, some of the sperm attached to it head fi rst: 
the sperm progress was diminished secondary to 
the head attachment, yet the tail beating fre-
quency increased and was maintained, sometimes 
even for days  [  4,   7  ] . We have made the hypothe-
sis, and proved it, that during sperm plasma 
membrane remodeling in spermiogenesis, along 
with the formation of the zona pellucida recep-
tors, receptors for hyaluronic acid are also formed. 

The common origin of the zona pellucida and 
hyaluronic acid receptor on sperm indicates that 
sperm binding to hyaluronic acid would also bind 
to the zona pellucida. Thus, the idea was con-
ceived that we may select spermatozoa that would 
be participating in zona pellucida binding via a 
hyaluronan-mediated sperm selection  [  58  ] . 

 The observations regarding the common ori-
gin of the zona pellucida and hyaluronic acid 
receptor lead to two inventions important for 
sperm assessment and ICSI sperm selection. 
Regarding Andrology, there is now a semen test 
(in addition to assessment of sperm concentra-
tion, motility, and morphology), which predicts 
what percent of sperm in an ejaculate would have 
zona binding properties (thus normally devel-
oped) leading to fertilizing potential. This is a 
very important advance and opportunity for phy-
sicians and patients  [  2  ] . The individual hyaluronic 
acid-bound spermatozoa are removable and may 
be used for intracytoplasmic sperm injection. This 
provides the opportunity to the embryologist to 
have ICSI fertilization with sperm which nor-
mally would have been fertilized in the zona pel-
lucida-mediated physiological circumstances 
during intercourse or conventional IVF. As dis-
cussed below, the shape and biochemical proper-
ties, as well as genetic attributes of HA-selected 
sperm are comparable to that of the zona pellu-
cida-bound sperm that may perform the fertiliza-
tion following physiological sperm-zona pellucida 
interaction. 

 In the past few years, both HA-mediated 
devices, the sperm-hyaluronic acid-binding 
assessment in the Andrology laboratory, and the 
ICSI sperm selection device, the so-called PICSI 
dish (an IVF Petri dish that carries an HA-spot), 
has been increasingly accepted and used world-
wide  [  73  ] . Indeed, the hyaluronic acid-binding 
score in the semen sperm provides a direction 
for the best approach in the fertility treatment 
of the couple, whether natural intercourse, or 
assisted reproduction with IUI, IVF, or ICSI with 
hyaluronic acid-mediated sperm selection. The 
sperm selected with the HA-mediated approach 
were shown to improve the fertilization rates, 
embryo quality, implantation rates, and most 
important, caused a major reduction in spontaneous 
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miscarriage rates, most likely due to the superior 
DNA integrity    in the HA-selected sperm (Fig.  2 ) 
 [  2,   74  ] . The published data indicate that men with 
low HA-binding score, after the HA-mediated 
sperm selection, achieve approximately 30 % 

higher pregnancy rates compared to the men with 
similar HA-binding score treated with ICSI using 
eye-selected spermatozoa.   

   Attributes of Hyaluronan-Bound Sperm 

 As discussed above, sperm with normal develop-
ment and hyaluronan binding properties 
(re fl ecting the completion of plasma membrane 
remodeling) show an inverse correlation with 
DNA degradation, diminished histone-protamine 
transition, or excess persistent histones and dark 
aniline blue staining  [  2  ] . Further biomarkers are 
the presence or absence of caspase 3 and apop-
totic changes, and the positive correlation 
between aneuploidy and abnormal sperm forms 
 [  75  ] . The viability studies indicate that all 
HA-bound spermatozoa are viable, which is a 
great advantage for ICSI selection (Fig.  3 ). 
However, it is also true that normal sperm mor-
phology does not assure of low frequency of 
chromosomal aneuploidy. This was established 
by studies in the Huszar laboratory demonstrat-
ing that the shape properties of sperm in the 
native or decondensed and denatured states (nec-
essary for the method of FISH) have remained 
identical. This  fi nding was con fi rmed in several 

  Fig. 8.2    Acridine orange-stained spermatozoa in the 
perimeter and center regions of the hyaluronic acid (HA) 
sperm selection area of HA-coated sperm selection Petri 
dish (PICSI dish). The perimeter area with mixed orange 
(fragmented DNA) and green sperm (sperm with intact 
high integrity DNA) shows the DNA integrity in the initial 
semen sperm fraction. However, the hundreds of green 
sperm with high integrity DNA in the center region of the 
dish, demonstrate the selection power of the hyaluronic 
acid with respect to sperm DNA integrity (from Yagci 
et al.  [  74  ] , with permission)       

  Fig. 8.3    Viable sperm are exclusively selected by HA 
binding. Sperm treated with the FertiLight kit (sperm 
membrane permeable Cyber green DNA viability stain 
and the red propidium iodide, which stains nonviable 
sperm) were applied to HA-coated slides. After 15 min 

the slides were gently rinsed, in order to remove unbound 
sperm. ( a ) Semen sperm fraction ( red  and  green ). ( b ) 
Hyaluronic acid-bound sperm fraction after the rinsing 
step (exclusively viable green sperm) (from Huszar et al. 
 [  58  ] , with permission)       
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sperm types, including normal, abnormal, and 
irregular shapes in which the minor details and 
aspects of sperm shape were examined thoroughly 
in sperm of native and decondensed shapes 
(Fig.  4 ). With this methodological advancement 
we could study shape and aneuploidy within the 
same spermatozoa with high  fi delity  [  76  ] .   

 The relationship between sperm aneuploidy, 
sperm development, and morphology is controver-
sial. Referring again to the relationship between 
cytoplasmic retention and sperm aneuploidy fre-

quency, which was well established by    Kovanci 
et al.  [  71  ] , the relationship between low HspA2 
content in sperm (a chaperone protein which is 
present in the synaptonemal complex) and residual 
cytoplasm representing arrested spermiogenesis 
well explains the potential relationship. However, 
it is unclear how general this relationship is, because 
not all sperm with abnormal sperm morphology 
has shown to carry aneuploidies  [  76  ] . Thus, sperm 
shape and aneuploidy status may be examined in 
the same spermatozoa  [  77  ] . 

  Fig. 8.4    Pre- and post-decondensation sperm images of 
various shape types. Sperm were classi fi ed according to 
their head shape properties as symmetrical, asymmetrical, 
irregular, and amorphous. Please observe the maintenance 

of sperm shape in the native vs. decondensed state in all 
sperm types. Magni fi cation ×1,500 (from Celik-Ozenci 
et al.  [  77  ] , with permission)       
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 Indeed individual spermatozoa, which show 
perfect Tygerberg morphology, and were evalu-
ated with computerized morphometry for ideal 
shape, still have aneuploidies. The data indicated 
with several representative pictures that the 
decondensed sperm maintains their morphology 
exactly as it was in the initial non-decondensed 
state. Although there was some relationship 
between abnormal morphology and aneuploidies, 
the approach also demonstrated that aneuploidy 
may be found in perfectly normal spermatozo 
 [  76,   77  ] . Finally, it should be pointed out that the 
double-stained sperm study by Sati et al. indi-
cated that cytoplasmic retention, DNA fragmen-
tation, thus, the sperm chromatin packaging or 
sperm morphology, or any other sperm attributes 
of arrested development similarly and to a high 
extent (70–80 %) affect the same spermatozoa, as 
well as embryo propagation, if such sperm is 
used for ICSI  [  42  ] . Due to the common origin of 
DNA fragmentation and arrested sperm matura-
tion, no matter what sperm attributes the investi-
gators may be looking at, it is most likely the 
DNA fragmentation in the individual spermato-
zoa is the key element that affects the paternal 
contribution to embryo development.  

   Relationship Between Sperm 
Biomarkers Within the Same 
Spermatozoa 

 Regarding the features of arrested sperm develop-
ment and other biomarkers re fl ecting sperm 
development, genetic aspects, aneuploidies, 
sperm shape, chromatin evolvement, and DNA 
chain integrity, the work of Sati et al. provided a 
major insight into very complex and far reaching 
features  [  42  ] . An inventive sequential method-
ological approach (aniline blue staining of indi-
vidual sperm  fi elds, recording of the sperm  fi elds, 
and destaining, followed by application of a sec-
ond sperm biomarker) facilitated the study of 
double-stained spermatozoa, including (1) ani-
line blue staining coupled with CK immunostain-
ing (increased histone retention and cytoplasmic 
retention), (2) aniline blue staining and DNA frag-
mentation (histone retention and DNA fragmenta-

tion studied by in situ DNA nick translation), (3) 
along with aniline blue staining and immunostain-
ing with caspase-3 (increased histone retention and 
apoptotic process), (4) and the particularly relevant 
 fi nding of the inverse correlation between persis-
tent histones and normal Tygerberg Kruger sperm 
morphology. When a spermatozoa with these mor-
phological or biochemical probes were studied in 
the double staining process, there was about an 
approximately 80 % agreement between the stain-
ing patterns, scored as light (normal), intermediate 
(underdeveloped), and dark (diminished maturity), 
with the various biochemical nuclear and cytoplas-
mic probes arising from early or late spermiogen-
esis or spermatogenesis (Fig.  5 ).  

 Thus, abnormal sperm morphology and the 
underlying retention of cytoplasm and persistent 
histones, DNA chain fragmentation, aneuploi-
dies, and the limited ability of the embryo for 
repair of the inborn de fi ciencies caused by the 
adverse sperm attributes mutually signal abnor-
mal spermatozoa which is expected to provide 
lower fertilization rates, lesser embryonic devel-
opment, lesser implantation, and higher rates of 
spontaneous abortion due to the arrested sperm 
development and DNA chain fragmentation  [  9,   21, 
  23,   42,   78–  83  ] . This is a potential point where the 
ICSI sperm selection via the HA-mediated pro-
cess and by IMSI sperm morphology selection 
may overlap. The issue needs to be studied, along 
with the potential inhibitory role of nuclear vacu-
oles, as well as the relationship between the 
known biochemical biomarkers and vacuoles. 
The relationship between sperm shape and sperm 
development, due to the cytoplasmic retention, 
has been already demonstrated. Thus, once we 
understand the relationship between the already 
identi fi ed sperm biomarkers and perhaps the 
nuclear vacuoles in sperm, we may have a more 
extended and comprehensive global picture how 
sperm shape or nuclear structure might support 
(if indeed it does?) IMSI sperm selection, and to 
what extent maybe or may not be compared to 
hyaluronan-mediated sperm selection. It is also 
of interest that the sperm morphology features, 
according to the Tygerberg criteria, have little 
prognostic value with respect to the IMSI mor-
phology and were not predictive with respect to 
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  Fig. 8.5    Studies focusing upon the relationships between 
the sperm biochemical markers within double probed 
individual spermatozoa. ( a ) A  fl ow chart of experimental 
design. Aniline blue staining pattern of individual sperm 
is recorded by the Metamorph program. Subsequently the 
sperm are distained from aniline blue, and the same sperm 
are restrained with a second probe (examples: CK-creatine 
phophokinase for surplus cytoplasm, DNA nick transla-
tion for fragmentation, Caspase-3 for apoptosis). The 
images of sperm in the  fi elds treated with the two probes 
are than compared, and the staining pattern of the indi-
vidual sperm are quanti fi ed as light, intermediate, and 
dark (Sati et al.  [  42  ] , with permission). ( b ) Aniline blue 
staining ( panel A ) and creatine kinase ( panel B ) immunos-
taining of the same spermatozoa. Note the substantial 
similarity in the patterns of light-, intermediate-, and dark 
aniline blue staining and CK in the individual double-
stained spermatozoa. ( c ) Aniline blue staining ( a ) and 
caspase-3 immunostaining ( b ) of the same individual 
spermatozoa. Note the similarity in the light-, intermedi-

ate-, and dark-staining patterns of the respective sperm 
in the aniline blue and the apoptotic marker, caspase-3 
panels. Also, caspase-3 immunostaining is present in 
the mid-piece of intermediate-type spermatozoa, 
whereas in dark spermatozoa with more extensive 
developmental arrest both the head and the mid-piece 
are stained ( a ,  b ). ( d ) Aniline blue staining of persistent 
histones ( a ) and in situ DNA nick translation for DNA 
chain fragmentation ( b ) of the same double-stained 
spermatozoa. Note the high degree of similarity in the 
staining patterns of the light-, intermediate, and dark 
staining with the two probes in the respective sperma-
tozoa. This indicates the relationship between excess 
persistent histones (arrested    histone-intermediate) pro-
tein-protamine developmental sequence and extent of 
sperm DNA fragmentation. ( e ) Aniline blue staining 
( a ) and ( b ) creatine kinase immunostaining (or other 
markers of cytoplasmic retention) reveal an inverse 
correlation between persistent histones and normal 
Tygerberg (Kruger) sperm morphology               
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Fig. 8.5 (continued)
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ICSI outcome of embryo development, embryo 
morphology, or implantation rates. 

 Obviously, the discovery of the sperm plasma 
membrane remodeling and the formation of the 
zona pellucida and hyaluronic acid receptors, and 
the association between the lack of spermioge-
netic development and sperm plasma membrane 
remodeling along with the increased DNA frag-
mentation, chromosomal aneuploidies, and other 
sperm attributes that may affect development, the 
duration of life time, or cancer rates of the off-
spring, generated major concerns regarding the 
long-term public health effect of ICSI fertiliza-
tion with spermatozoa that was never selected by 
Nature for sperm–oocyte interaction or fertiliza-
tion, as a fertilizing sperm. It should also be 
pointed out that the sperm preparation techniques 
which thought to be minimizing the ICSI injec-
tion of developmentally dysfunctional spermato-
zoa are a false hope. One point which brings this 
concept home is the fact that the diminished HA 
binding, which of course is related to increased 
levels of spermatozoa with arrested development, 

shows an inconsistency with sperm concentration 
and motility vs. HA binding. More impressive 
evidence comes from the work of Jakab et al. 
 [  84  ] . In this report, the ef fi ciency of HA binding 
in purifying sperm specimens with respect to 
sperm with chromosomal aneuploidies were 
demonstrated. Indeed, in 10 men who had a 
sperm concentration of over 100 million sperm/
ml, and the sperm had been further puri fi ed with 
a density gradient, the sperm pellet has shown 
diploidy and sex and 17 disomy frequencies of 
 0.9 ,  0.2 , and  0.1 , whereas the chromosomal aneu-
ploidy frequencies in the respective HA-bound 
spermatozoa were all in the 0.1–0.2 % normal 
aneuploidy frequency range (Fig.  6 ).  

 Another supportive idea with respect to DNA 
fragmentation of spermatozoa is demonstrated 
most recently by the paper of Yagci et al., in 
which a sperm fraction studied with Acridine 
Orange stain, and showing close to 50–50 % 
sperm with green and red  fl uorescence (high 
DNA chain integrity or fragmented DNA attri-
butes, respectively), whereas the HA-selected 
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  Fig. 8.6    Sperm aneuploidy frequencies before and after 
hyaluronic acid-mediated sperm selection. Sperm aneu-
ploidy frequencies in the initial semen ( blue bars ) and in 
the respective HA-bound/selected sperm fractions ( red 
bars ). The three bar-groups represent experiments with 12 
oligozoospermic men, 12 men with very high sperm con-
centrations (>100 million sperm/mL, further enriched 

with gradient centrifugation), and 10 husbands of couples 
treated with ICSI. In each man we have evaluated the 
FISH pattern (FISH probes for X, Y, and 17 chromo-
somes) in close to 5,000 sperm, 162,210 sperm in all.  Exp  
experiment;  dis 17  chromosome 17 disomy;  dis sex  sex-
chromosome disomy;  dipl  diploidy       
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sperm in the PICSI dish which is the device 
for the HA-mediated sperm selection for ICSI, 
the hundreds of spermatozoa observable were all 
of Acridine green  fl uorescence, indicating high 
integrity DNA chains in those HA-bound sper-
matozoa  [  74  ] .  

   Considerations Regarding Sperm 
Selected by IMSI and PICSI 

 With respect to a morphologically de fi ned normal 
nucleus without vacuoles, higher implantation 
and pregnancy rates were achieved with IMSI 
in couples with previous ICSI failures  [  85–  87  ] . 
The improved IMSI outcome by the injection of 
spermatozoa without nuclear defects is related, 
perhaps, to improved chromatin status and 
reduced aneuploidy rates  [  88,   89  ] . 

 A negative feature of the IMSI sperm selec-
tion method is the fact that it is a time-consuming 
procedure which may require 90–120 min  [  85  ] . It 
is also suspected that during this long period on 
the heated microscopic stage, the sperm cell and 
nucleus deterioration are enhanced along with an 
ROS generation process, and will cause sperm 
DNA chain degradation, particularly in those 
sperm which are underdeveloped or damaged. 
In comparison, the HA selection of spermatozoa 
with the PICSI dish may take only a few minutes. 

 Further, the PICSI dish provides a spacious 
area for sperm selection. It is equipped with lines 
of orientation, and all spermatozoa are within the 
same depth of microscopic focus range. Thus, the 
embryologist has a good opportunity to compare 
the available spermatozoa with respect to shape 
(morphology) and also HA binding, as well as 
the important speci fi c response of the fully devel-
oped sperm to hyaluronic acid contact; 2–4 times 
increased cross-beat frequency. The motility 
arrest and the tail-beat response highlights the 
methodological advantage of HA-mediated 
sperm selection which is an ef fi cient noninvasive 
process, and the fully completed sperm plasma 
membrane remodeling which also characterizes 
the biochemical attributes of “best” spermatozoa 
with respect to lack of cytoplasmic retention, lack 
of apoptotic process, high DNA chain integrity, 

high incidence of sperm with normal Tygerberg 
morphology, similar to the zona pellucida-bound 
sperm. Further, the biochemical probes include the 
lack of excess histone retention which indicates 
normal chromatin maturation with respect to the 
histone-transition protein-protamine sequence 
and promotes normal DNA folding  [  62,   64  ] . 

 Regarding the various sperm attributes which 
are bene fi cial in the sperm selection process, we 
have identi fi ed several biomarkers which may pro-
mote sperm fertilization potential and paternal 
contribution of sperm. These biomarkers, includ-
ing low creatine kinase content as a re fl ection 
of the completion of cytoplasmic extrusion, low 
levels of persistent histones, which re fl ect normal 
chromatin maturation with respect to progression 
from histones to intermediate proteins to protamine. 
The normal chromatin progression affects sperm 
function as well as normal DNA folding, and 
reduces the vulnerability to DNA fragmentation 
 [  62,   64  ] . We test for DNA integrity with the very 
highly accurate method of in situ DNA nick 
translation, and also with the sperm acridine 
orange  fl uorescence in situ. Further, we are test-
ing for the presence of apoptotic agent caspase-3 
which re fl ects potential DNA degradation due to 
apoptosis  [  90  ] . 

 The major biomarker which distinguishes the 
spermatozoa selected by Hyaluronic acid-medi-
ated binding compared to those used for eye-
selected sperm used by in vitro ICSI fertilization 
is the binding, or lack of binding, to hyaluronic 
acid. This property represents the extent of sperm 
development or arrest of sperm development 
(with respect to the spermiogenetic plasma mem-
brane remodeling) and the presence or absence of 
the zona pellucida and hyaluronic acid receptors, 
formation of which are simultaneously facilitated 
by the sperm membrane remodeling during ter-
minal spermiogenesis. 

 On the other hand, the IMSI method does not 
consider sperm function or sperm biomarkers. It 
is strictly a pragmatic approach looking at sperm 
morphology or nuclear sperm morphology. 
Sperm morphology or sperm nuclear morphol-
ogy of high magni fi cation provides a moderately 
higher level of fertilization or implantation, but it 
does lack two features: (1) There is no objective 
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measure of comparison between ICSI candidates 
(such as the sperm-HA-binding score), and the 
parameters used in sperm selection (morphology 
and nuclear morphology), and mid-piece attri-
butes are not standardized. Further, there is con-
troversy between various IVF centers as to what 
morphological features are relevant and how they 
may affect fertility and pregnancy outcome  [  91  ] . 
All is known that the observation of morphologi-
cal attributes at sperm selection improve fertiliza-
tion, implantation rates, and somewhat diminish 
the spontaneous abortion rates. (2) At the present 
time, as opposed to the HA-sperm ICSI selection, 
there are no organized studies performed focus-
ing upon DNA integrity, aneuploidy, or other 
sperm genetic studies in connection with the 
IMSI methods. Thus, it is unclear how IMSI pro-
vides improvement with respect to the IMSI-
selected spermatozoa or how IMSI-selected 
sperm provides any assurance for the future pub-
lic health ICSI concerns regarding the individual 
development and aneuploidy frequency of the 
offspring, as well as life span, and future cancer 
incidence in the post-IMSI offspring population 
 [  92,   93  ] . 

 The sperm selection by hyaluronic acid bind-
ing is based on the events related to sperm plasma 
membrane remodeling. The advantage of the 
HA-mediated selection of the best sperm, or the 
de-selection of sperm with various negative attri-
butes, such as abnormal morphology, apoptotic 
process, DNA fragmentation, increased aneu-
ploidy frequency, cytoplasmic retention, and low 
concentration of the chaperone protein HspA2, all 
of which were shown adversely affect fertilization 
potential and paternal contribution of spermato-
zoa to the embryo and thus cause a decline in fer-
tilization rates, embryo development, implantation 
rates, and pregnancy success in line with the 
increased frequency of these adverse sperm attri-
butes  [  2,   74,   84  ] . 

 Other shortcomings of the IMSI studies: that 
there are no objective parameters for compari-
sons other than the sperm shape, which may be 
interpreted very differently from IVF Center to 
IVF Center  [  91  ] . As opposed to IMSI, the 
HA-mediated sperm selection, the semen may be 
evaluated with the sperm-HA-binding score, and 

the data indicate that the bene fi ts of the 
HA-mediate sperm selection can be measured 
directly based on the sperm-HA-binding score 
 [  73,   94  ] . At a score of 80 % binding (8 of 10 
sperm) sperm are well developed and completed 
plasma membrane remodeling; there is little or 
no bene fi t of HA-mediated sperm selection. 
However, in the population in which the 
HA-binding score is 60 % or lower (less than 6 of 
10 binds to HA, and could be as low as 2), higher 
pregnancy rates were reported  [  95  ] . This is well 
coordinated with the fact that those spermatozoa 
which are able to bind to HA, thus, during sper-
matogenesis and spermiogenesis showed normal 
development all the way downstream to the key 
event of sperm plasma membrane remodeling and 
formation of the zona pellucida and HA-binding 
sites. In the poorly binding sperm samples, due to 
the lower frequency of the good spermatozoa 
which are greatly enhanced by HA-mediated 
sperm selection, there is the expected improve-
ment in higher pregnancy and lower miscarriage 
rates. Indeed, this is well demonstrated by the 
multicenter study of Worrilow et al. which indi-
cates a 10–30 % improvement in pregnancy rates 
and consequential decline in the spontaneous 
miscarriages that are both inversely correlated 
with the sperm-HA-binding score of the male 
partners.  

   ICSI Clinical Results: Comparison 
of HA-Mediated and Conventional, 
Eye-Selected Methods for ICSI Sperm 
Selection 

 There are now numerous laboratories that have 
initiated hyaluronic acid-mediated sperm selec-
tion in the past few years. It is important that 
none of the groups practicing the HA-sperm 
selection reported any adverse effects regarding 
fertilization or embryo development. In one 2005 
ESHRE presentation, preliminary data on 18 
pregnancies were reported. Comparing ICSI 
results with visually selected ICSI sperm ( N  = 84) 
vs. HA-selected ICSI sperm ( N  = 18): there were 
no differences in fertilization rates, proportion of 
good grade embryos, pregnancy and miscarriage 
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rates, or take home baby rates. Again, there were 
no adverse  fi ndings during the cycles  [  96  ] . 

 A similar study was performed on 20 unse-
lected couples treated with ICSI in which at least 
eight MII oocytes were recovered. The sibling 
oocytes were injected either with HA-selected or 
visually selected spermatozoa ( N  = 146 and 145). 
The fertilization rates (72.9 and 66.9 %), oocyte 
degeneration rates (9.6 and 13.8 %), rates of 
embryo cleavage, embryo quality, embryo trans-
fer, and embryo cryopreservation rates were all 
similar  [  97  ] . In a related publication, Park, Uhm 
et al. reported improvements with HA-selected 
sperm in porcine IVF  [  98  ] . Porcine embryos were 
produced by IVF, ICSI, and ICSI performed with 
HA-selected sperm. The HA-mediated sperm 
selection was superior to visual sperm selection 
in producing chromosomally normal embryos, 
and increasing ICSI ef fi ciency by reducing the 
early embryonic mortality and thus enhancing 
ICSI success rates. 

 A related clinical aspect of the sperm biomark-
ers of sperm development and fertility is the 
enhancement of sperm with normal morphology 
in the HA-bound sperm fraction. Studies in the 
Huszar laboratory indicated that there was a two to 
threefold enrichment of Tygerberg normal sperm 
in the HA-bound fraction compared to the respec-
tive semen sperm fraction  [  99  ] . This enhancement, 
interestingly, agreed with the  fi nding of the 
Tygerberg group with respect to the enrichment of 
normal morphology sperm in the zona pellucida 
bound vs. semen sperm fraction  [  100  ] . This is a 
further indication that sperm binding to the zona 
pellucida and to hyaluronic acid is not distinguish-
able from the point of view of the spermatozoa. 

 A number of recent studies have indicated that 
HA-bound sperm used in the ICSI procedure (the 
so called physiological ICSI) may lead to 
increased fertilization and implantation rates  [  94, 
  101  ] . In the Parmegiani study 293 couples were 
treated with HA-ICSI vs. 86 couples treated with 
conventional ICSI (historical control group). All 
outcome measures of fertilization, embryo qual-
ity, implantation, and pregnancy were the same 
or improved in the HA-mediated sperm selection 
group. The implantation rate was increased from 
10.3 % in conventional ICSI to 17.1 % in the HA 

group. A smaller clinical trial assessing the same 
technology by Worillow et al. has also shown that 
clinical pregnancy rates are improved when using 
HA-selected sperm compared to conventional 
ICSI. Furthermore, the sperm-HA-binding score 
(the proportion of sperm that underwent plasma 
membrane remodeling in spermatogenesis and 
binds to hyaluronic acid) is an important diag-
nostic indicator. Men with <55 % binding score 
would particularly bene fi t from the HA-mediated 
sperm selection, as their ICSI pregnancy success 
rates were improved by 15–30 %  [  95  ] . Thus, it is 
important that in IVF programs, the Andrology 
Laboratory performs the sperm-HA-binding test 
for the husbands of IVF-ICSI couples, as the 
HA-binding score provides the information on 
the proportion of sperm with attributes of incom-
plete development, such as DNA fragmentation, 
chromosomal aneuploidies, persistent histones, 
cytoplasmic retention, and lack of HA-binding 
ability. The IVF team should triage the couples 
according to their HA-binding score in order to 
perform IUI, IVF or conventional ICSI, or ICSI 
with HA-mediated sperm selection. 

 All these supporting data from various labora-
tories led to a recent multicenter trial. Among the 
couples enrolled, 802 men had hyaluronic acid-
binding score of <65 % (approximately 200 eli-
gible couples). These men were treated in two 
arms, one received conventional ICSI, and the 
other group had hyaluronic acid-mediated ICSI 
sperm selection. However, it is an essential point 
that the pairs matched with conventional or 
hyaluronan-mediated ICSI sperm selection had 
comparable hyaluronic acid-binding scores. The 
couples treated with the hyaluronic acid-medi-
ated vs. conventional ICSI sperm selection 
approach showed improved results. Implantation 
rates: 37.4 % vs. 30.7 %, clinical pregnancy rates: 
50.8 % vs. 37.9 %, pregnancy loss: 2 % vs. 
16.8 %,  P  = 0.02. This is an important study 
because of the strong points: (1) This is so far the 
largest patient population dealing with the 
bene fi ts of the hyaluronic acid-mediated sperm 
selection; (2) the multicenter participation and 
the double blinded design; (3) the use of the 
sperm-hyaluronan binding score based matching    
of the randomized eye-selected and hyaluronic 
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acid selected sperm used for ICSI; (4) con fi rmation 
of the increased pregnancy rates and statistically 
signi fi cant reduction in the spontaneous preg-
nancy loss in the group with hyaluronic acid-
mediated sperm selection  [  73  ] . More con fi rmatory 
data are expected from the recently (2012) orga-
nized UK-multicenter HA-sperm selection trial 
(11 venues) with the direction of Dr. David Miller 
in Leeds.  

   Conclusions 

 We can conclude that at the present stage of the 
ICSI sperm selection science, the data support a 
preference for the hyaluronic acid-mediated 
sperm selection. However, regarding IMSI, stud-
ies focusing upon a more rigorous and valid com-
parison will have to be conducted regarding the 
presence and size of nuclear vacuoles in sperm 
populations which are simultaneously studied for 
hyaluronic acid-binding score, as well as the 
nuclear and cytoplasmic sperm biomarkers devel-
oped in the Huszar laboratory, including 
hyaluronic acid binding, DNA integrity, chromo-
somal aneuploidies, cytoplasmic retention, and 
chromatin structure. Evaluation of these parame-
ters will provide a basis for a valid comparison of 
the sperm selection approaches primarily utilized 
in the present time.      
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 If we ask the question of what is the main func-
tion of the spermatozoon, the consensus would 
be that it is to introduce an intact normal DNA 
into the oocyte. The sperm DNA is the manual of 
instructions of the paternal genome that once 
fused with that of the oocyte gives place to the 
embryo’s genome, responsible for normal embryo 
and fetal development. The presence of breaks in 
the DNA strands of the embryonic genome or of 
modi fi cations in its nucleotides, coming from the 
paternal genome that had not been repaired by 
the oocyte or the embryo, is not compatible with 
normal embryo or fetal development. This would 
be equivalent to the missing pages in the manual 
of instructions or if these pages were blurred and 
thus could not be read correctly. Once the DNA 
has been introduced into the oocyte by the fertil-
izing spermatozoon, the highly packed sperm 
chromatin must be decondensed and the 
protamines substituted by histones. This requires 
the reduction by GSH of the disul fi de bonds that 
crosslink the sperm nuclear protamines. 
Thereafter, pronuclear formation will proceed. 
To that end, the sperm must release its proximal 
centriole into the oocyte in order for pronuclear 
alignment and mitotic spindle formation to take 
place after fertilization. 

 In order for the embryo’s genome to be read 
and expressed, it is necessary that the oocyte-

activating factor (OAF) that the fertilizing 
 spermatozoon carries in its nuclear membrane 
and that has been characterized as a phospholi-
pase C 

zeta
 , induce calcium release from intracel-

lular stores leading to the activation of inositol 
phosphate- and diacyl glycerol (DAG)-mediated 
signal transduction mechanisms, protein phos-
phorylation, the expression of speci fi c gene 
expression factors, and the activation of the 
 so-called master genes in the embryo’s genome 
that will set in motion the development of an 
embryo. 

 The spermatozoon is a highly specialized cell 
designed for the transport of its DNA into the 
oocyte. The teleological function of the complex 
self-propelling mechanisms that the axoneme 
microtubules of the sperm  fl agellum represent, 
and the biochemical drill that the sperm’s 
acrosome constitutes, have been developed and 
perfected through millions of years of evolution 
to facilitate the transport of the sperm DNA into 
the oocyte. Therefore, the axoneme, as well as 
the acrosome can be considered as mere acces-
sories developed for sperm’s primary function of 
introducing the DNA into the oocyte. However, 
the transport of spermatozoa from the seminifer-
ous tubules to the ampullary region of the oviduct 
entails a signi fi cant risk of sperm DNA damage. 
That is precisely why the sperm chromatin is 
packed in the head of the spermatozoon in a very 
singular way that includes the presence of speci fi c 
nuclear proteins, the so-called protamines, that 
substitute the histones present in somatic cells, 
and the fact that the protamines are extensively 
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cross-linked with disul fi de bonds thus providing a 
kind of a seal that protects the sperm DNA against 
potential damage during sperm transport to the 
oviduct. Nevertheless, despite this evolutionary 
feature of sperm chromatin packing, the risk still 
remains and, in fact, clinical studies show that 
signi fi cant DNA damage may occur in the 
epididymis leading to sperm DNA fragmentation 
and nucleotide modi fi cation. As a last resort, the 
oocyte and the embryo are equipped with DNA 
repair mechanisms designed to repair sperm DNA 
damage. From the biological standpoint, a term 
pregnancy is a signi fi cant investment and, there-
fore, through evolution a number of mechanisms 
have been developed in order to warrant the birth 
of a healthy offspring. However, the oocyte’s 
capacity to repair damage in the sperm DNA has 
some limitations since it can mainly repair single-
stranded DNA damage with some limited ability 
to repair double-stranded DNA damage. 

 In addition to the integrity of the sperm DNA, 
a normal sperm chromosomal composition and 
structure is of paramount importance for normal 
embryo and fetal development. It is well known 
that synaptic anomalies during meiosis may lead 
to telomere defects, sperm aneuploidy, and 
embryo aneuploidy. 

 The main objectives of this chapter are (1) to 
identify the most relevant biochemical and bio-
logical markers to be used for sperm selection in 
assisted reproductive technologies and (2) to 
establish the criteria and recommendations of 
methodologies to be used for the selection of the 
best spermatozoa. Most of the applications 
described in this chapter are mainly directed to 
ICSI. 

   Biochemical Markers for Sperm 
Selection 

 The biochemical markers considered key for the 
development of the sperm selection methodolo-
gies and diagnostic tests to be used in assisted 
reproductive technologies are chromatin struc-
ture, chromosomal composition and structure, 
activity of the oocyte-activating factor, and func-
tionality of the sperm proximal centriole. 

   Chromatin Structure 

 Normal chromatin structure is a  sine qua non  
condition for normal fertilization and for normal 
embryo and fetal development. As mentioned 
before, normal embryo and fetal development is 
going to depend, at least in part, on the integrity 
of the DNA introduced by the fertilizing sperma-
tozoon. With regard to fertilization, once the 
spermatozoon is microinjected into the oocyte, 
sperm chromatin decondensation must take place 
for normal male pronuclear formation to occur. 
Failure of chromatin to decondense may either 
be related to defects in chromatin packing or to 
failure of the oocyte to reduce the disulphide 
bonds of sperm protamines through the oocyte’ 
endogenous supply of reduced glutathione 
(GSH)  [  1,   2  ] . Normal activity of glutathione 
reductase and subsequent generation of GSH is 
going to depend on a normal supply of NADPH 
through the pentose-phosphate pathway. 
Glutathione reductase uses NADPH as a sub-
strate to produce GSH. Since sperm chromatin 
decondensation capability cannot be evaluated 
prior to ICSI and, on the other hand, it depends 
on the endogenous supply of GSH, sperm chro-
matin decondensation can only be predicted  a 
posteriori  after fertilization failure occurs. As it 
will be described later on in this chapter, the 
other two factors that may be involved in fertil-
ization failure are (1) lack of activity of the 
oocyte-activating factor or (2) a defective sperm 
proximal centriole. 

 A well-preserved sperm DNA, on the other 
hand, is going to determine, to a great extent, 
normal embryo and fetal development, espe-
cially if the fertilizing spermatozoon carries 
DNA damage that affects essential sequences, 
such as exons, and if this damage cannot be 
repaired by the oocyte and/or the embryo  [  3–  5  ] . 
Should these two conditions be met, embryo 
development, particularly after embryo implan-
tation, would be compromised. Since most of the 
sperm DNA damage takes place in the epididymis, 
two different approaches could be used to select 
sperm with intact DNA: (1) use of testicular 
sperm; and (2) select from the ejaculate sperma-
tozoa with low levels of DNA damage  [  6–  10  ] . 
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The recommended methodologies derived from 
these two approaches will be described in the 
last section of this chapter.  

   Chromosomal Composition 
and Structure 

 In addition to the presence of structural damage 
in sperm’s DNA stands, another important bio-
chemical marker to consider is the amount and 
quality of the genetic information present in the 
male’s genome. This amount of genetic informa-
tion should be very precise:  not more ,  not less . 
Since sperm’s chromosomal composition is hap-
loid, either diploidies or nullosomies should be 
absent. An excess of genetic information, such as 
disomy or polyploidy, or a shortage of genetic 
information such as nullisomy, may lead to 
embryo aneuploidy and failed pregnancy or mis-
carriage. The presence of sperm aneuploidies in 
the paternal genome is also going to interfere 
with embryo and fetal development. In this case, 
either excess pages have been added to the man-
ual or some pages have been omitted while in 
press. Errors in the meiotic process can result in 
an increased rate of aneuploid or diploid sperm, 
affecting the fertilizing ability of these spermato-
zoa  [  11–  13  ] . Numerous studies using Fluorescene 
In Situ Hybridization (FISH) analysis have dem-
onstrated an increase in the rate of aneuploid and 
diploid sperm in infertile men  [  14–  16  ] . Although 
the percentage of spermatozoa carrying aneuploi-
dies in ejaculated sperm from normozoospermic 
males, as assessed by FISH is below 0.5 %, and it 
is considered abnormal when this percentage 
exceeds 0.5 %, the predictive value of an abnor-
mal FISH test result, in terms of pregnancy out-
come, is relatively high. This predictive value 
cannot be explained only based on the fact that 
the oocyte has been fertilized by an aneuploid 
spermatozoon. 

 The only logical explanation for this apparent 
paradox would be that sperm aneuploidy corre-
lates with another defect that is present in a high 
percentage of ejaculated mature spermatozoa, 
e.g., a telomeric defect, that is not measured and 
that is transmitted to the embryo  [  17  ] . Sperm 

aneuploidy, to a great extent, re fl ects defects in 
the process of meiosis. That is: defects of synap-
sis of the bivalents during prophase and meta-
phase of meiosis I would lead to sperm aneuploidy. 
However, the seminiferous tubules epithelium is 
equipped with checkpoints to identify primary 
spermatocytes with synaptic anomalies. Once 
defective primary spermatocytes are identi fi ed at 
these checkpoints, the cells are earmarked for the 
induction of apoptosis and their elimination by 
the Sertoli cell  [  18  ] . If these checkpoints work 
properly, these spermatozoa should not reach the 
ejaculate. However, sometimes primary sperma-
tocytes with synaptic anomalies are not recog-
nized at these checkpoints and, as a result of that, 
aneuploid spermatozoa appear in the ejaculate. 

 In the  fi rst scenario, there is a defect of meio-
sis related to synaptic anomalies, and yet aneu-
ploid sperm do not appear in the ejaculate. 
Therefore, if we were to perform a study of FISH 
in semen, the test result would be normal (<0.5 %) 
and yet there is defect of meiosis. In sharp con-
trast, in the second scenario, because the check-
points fail to recognize defective primary 
spermatocytes with synaptic anomalies, aneu-
ploid spermatozoa will be released into the lumen 
of the seminiferous tubules and thus the presence 
of aneuploid sperm in the ejaculate would be 
alerting us of a defect of meiosis. Therefore, in 
this second scenario, the study of FISH in semen 
would yield an abnormal test result and it won’t 
be necessary to perform a testicular biopsy for a 
study of meiosis. However, in the  fi rst case, since 
the FISH test result is normal, we would have to 
perform a study of meiosis in testicular biopsy to 
see whether meiosis is normal or not. 

 What is then the connection between defects 
of synapsis in the bivalents during meiosis, telo-
meric defects and sperm and embryo aneuploidy? 
It turns out that since the synapsis of bivalents 
takes place by direct contact of both telomeric 
ends, should a telomeric defect be present it 
might affect the synapsis of the bivalents. Can 
this defect be present and yet sperm aneuploidy 
rate in ejaculated spermatozoa be <0.5 %? The 
answer to this question, although it has not been 
con fi rmed experimentally in human IVF, may be 
af fi rmative: it is possible that telomeric defects 
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present in sperm chromosomes in a relatively 
high proportion of ejaculated spermatozoa, even 
from the gradient pellet which are those used for 
ICSI, are transmitted to the embryo after fertil-
ization and be responsible for the relatively high 
rate of embryo aneuploidy observed in males 
with meiotic anomalies, and yet the rate of sperm 
aneuploidy be relatively low  [  19–  23  ] . Since tech-
nologies directed to select telomeric defect-free 
spermatozoa have not yet been developed, rather 
than resorting to the selection of these spermato-
zoa, we would have to resort to the selection of 
euploid embryos by Preimplantational Genetic 
Screening (PGS), preferably using probes for all 
chromosomes either by array-CGH technology 
or by FISH on day-3 embryos.  

   Activity of the Oocyte-Activating Factor 

 The OAF is a phospholipase C 
zeta

  that cleaves the 
phosphate bond of phosphatidylinositol with the 
release of inositol 1,4,5 triphosphate (IP3) and 
DAG  [  24  ] . The OAF is responsible for the initia-
tion of the early events of fertilization involving 
the release of calcium from intracellular stores 
leading to the activation of IP3 and DAG-
mediated signal transduction mechanisms includ-
ing protein phosphorylation and binding of gene 
expression factors to the master genes responsi-
ble for setting in motion embryo development. 
Since the OAF is located in the nuclear mem-
brane of the spermatozoon, membrane damage in 
sperm may lead to damage of the OAF and failed 
fertilization. Since currently, the activity of OAF 
in the spermatozoon to be injected by ICSI can-
not be measured, as in the case of sperm chroma-
tin decondensation, the activity of the OAF can 
only be assessed in a functional manner using the 
mouse oocyte-activating test, as it will be 
described in the last section of this chapter.  

   Functionality of the Sperm 
Proximal Centriole 

 The sperm proximal centriole is responsible for 
the alignment of both male and female pronuclei 

and the formation of the mitotic spindle  [  25  ] . The 
proximal centriole is located within the connect-
ing piece next to the basal plate of the sperm 
head. This centriole displays a pin-wheel-like 
structure of nine triplet microtubules surrounded 
by pericentriolar components. Shortly after sperm 
penetration of the oocyte, a sperm aster is formed 
from the proximal centriole that allows pronu-
clear apposition. In addition to this pronuclear 
apposition guiding function, it also serves as a 
railroad system for the transport of signal trans-
duction molecules. A defective sperm centriole 
may also be responsible for failed fertilization. 
As in the case of the OAF, since the functionality 
of the sperm centriole cannot be assessed in the 
spermatozoon to be microinjected by ICSI, it 
can only be assessed using the mouse oocyte-
activating test, as it will be described in the last 
section of this chapter.   

   Selection Criteria 

 Based on the biochemical and biological markers 
selected, the established criteria for sperm 
 selection would be (1) genomic criteria; (2) mor-
phological criteria; and (3) functional criteria. 

   Genomic Criteria for Selection 
of the Best Spermatozoa 

   DNA Integrity 
 As previously indicated, the selection of sperma-
tozoa with low levels of DNA damage can be 
accomplished following two different strategies: 
(1) use of testicular sperm before damage in the 
epididymis takes place; and (2) selection of ejac-
ulated spermatozoa with low levels of DNA dam-
age. Concerning the second strategy, three 
different main methodologies can be applied: (1) 
Annexin-V columns; (2) IMSI; and (3) Confocal 
light-scattering absorption spectroscopy (CLASS) 
technology. 

  Use of Testicular Sperm . Sperm DNA damage 
observed in ejaculated spermatozoa is produced, 
for the most part, in the epididymis  [  3,   7  ] . That is 
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supported by the fact that in 90 % of the cases, 
the levels of DNA damage observed in ejaculated 
spermatozoa are signi fi cantly higher than those 
observed in testicular sperm  [  3,   6–  9  ] . This DNA 
damage may either be induced directly by the 
impact of free radicals on the DNA strands or 
indirectly through the activation of sperm endo-
nucleases  [  3  ] . Since oxygen radicals exported 
into the extracellular medium have a very short 
lifespan of the order of nano- to microseconds, in 
order for extracellular damage to take place, 
immature sperm must be in close contact with 
mature sperm. And this is precisely what occurs 
in the epididymis where sperm are highly packed. 
In a recent study carried out in infertility patients, 
it was found that co-incubation of sperm suspen-
sions with PMA-activated polymorphonuclear 
leukocytes in vitro produces a signi fi cant increase 
in the production of oxygen radicals by immature 
sperm  [  26  ] . The authors of this study conclude 
that proin fl ammatory factors produced by acti-
vated leukocytes amplify oxygen radical produc-
tion by immature sperm by two to three orders of 
magnitude. Therefore, in patients in whom there 
may be an increase in the levels of proin fl ammatory 
factors in the epididymis, e.g., in fl ammatory or 
infectious processes, an increase in DNA damage 
may take place  [  27  ] . This explains, at least in 
part, the bene fi cial effects of antibiotics in patients 
with high levels of sperm DNA damage in ejacu-
lated sperm  [  27  ] . 

 Since more than 90 % of the DNA is com-
prised of introns and DNA damage in the fertil-
izing spermatozoa may be repaired by the oocyte 
and/or the embryo, the use of testicular sperm 
should mostly be applied to those couples in 
which non-repairable DNA damage affects essen-
tial sequences, e.g., exons. Since currently, there 
are no tests available to assess non-repairable 
sperm DNA damage, and this type of damage 
should be mostly found in couples with repeated 
IVF failure without an apparent cause, the use of 
testicular sperm should be recommended only to 
these couples and to couples with recurrent mis-
carriage  [  3  ] . 

  Annexin - V Columns . A method recently intro-
duced for the separation and isolation of 

 non-apoptotic and apoptotic sperm is the 
Annexin-V-conjugated microbeads (ANMB 
Microbead Kit, Miltenyl Biotec, Germany) cou-
pled to Magnetically Activated Cell Sorting 
(MACS) columns  [  28–  30  ] . The principle in 
which these columns are based is that apoptotic 
spermatozoa express phosphatidylserine in the 
outer lea fl et of the sperm membrane and bind to 
Annexin-V. When a magnetic  fi eld is applied to 
the columns, those sperm bound to Annexin-V 
conjugated to the magnetic microbeads are 
retained in the column while non-apoptotic sperm 
go through the column  [  28  ] . A recent report by 
Rawe et al., in which several modi fi cations in the 
methodology reported by Grunenwald et al., have 
been introduced, resulting in a signi fi cant reduc-
tion in the levels of DNA damage with excellent 
sperm recovery in the negative fraction  [  31  ] . 
Application of this methodology to couples with 
repeated pregnancy failure without an apparent 
cause has resulted in the birth of healthy offspring 
 [  31  ] . Tagging cell surface apoptotic markers is 
part of the screening of genomically defective 
primary spermatocytes, that are more likely to be 
aneuploid or have some other structural defects 
affecting the sperm chromosomes, hence as some 
of these cells may escape these checkpoints it is 
conceivable that the Annexin-V columns, in addi-
tion to reducing the percentage of spermatozoa 
with DNA damage, may also help reduce the per-
centage of aneuploid sperm. This application 
needs to be tested and validated experimentally. 

  Confocal Light Absorption Scattering Spectro-
scopy Microscopy . Confocal Light Absorption 
Scattering Spectroscopy (CLASS) is a novel 
technology that allows for the noninvasive visual-
ization of live cells of subcellular structures with 
diameters between 0.1 and 10  m m using light in 
the visible spectrum  [  32  ] . Therefore, the CLASS 
technology could be applied to the visualization 
of sperm chromatin and also for noninvasive 
embryo selection. These subcellular structures 
can be identi fi ed by two main modes: (1) direct 
visualization by confocal microscopy or (2) 
through their speci fi c spectrum. With regard to 
the applications of the spectral mode in assisted 
reproductive technologies, a spectroscope would 
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be attached to the inverted microscope and the 
spectrum of subcellular structures, such as the 
sperm chromatin, be collected in less than a sec-
ond. In order to develop the application of the 
CLASS technology for the selection of sperma-
tozoa with intact DNA, spectral data should be 
collected concerning chromatin damage in indi-
vidual spermatozoa exposed to different types of 
free radicals (ROS and NOS), nucleases, radia-
tion, etc. These spectral data would be incorpo-
rated into a library and used for comparison for 
sperm chromatin evaluation during ICSI. 
However, caution must be exercised concerning 
the potential deleterious effects of using these 
noninvasive technologies, since iatrogenic dam-
age may be induced under some unanticipated 
conditions. Since time of sperm selection and 
visible light exposure in the case of the CLASS 
technology would be limited to about one sec-
ond, this drawback is more likely to apply to the 
IMSI technology where sperm selection time is 
signi fi cantly higher.  

   Chromatin Decondensation 
 As previously mentioned, the assessment of chro-
matin decondensation can only be assessed  a 
posteriori  after failed fertilization is observed. To 
this end, oocytes are evaluated using the DAPI 
 fl uorochrome to stain the condensed pronuclei.  

   Sperm Aneuploidy Rate and Meiotic 
Alterations 
 As indicated previously, defects in synapsis or 
recombination are normally caught by meiotic 
checkpoints. Genetically defective germ cells are 
earmarked for apoptosis followed by cell cycle 
arrest and elimination by the Sertoli cell. However, 
some germ cells may be able to escape this 
screening process and progress through meiosis, 
resulting in an increased proportion of sperm in 
the ejaculate with chromosomal abnormalities. 
Therefore, errors in the meiotic process can result 
in an increased rate of aneuploid or diploid sperm, 
affecting the fertilizing ability of these spermato-
zoa  [  11–  13  ] . Numerous studies using FISH anal-
ysis have demonstrated an increase in the rate of 
aneuploid and diploid sperm in infertile men 
 [  14–  16  ] . Also, a correlation has been suggested 

between an increase in disomic/diploid sperm 
and recurrent miscarriage  [  33,   34  ] . However, 
synaptic defects in germ cells are not always cor-
related with sperm aneuploidy. This may be due 
to: (1) the normal functioning of the meiotic 
checkpoints by which these cells are eliminated; 
(2) to a process of selective elimination of aneu-
ploid sperm in the epididymis, as previously sug-
gested by Blanco et al.; or (3) to the fact that only 
a limited number of chromosomes are usually 
evaluated when FISH analysis is performed in 
ejaculated sperm  [  35  ] . 

 The recommended methodology to be used 
for the assessment of genomic anomalies related 
to sperm aneuploidy or telomeric defects are the 
study of FISH in semen and the study of meiosis 
in testicular biopsy. Should the FISH test result 
be abnormal, PGS for all chromosomes, either by 
array-CGH or FISH on day-3 embryos is recom-
mended. If the FISH test result is normal, a study 
of meiosis in testicular biopsy should be per-
formed. If abnormal, PGS should be recom-
mended. In a recent observational study reported 
by García et al., in couples with repeated preg-
nancy failure after IVF with an apparent cause, 
the presence of synaptic anomalies in testicular 
biopsy in these couples was associated with 
implantation rates of 4 % and pregnancy rates of 
8.9 %. When PGS for 12 chromosomes was per-
formed in these couples, implantation and preg-
nancy rates increased to 40 % and 55 %, 
respectively  [  17  ] .   

   Morphological Criteria 

   Phase-Contrast Microscopy 
 Following the introduction of the Tygerberg cri-
teria in the early 1990s, a signi fi cant improve-
ment in fertilization and pregnancy rates in IVF 
was observed. According to these criteria, when 
sperm selection during ICSI at 400× was based 
on the presence of an oval-shaped sperm head, a 
longitudinal diameter between 3.5 and 4.5  m m, a 
sperm width of 2.5–3.5  m m and an axial insertion 
of the  fl agellum in the head. Solely based on the 
implementation of these criteria, a signi fi cant 
improvement in IVF outcome could be observed. 
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Although the presence of normal forms as  general 
rule is associated with low rates of sperm aneu-
ploidy, this cannot be generalized. In a report by 
Burrello et al., it was shown that if normal forms 
were associated with low rates of aneuploidy in 
ejaculated spermatozoa from normozoospermic 
males, in oligozoospermic males, normal forms 
were associated with relatively high rates of 
sperm aneuploidy  [  36  ] . Therefore, normal sperm 
forms can only be used as selection criteria for 
euploid sperm when using normozoospermic 
semen samples. Since non-axial insertion of the 
 fl agellum has been reported to be associated with 
ultrastructural defects of the sperm proximal cen-
triole, sperm selection during ICSI can be used as 
morphological criteria for the selection of sperm 
with a functional proximal centriole, at least as a 
general approach. Another example is the pres-
ence of sperm with globozoospermia. It has been 
shown that microinjection of sperm with type I 
globozoospermia also resulted in either partial or 
total failure of oocyte fertilization, but in this 
case due to lack of activity of the OAF  [  37  ] .  

   Hyaluronic Acid Binding Assay 
 Since binding of sperm to hyaluronic acid has 
been related to higher sperm quality, in terms of 
sperm morphology and sperm maturity, the 
hyaluronic binding assay can be used for the 
selection of morphological normal spermatozoa 
for ICSI  [  38  ] . In addition, since the hyaluronic 
acid binding assay (HBA) has also been reported 
to be associated with an improvement in the 
enrichment of sperm with intact DNA and lower 
rates of aneuploidy, it could also used as a 
method for the selection of genomically normal 
sperm. In fact, some reports have suggested the 
potential utility of hyaluronic acid binding in the 
selection of sperm with normal morphology and 
lower rates of aneuploidy  [  39,   40  ] . Furthermore, 
since  fi nding of sperm with none or a low num-
ber of small vacuoles during IMSI may be a 
time-consuming task, preselection of morpho-
logically normal spermatozoa using the HBA 
may be of signi fi cant bene fi t during sperm elec-
tion by IMSI. Should HBA result in an enrich-
ment of sperm with a reduced nuclear 
malformation according to IMSI, this will 
signi fi cantly increase the ef fi ciency of IMSI by 

reducing the time employed in sperm selection 
during IMSI. The recommended format for the 
HBA application for selection in ICSI is the 
Sperm Slow® test. However, in these studies 
only a limited number of chromosomes were 
evaluated. Therefore, further studies are required 
in order to validate these observations in terms 
of both improved morphology, as assessed by 
IMSI, and lower aneuploidy rate through the 
analysis of all 23 chromosomes, respectively. 
The Hyaluronic Acid Binding tests are covered 
in more detail in Chap.   8    .  

   Intracytoplasmic Morphologically 
Selected Sperm Injection (IMSI) 
 The technique of Intracytoplasmic Morpho-
logically Selected Sperm Injection (IMSI) has 
been recently introduced for the selection of 
sperm for ICSI. Several publications report that 
the selection of spermatozoa with normal head 
morphology at high magni fi cation is positively 
associated with pregnancy rates after day-3 
embryo transfer in couples with repeated implan-
tation failures and in patients with high levels of 
sperm DNA fragmentation  [  41–  44  ] . Berkovitz 
et al. analyzed more speci fi cally the impact of 
nuclear vacuoles in the head of spermatozoa on 
pregnancy outcome  [  45  ] . They concluded that 
spermatozoa with normal nuclear shape and with 
large vacuoles negatively in fl uence pregnancy 
and implantation rates as compared with a control 
group containing spermatozoa with normal head 
morphology. Furthermore, they demonstrated an 
association between defective spermatozoa and 
higher early abortion rates, despite no apparent 
decrease in embryo quality on day-3. However, 
the relationship between the number of vacuoles 
in the head region of sperm and DNA fragmenta-
tion has yet to be established although a recent 
report by Gosalvez et al. indicates that lower rates 
of sperm DNA damage are associated with sperm 
with less than two small vacuoles. Preliminary 
results reported in this study indicate that sperm 
with  £ 1 small vacuole have the chromatin intact 
while sperm with  ³ 2 vacuoles have DNA damage 
(J. Gosalvez, personal communication) (Fig.  1 ).  

 However, these preliminary results should be 
con fi rmed in larger series of cases in order to 
validate the application of IMSI for the selection 
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of spermatozoa with low levels of DNA damage. 
Since one of the main indications proposed for 
the use of IMSI in assisted reproductive technol-
ogies is in patients with teratozoospermia and the 
percentage of spermatozoa with less than two 
small vacuoles is exceedingly low in these 
patients, future studies should focus on the cor-
relation between sperm DNA damage and the 
presence of less than four to  fi ve small vacuoles 
in order for this methodology to be of any 
signi fi cant clinical use in IVF.   

   Functional Criteria 

   Mouse Oocyte Activation Test 
 A heterologous ICSI of human sperm into 
mouse oocytes (mouse oocyte activation test, 
MOAT) for diagnosing sperm- or oocyte-related 
activation de fi ciencies has been reported  [  37  ] . 
According to this test, motile human sperm are 
immobilized by touching their tails with a blunt 
injection needle against the bottom of the dish. 
After deep invagination of the oocyte membrane 
with the injection needle (inner diameter 
5–6 mm) through the slit made by PZD, the 
oolemma is broken by gentle suction. Cytoplasm 
is aspirated and then returned into the oocyte 
together with the spermatozoon. In the negative 
control, sham injection of injection medium 
(KSOM-HEPES þ PVP) is performed. Oocyte 
activation is assessed around 44 h post-hCG by 
examining the percentage of two-cell formation 
(number of two cells versus the number of sur-
viving injected oocytes). As a standard, the pos-
itive control must show >90 % two-cell 
formation while both the negative control and 
medium control groups must show <10 % two-
cell formation before MOAT results can be con-
sidered as reliable  [  37  ] . In those cases in which 
a potential oocyte activation defect is found 
with the MOAT, assisted oocyte activation using 
the Ca2þ ionophore could be an ef fi cacious way 
of managing rare cases of fertilization failure 
after ICSI. In fact, the MOAT can differentiate 
between sperm- and oocyte-related factors in 
fertilization failure thus having some prognostic 
value. The best results can be expected when 
the MOAT test indicates a de fi ciency of the 
sperm oocyte-activating factor as in cases of 
globozoospermia  [  37  ] . When the MOAT is nor-
mal it is assumed that the fertilization failure is 
due to an undisclosed oocyte factor. Poor or 
absent fertilization in these cases could also be 
the result of some transient biological reasons 
or technical imperfections. Although optimal 
results can be obtained with freshly obtained 
oocytes, frozen mouse or hamster oocytes can 
also be used.    

  Fig. 9.1    The upper panels correspond to a sperm cell 
with no vacuoles as visualized by IMSI ( upper left ) with 
intact chromatin ( upper right ), as measured by the 
Halosperm test. The  lower panels  correspond to a defec-
tive sperm cell with large vacuoles as visualized by IMSI 
( lower left ) with fragmented DNA ( lower right )       
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   Conclusion 

 Based on the selection criteria established herein, 
a number of techniques can be used for the selec-
tion and isolation of the best spermatozoa. Using 
the genomic criteria of DNA integrity,  fi ve main 
techniques are proposed which include TESA, the 
Annexin-V columns, HBA assay, IMSI, and the 
CLASS technology. Since the performance char-
acteristics of sperm DNA fragmentation testing 
are relatively poor using the tests currently avail-
able (low sensitivity, low speci fi city, and low pos-
itive and negative predictive values), the use of 
these techniques in assisted reproductive technol-
ogies, rather than based on the test result of these 
tests, should be solely based on clinical indica-
tions. The main indication for the use of these 
selection techniques should be idiopathic preg-
nancy failure in IVF and recurrent miscarriage. 
Although preliminary results suggest that IMSI 
may have some applications in the selection of 
sperm with intact DNA, additional studies are 
required to con fi rm these preliminary  fi ndings. 
The same applies to the HBA assay. Although the 
applications of the CLASS technology in the 
selection of sperm with intact chromatin are very 
promising, this technique is still under develop-
ment and, therefore, we should wait until its safety 
and ef fi cacy are fully con fi rmed. Although the 
applications of the HBA assay and IMSI in the 
selection of spermatozoa with intact chromatin 
are yet to be validated, these techniques have been 
shown to have positive outcomes on the selection 
of morphologically normal spermatozoa. Based 
on either morphological (e.g., teratozoospermia) 
or clinical criteria (idiopathic pregnancy failure in 
IVF), these techniques certainly have great utility 
in the selection of the best spermatozoa for 
assisted reproductive technologies. 

 Using the genomic criteria of sperm aneu-
ploidy and meiotic alterations, two main tech-
niques are proposed for sperm selection: the 
study of FISH in semen and the study of meiosis 
in testicular biopsy. Should the test result of any 
of these studies be abnormal, PGS for all chro-
mosomes, either by array-CGH or FISH on day-3 
embryos should be recommended. Finally, 

although it cannot be considered a sperm selec-
tion technique per se, the MOAT could be used as 
a diagnostic test to evaluate the functionality of 
the proximal centriole and of the oocyte-activat-
ing factor in cases of failed fertilization in con-
ventional IVF and ICSI.      
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 Humans as a species are not as ef fi cient in 
 reproducing compared to other mammals. 
Speci fi cally, a couple of proven fertility will 
achieve a viable pregnancy in only 20–25 % of 
all natural cycles  [  1,   2  ] . This rate decreases dur-
ing in vitro fertilisation (IVF) cycles as only 
approximately 13 % of all morphologically nor-
mal embryos transferred will go on to produce a 
live birth  [  3  ] . One of the main causes of these 
relatively low reproductive success rates seen in 
humans is numerical chromosome abnormalities 
(aneuploidy). The advent of IVF and associated 
diagnostic methods such as preimplantation 
genetic diagnosis (PGD) and screening (PGS) 
enabled a detailed investigation of the chromo-
some content of human gametes and embryos. 
Such investigations clearly showed that the inci-
dence of numerical chromosome abnormalities 
was high and as would be expected had an adverse 
impact on the progress of embryo development 
and viability  [  4,   5  ] . 

 Embryonic aneuploidy can have a meiotic ori-
gin with chromosome malsegregation taking 
place during gametogenesis, and a post-zygotic 

origin with abnormalities occurring after 
 fertilisation. Direct analysis of the human female 
gamete using a variety of cytogenetic methods 
has shown that the majority of meiotically derived 
aneuploidies arise during oogenesis. The close 
relationship between advancing female age and 
increasing aneuploidy rates was also con fi rmed, 
as more than 50 % of oocytes generated by 
women over the age of 40 years were demon-
strated to be chromosomally abnormal  [  6–  12  ] . 
Graphs illustrating the changing oocyte aneu-
ploidy rate with advancing maternal age are a 
mirror image of those showing the declining 
implantation rate of IVF embryos with age, sug-
gesting that the increase in meiotic errors might 
explain the reduced success rate of IVF treat-
ments for women in their late 30s and 40s. 

 The contribution of aneuploidy of male mei-
otic origin to the embryo is not as clear. Several 
studies have been carried out and examined the 
chromosome complement of sperm generated by 
fertile as well as infertile men. What was con-
cluded was that the incidence of chromosome 
anomalies ranged between 3 and 5 % in the sperm 
of fertile men, but signi fi cantly (approximately 
threefold) increased in the sperm obtained by 
infertile men  [  13  ] . 

 Two different preimplantation development 
stages have been examined in order to establish 
the frequency of aneuploidy arising after fertili-
sation. These are the cleavage stage, which is 
reached 3 days after fertilisation when the embryo 
consists of 6–8 totipotent cells called blastom-
eres, and the blastocyst stage. Embryos become 
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blastocysts 5–6 days after fertilisation and  consist 
of two different cell types, the outer trophecto-
derm (TE) and the inner cell mass (ICM). Studies 
investigating these two different preimplantation 
development stages have suggested that post-
zygotic chromosome anomalies take place even 
more frequently compared to the meiotic ones, 
especially at the cleavage stage  [  14–  17  ] . A result 
of post-zygotic anomalies is chromosome mosa-
icism, the presence of two or more karyotypically 
distinct cell lines within the same embryo. 

 During this chapter, the data obtained from 
cytogenetic investigations of human oocytes, 
sperm and also embryos at the cleavage and blas-
tocyst stage of preimplantation development will 
be summarised. In addition, the different mecha-
nisms leading to aneuploidy of meiotic and post-
zygotic origin will be described and their 
frequencies and impact on embryonic survival 
will be discussed. 

   Aneuploidy of Female Meiotic Origin 

 It has been demonstrated that the vast majority of 
meiotic chromosome abnormalities in the embryo 
originate from the oocyte. As they mature, both 
the male and female gametes begin a specialised 
cellular division called meiosis. As a result, the 
diploid chromosome number is reduced by half, 
leading to the formation of haploid gametes. 

 Meiosis is separated into two different divi-
sions, meiosis I (MI) and II (MII). The whole 
process starts with the replication of DNA during 
S phase, leading to the generation of two sister 
chromatids. During MI the homologous chromo-
somes align, and exchange of material between 
the chromatids of different homologues may 
occur. At the end of MI, bivalents separate, with 
homologues travelling to opposite poles of the 
meiotic spindle, one entering the  fi rst polar body 
(PB) while the other stays in the oocyte. During 
MI, sister chromatids are held together, and it is 
not until MII that they are  fi nally separated, one 
of the chromatids passing into the second PB, the 
other remaining in the oocyte. The end result is 
the generation of haploid gametes, sperm cells in 
the male and an oocyte and two PBs in the female. 

Figure  1  describes the normal segregation of 
chromosomes during meiosis.  

 There are three different stages during which a 
chromosome could malsegregate and cause aneu-
ploidy in the embryo. These are the initial set of 
premeiotic mitotic divisions, MI and MII. Two 
different mechanisms of oocyte chromosome 
malsegregation have been described, whole chro-
mosome nondisjunction and unbalanced chroma-
tid predivision. 

 Whole chromosome nondisjunction occurs in 
MI as well as MII and is the result of homologous 
chromosomes not segregating to opposite poles of 
the meiotic spindle, but instead moving together 
towards the same pole. As a result, an oocyte with 
an extra chromosome is generated whereas the 
corresponding PB (either the  fi rst or second) is 
missing this chromosome, or vice versa. Risk 
 factors associated with this aneuploidy-causing 
mechanism depend on the chromosome and the 
meiotic division, but generally include the num-
ber and positioning of the chiasmata in relation to 
the centromere (too proximal or too distal). It is 
also believed that female age has differing effects 
on the various recombination patterns predispos-
ing to nondisjunction  [  11,   18  ] . 

 Unbalanced chromatid predivision was 
described when a group of researchers in their 
analysis of metaphase II oocytes noticed that 
some cells consisted of an extra one or two single 
chromatids  [  19,   20  ] . This observation led them to 
suggest that imbalance can result from premature 
division (predivision) of the chromosome cen-
tromere after which chromatids segregate at ran-
dom, potentially moving to the same pole at 
anaphase of MII  [  19,   20  ] . Both whole chromo-
some nondisjunction and unbalanced chromatid 
predivision are illustrated in Figs.  2  and  3  
respectively.   

 Both whole chromosome and single chroma-
tid malsegregation have been shown to be active 
and responsible for anomalies of female meiotic 
origin. The difference between them is that whole 
chromosome nondisjunction will produce an ane-
uploid oocyte and subsequent embryo in all cases, 
whereas a single chromatid abnormality will 
result to embryonic aneuploidy in 50 % of cases, 
depending initially on whether the unattached 
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  Fig. 10.1    Normal chromosome segregation during meio-
sis. Meiosis is made up of two divisions, MI and MII. 
During prophase I, the 46 chromosomes condense and 
form 23 homologous pairs of bivalents. Formation of chi-
asmata and exchange of genetic material between homo-
logues follows. During metaphase I, these bivalents align 
on the metaphase plate orientated by attachment to the 
spindle. They then disjoin and segregate to the resulting 
daughter cells at anaphase I and telophase I. MI is a reduc-

tion division, whereas MII is a mitotic type of division 
during which chromosomes align once again on the meta-
phase II spindle. Separation and segregation of sister 
chromatids to opposite poles follows at anaphase II and 
telophase II. Cytokinesis produces four haploid products. 
(From Fragouli E, Wells D, Delhanty JD. Chromosome 
abnormalities in the human oocyte. Cytogenet Genome 
Res. 2011;133 (2–4):107–18, with permission.)       
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  Fig. 10.2    Whole chromosome non-disjunction. The  fi rst 
aneuploidy-causing mechanism could take place during 
MI ( a ) and also MII ( b ). It involves the segregation of 
entire chromosomes towards the same pole of the meiotic 
spindle which leads to the formation of disomic and nulli-

somic gametes. (From Fragouli E, Wells D, Delhanty JD. 
Chromosome abnormalities in the human oocyte. 
Cytogenet Genome Res. 2011;133 (2–4):107–18, with 
permission.)       
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chromatids segregate to opposite spindle poles or 
move together towards the same pole, and  fi nally 
on events at anaphase II after fertilisation. 
As with whole chromosome nondisjunction, 
absent or altered recombination, combined with 
advancing maternal age, predispose oocytes to 
become aneuploid via random segregation of 
single chromatids. 

 To elucidate the causal mechanisms of mater-
nally derived aneuploidy, researchers employed 
several different cytogenetic methods to examine 
human oocytes and/or their corresponding PBs. 
The following sections will summarise  fi ndings 
for MI and MII obtained with the use of classical 
and molecular cytogenetic methods. 

   Meiosis I 

 Classical cytogenetic techniques such as G and 
R-banding, along with various molecular meth-
ods such as  fl uorescence in situ hybridisation 
(FISH), spectral karyotyping (SKY) and com-
parative genomic hybridisation [metaphase, 
(CGH) or array (aCGH)] have been employed for 
the study of MI. For this purpose, oocytes arrested 

at the metaphase II stage of development and, 
whenever available, their corresponding  fi rst PBs 
have been examined. 

 The largest data set of karyotyped metaphase 
II oocytes was reported by Pellestor et al.  [  8  ] . 
Speci fi cally, a total of 1,397 oocytes were 
 analysed with the use of R-banding. These were 
donated by 792 women undergoing IVF with an 
average age of ~34 years (age range 19–46 
years). Of all the examined oocytes, chromo-
some errors were scored in 10.8 %. This investi-
gation con fi rmed the expected relationship 
between advancing female age and global aneu-
ploidy rate. It was also concluded that advanc-
ing age had a more pronounced effect on the 
predivision and unbalanced segregation of sin-
gle chromatids  [  8  ] . This study along with data 
obtained from similar investigations clearly 
showed that smaller chromosomes, belonging to 
groups D–G, were more frequently participating 
in aneuploidy events  [  8,   21–  24  ] . The poor mor-
phology of oocyte metaphase preparations, 
however, made the exact identi fi cation of indi-
vidual chromosomes dif fi cult. The use of a dif-
ferent molecular cytogenetic method, FISH, 
solved this problem. 

Hyperhaploid oocyte
(n=23+½)

Hypohaploid oocyte
(n=22+½)

Mll

Ml

1st polar body

Diakinesis Anaphase l

Mll oocyte

  Fig. 10.3    Unbalanced chromatid predivision. This sec-
ond aneuploidy-causing mechanism could take place only 
during MI and involves the premature separation of a 
chromosome into its sister chromatids. These are subse-
quently distributed at random during anaphase I. 
Unbalanced chromatid predivision could have as an effect 

the formation of gametes which have either an extra or a 
missing chromatid. (From Fragouli E, Wells D, Delhanty 
JD. Chromosome abnormalities in the human oocyte. 
Cytogenet Genome Res. 2011;133 (2–4):107–18, with 
permission.)       
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 FISH is advantageous over classical karyotyp-
ing methods because it can yield results regard-
less of the quality of the cell under analysis. 
Using FISH, it was not only possible to examine 
the chromosomes of the metaphase II oocyte, but 
also those of the even more challenging  fi rst PB. 
The chromosomes targeted were selected on the 
basis of data obtained from the analysis of mis-
carriages and abnormal live births, and generally 
included smaller size ones (starting from 13 
onwards). 

 A combination of the larger chromosomes 1, 
9, 12 and X and the smaller 13, 16, 18 and 21 
were investigated during the course of two differ-
ent studies carried out by our group  [  25,   26  ] . A 
three-round FISH protocol was employed and a 
total of 236 spare, mostly unfertilised oocytes 
and their corresponding  fi rst PBs were analysed. 
These were donated by 124 patients, whose aver-
age maternal age was 32.5 years (age range 22–44 
years). Only gains of chromosomes were scored, 
as it was considered that chromosome loss could 
be due to the spreading of the oocyte and/or PB 
on the microscope slide. The hyperploidy rate 
was calculated to be approximately 4 %, the 
smaller chromosomes 13, 16, 18 and 21 were 
mostly affected, and both whole chromosome 
nondisjunction and unbalanced chromatid predi-
vision were identi fi ed to be active. Moreover, a 
third aneuploidy-causing mechanism was 
observed, involving the presence of a trisomic 
cell line in the gonads of some patients (germi-
nal/gonadal mosaicism)  [  25,   26  ] . 

 The use of alternative cytogenetic methods 
such as SKY enabled the analysis of all 23 chro-
mosomes of human oocytes. Sandalinas and col-
leagues employed SKY to examine 47 fresh 
non-inseminated metaphase II oocytes, donated 
by 16 patients with a female age range of 24–48 
years  [  6  ] . A total of 9 whole chromosome non-
disjunction events were observed, along with 11 
errors involving single chromatids. Chromo-
somes 9, 11, 12, 14, 18, 20, 21 and 22 were 
affected. More importantly, 12 different oocytes 
with balanced chromatid predivision were 
observed. It was therefore con fi rmed that this 
type of abnormality is real and not an artefact of 
oocyte ageing in culture, and it is closely associ-

ated with advancing female age and decreasing 
 chromosome size  [  6  ] . 

 Even though classical karyotyping, FISH and 
SKY are all capable of accurately examining the 
chromosomes of human oocytes, their main dis-
advantage is that they all require the spreading of 
a single cell arrested in metaphase on a micro-
scope slide, risking in this way the artefactual 
loss of chromosomes. Clearly an alternative cyto-
genetic method, which could not only avoid 
spreading but could examine all 23 chromosomes 
as well, was needed. Ultimately, this was achieved 
by a combination of whole genome ampli fi cation 
(WGA) and CGH  [  27,   28  ] . CGH is related to 
FISH and employs simultaneous hybridisation of 
differentially labelled DNA samples (sample 
DNA: green; chromosomally normal reference 
DNA: red) to normal metaphase chromosomes. 
The ratio of green:red  fl uorescence along the 
length of each chromosome indicates whether 
there has been any gain or loss of chromosomal 
material in the test sample. 

 The  fi rst application of this approach took 
place in a clinical context, and involved the chro-
mosome complement analysis of ten  fi rst PBs 
biopsied from oocytes generated by a 40-year 
old IVF patient with a history of repeated implan-
tation failure (RIF)  [  29  ] . CGH was further vali-
dated and used to examine larger sets of 
metaphase II oocytes and their corresponding 
 fi rst PBs, by our group and others  [  9,   10  ] . During 
our investigation, 107 oocyte-PB complexes 
were analysed via CGH. These were donated by 
46 women who were undergoing routine IVF 
procedures, and whose average age was 32.5 
years (range 18–42 years). It was evident from 
the obtained results that aneuploidy frequently 
affected even the larger chromosomes (1–12), as 
well as the smaller ones. Both aneuploidy-caus-
ing mechanisms, i.e. whole chromosome nondis-
junction and unbalanced predivision of single 
chromatids were observed, and the resulting 
aneuploidy rate was 22 %. Interestingly, the 
larger chromosomes (1–12) participated solely 
in whole chromosome nondisjunction events, 
whereas a combination of whole chromosome 
and single chromatid anomalies were seen for 
smaller chromosomes (13 onwards) and 
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 chromosome X. CGH was also capable of accu-
rately detecting structural abnormalities result-
ing from chromosome breakage. Additionally, 
evidence of age-independent factors in fl uencing 
aneuploidy of MI origin was provided, with cer-
tain patients exhibiting unexpectedly high fre-
quencies of abnormal oocytes  [  10  ] . 

 In summary, studies using a variety of cytoge-
netic methods to examine human oocytes have 
uniformly shown that even though all chromo-
somes can be affected by MI malsegregation 
errors, there seems to be a preferential involve-
ment of the smaller ones. Combining data 
obtained in a research and clinical setting sug-
gests that for an average female age of 32 years, 
the expected MI aneuploidy rate is in the range of 
22 % and can increase to over 45 % for women of 
an average age of 40 years or more  [  9,   10,   30, 
  31  ] . Table  1  shows a summary of results obtained 
during the analysis of metaphase II oocytes using 
methods such as karyotyping, FISH and CGH.   

   Meiosis II 

 Mature oocytes are arrested at the metaphase 
stage of the second meiotic division (MII). At this 
stage oocytes consist of 23 chromosomes with 
sister chromatids held together at the centrom-
eres. Fertilisation leads to resumption of MII, fol-
lowed by centromere separation. As a result, 23 
chromatids remain in the fertilised oocyte, while 
the other 23 move to the second PB, which is 
extruded soon after oocyte activation. As it would 

be dif fi cult to directly examine the fertilised 
oocyte, data on the incidence of MII aneuploidy 
has been obtained almost exclusively from the 
investigation of the second PB. FISH, CGH and 
recently aCGH, have all been used to examine 
MII  [  7,   12,   32,   33  ] . 

 Verlinsky and colleagues have reported FISH 
results from large numbers of  fi rst as well as sec-
ond PBs  [  7,   32  ] . Five different chromosomes 
were targeted, namely 13, 16, 18, 21 and 22 in a 
single hybridisation round. It was shown for the 
 fi rst time that women of advanced reproductive 
age generate oocytes carrying an almost equal 
amount of MI and MII chromosomes errors 
(41.8 % and 37.3 % respectively). They also 
reported  fi ndings on the meiotic origin of abnor-
malities affecting chromosomes 16 and 18 that 
contradict data obtained from analysis of sponta-
neous abortion material. Speci fi cally, such stud-
ies demonstrated that most abnormalities 
affecting chromosome 16 have an MI origin, and 
those affecting 18 originate during MII  [  34–  36  ] , 
whereas the complete opposite was observed 
from the FISH analysis of  fi rst and second PBs. 
Another important  fi nding was that almost one 
third (32.5 %) of oocytes classi fi ed as abnormal 
due to an MI chromatid error led to the formation 
of apparently normal zygotes, following segre-
gation of the chromatid to the second PB in MII 
 [  7,   32  ] . 

 FISH analysis of second PBs provided a valu-
able insight into the frequency and type of MII 
chromosome malsegregation errors. However, as 
with MI, PBs were spread on microscope slides, 

   Table 10.1    Studies examining the incidence of oocyte aneuploidy after completion of the  fi rst meiotic division (MI)   

 Study 
 Average female 
age (age range) 

 Method 
used 

 No. of oocytes 
examined 

 No. of  fi rst 
PBs examined 

 MI aneuploidy 
rate 

 Pellestor et al.  [  8  ]   33.7 years 
(19–46 years) 

 R-banding  1,397  Not examined  10.8 % 

 Cupisti et al.  [  26  ]   32.5 years 
(22–44 years) 

 FISH  236  88  7.6 % (3.8 % 
hyperploidy) 

 Sandalinas et al.  [  6  ]   35 years 
(24–48 years) 

 SKY  47  Not examined  38 % 

 Gutierrez-Mateo 
et al.  [  9  ]  

 33.2 years 
(21–41 years) 

 CGH  30  30  48 % 

 Fragouli et al.  [  10  ]   32.5 years 
(18–42 years) 

 CGH  93  107  22 % 
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risking the artefactual loss of chromosome 
 material, and only 5 of the 23 chromosomes were 
examined. In a more recent investigation, CGH 
was applied to analyse  fi rst and second PBs biop-
sied from a total of 117 zygotes generated by 
couples with a poor reproductive history  [  12  ] . 
The total meiotic aneuploidy rate was 65.5 % and 
this was seen for an average maternal age of 39.8 
years. It was evident from the obtained results 
that anomalies of MII origin occurred slightly 
more frequently, compared to those taking place 
during MI (45.8 % and 36.5 % respectively), and 
as with the FISH data, the mechanism of MII 
‘correction’ of MI chromatid errors was also 
observed. Combining the MI and MII cytogenetic 
data predicted that 60 % of abnormalities would 
lead to a trisomy in the resulting embryo. The 
fact that chromosome losses in the PBs were 
more frequent than gains suggests that anaphase 
lag or chromosome failure to congress on the 
spindle is a signi fi cant aneuploidy-causing mech-
anism. Additionally, it was demonstrated that MII 
malsegregation errors affected chromosomes 
from all groups, but the smaller 16, 21, 22, 15 and 
19 were found to more frequently participate in 
aneuploidy events  [  12  ] . A summary of the data 
obtained from the cytogenetic analysis of  fi rst 
and second PBs is shown on Table  2 .  

 It can therefore be concluded that both MI and 
MII are prone to mistakes in chromosome segre-
gation, at least in older women. Additionally, 
even though aneuploidy events can affect the 
larger chromosomes, it is the smaller ones that 
seem to be preferentially involved during both 
meiotic divisions. It is also very clear that advanc-
ing female age has a signi fi cant adverse effect on 
both meiotic divisions, but MII may be more sus-
ceptible to age-related errors than MI.   

   Aneuploidy of Male Meiotic Origin 

 Estimates of sperm aneuploidy have been arrived 
at by two methods. First, by fusing sperm with 
hamster eggs when all the chromosomes may be 
visualised; secondly by FISH analysis of the 
nucleus when a few chromosomes at a time may 
be analysed. The  fi rst method is very labour 
intensive, the second less so, but many thousand 
sperm need to be analysed to obtain a reliable 
result. Templado and colleagues reviewed aneu-
ploidy levels in healthy men from 30 FISH stud-
ies that used a minimum of  fi ve donors and 
employed strict scoring criteria and obtained a 
lower estimate of total aneuploidy of 4.5 % (2× 
disomy of 2.26 %)  [  35  ] . This  fi gure was more 
than double that found by sperm karyotyping. 
Disomy for the autosomes is about 0.1 % on aver-
age but ranges between 0.03 (chromosome 8) and 
0.47 (chromosome 22). Most authors investigat-
ing a limited range of chromosomes found that 
chromosome 21 (0.17 %) has an increased  disomy 
frequency and that the sex chromosomes at 
0.27 % have the highest, re fl ecting the signi fi cant 
male component in causing Down and Klinefelter 
syndromes and the sole male origin of the XYY 
cases. However, the studies revealed a consider-
able level of interindividual variability making it 
clear that certain men are far more prone to the 
production of sperm with unbalanced chromo-
somes than others. A doubling of sperm disomy 
for the chromosome pair involved was seen in 
fathers of offspring with Down, Turner and 
Klinefelter syndromes which had been shown to 
be of paternal origin  [  35  ] . Variability has also 
been observed in male meiotic cells; the fre-
quency of unpaired sex chromosomes at MI in 

   Table 10.2    Studies examining the incidence of oocyte aneuploidy after completion of the second meiotic division (MII)   

 Study 
 Average female 
age (age range)  Method used 

 No. of  fi rst PBs 
examined 

 MII aneuploidy 
rate (%) 

 Kuliev 
and Verlinsky  [  32  ]  

 38.5 years 
(19–46 years) 

 FISH  7,103  37.3 

 Fragouli et al.  [  12  ]   39.8 years 
(35–44 years) 

 CGH  117  45.8 
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spermatocytes ranged between 3.2 and 43.7 % in 
fertile men  [  37  ] . The rate of sex chromosome 
abnormalities seen at MI of meiosis (mean 
27.4 %) is far higher than the 0.5 % seen in sper-
matozoa. This difference can be explained by the 
arrest of chromosomally abnormal (asynapsed) 
cells by the activation of meiotic checkpoints that 
operate with much greater ef fi ciency in males 
than in females  [  38  ] . 

 How does the mechanism of origin of sperm 
aneuploidy compare with that in female gametes? 
Clearly errors in chromosome segregation, as in 
females, may result from failure to pair properly 
initially, altered or reduced recombination, or 
failure to maintain chromatid cohesion beyond 
anaphase I of meiosis. As with autosomal triso-
mies, sex chromosome trisomy is clearly linked 
with reduced recombination of the XY bivalent 
 [  11  ] . Recently, for the  fi rst time, the two types of 
nondisjunction seen in oocytes, that involving 
whole chromosomes and premature separation of 
chromatids, have been seen in metaphase I and II 
of male meiosis  [  39  ] . Premature separation of 
chromatids was the more frequent type in that 
study, seen in MII spermatocytes as extra or 
missing chromatids of chromosomes 21, X or Y. 
Very recently, evidence for the existence of a 
postmeiotic checkpoint that monitors numerical 
abnormalities was found by the application of 
Multiplex  fl uorescence in situ hybridisation 
(M-FISH) to metaphase I and II spermatocytes 
from three fertile donors  [  40  ] . This technique 
allows identi fi cation of each and every chromo-
some by a combination of different  fl uorochromes. 
As expected, the frequency of numerical abnor-
malities (disomy) at MII (14.5 %) was found to 
be far higher than that seen at MI (trisomy) 
(1.3 %). A signi fi cant proportion of spermato-
cytes at MI (27.7 %) were seen to display a low 
chiasma count, with small chromosomes present 
as two univalents. The chromosomes most fre-
quently involved were X, Y and 21 and these 
were also those most frequently exhibiting dis-
omy at MII. 

 The conclusion was that achiasmate nondis-
junction of whole chromosomes and premature 
separation of chromatids appear as the main 
mechanisms generating aneuploidy in human 

male meiosis and that both contribute equally. 
Since the level of disomy observed in spermato-
cytes II is about threefold higher than that seen in 
spermatozoa the existence of a postmeiotic 
checkpoint is postulated  [  40  ] . The detection of 
spermatocytes II with separated sister chromatids 
is the  fi rst evidence that balanced predivision, 
seen in fresh oocytes, also occurs in male meiosis 
and may lead to aneuploid sperm by random seg-
regation  [  6  ] . In conclusion, it appears that there 
are many similarities between the mechanisms 
leading to aneuploidy in the two sexes; however 
in contrast to the situation in females, it has not 
been possible to obtain de fi nitive evidence for a 
paternal age effect  [  41  ] . 

   Sperm Aneuploidy and Male Infertility 

 About 5 % of infertile men have a chromosomal 
abnormality; these subjects will clearly be at 
increased risk of producing aneuploid sperm. 
However, the ef fi ciency of the meiotic cell cycle 
checkpoints that detect unpaired segments of 
DNA ensures that most prospective aneuploid 
gametes undergo apoptosis; a lowered sperm 
count is the result. In men with a normal somatic 
karyotype, an inverse correlation between sperm 
aneuploidy and sperm concentration has been 
well documented  [  42  ] . Analysis of sperm chro-
mosomal content in 46 male carriers of recipro-
cal translocations shows that a mean of 40 % of 
sperm have a normal or balanced complement 
(by FISH) with a range between 19 and 77 % 
 [  43  ] . The risk is highly dependent upon the type 
of chromosomes involved (acrocentric vs. meta-
centric) and the position of the breakpoints. In 
contrast the sperm of Robertsonian translocation 
carriers have a majority of normal or balanced 
types, mean 85 %, range 60–96 %  [  44  ] . Couples 
where the male is the carrier of a chromosomal 
rearrangement may opt for PGD if they are unsuc-
cessful in achieving a normal pregnancy, but fol-
low-up studies on embryos not transferred clearly 
show that post-zygotic mitotic anomalies are at 
least as important as errors in meiotic segregation 
in causing embryonic aneuploidy  [  45,   46  ] . The 
high proportion of errors developing during 
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cleavage in embryos from such couples is prob-
ably related to their reproductive failure.   

   Germline Mosaicism: Inherited 
Aneuploidy 

 Germinal or germline mosaicism may be de fi ned 
as genetic abnormality of premeiotic origin in an 
otherwise normal organism. It can be the result of 
mosaicism that affects a proportion of the pre-
meiotic germ cells and will thus lead to recurrent 
genetic abnormality of the same type in the off-
spring. This type could also be described as 
gonadal mosaicism. Alternatively, if the error 
occurred during one of the mitotic divisions prior 
to the onset of meiosis it could be con fi ned to a 
single gamete. The term germline mosaicism 
covers both types. It has generally been consid-
ered to be a rare phenomenon. 

 Evidence for the existence of chromosomal 
germline mosaicism is obtained from both genetic 
and cytological studies. Recurrent aneuploid 
conceptions of the same type may be due to 
chance, especially if the mother is of advanced 
age  [  47  ] . However, careful analysis using both 
karyotyping and molecular studies in 151 fami-
lies with Down syndrome offspring identi fi ed 8 
families with germline mosaicism. In all cases 
the mother was younger than 35 years. Thus the 
prevalence of germinal mosaicism in young cou-
ples with a Down syndrome child was estimated 
to be 5.3 %  [  48  ] . 

   Mosaicism for Chromosomal 
Rearrangements 

 Most cases of this type of mosaicism are revealed 
because of a history of repeated conceptions with 
similar cytogenetic abnormalities but in other 
cases a single conception with an unbalanced 
karyotype can result in the identi fi cation of the 
presence of a low level of balanced cells in a par-
ent. In one interesting case, a couple were referred 
for PGD with a history of recurrent miscarriage. 
Two cycles of IVF for PGD were carried out; 
in all, 4 of 13 embryos were found to have a 

 partial duplication of chromosome 21q. The same 
duplication was then detected by FISH analysis 
in 6 % of sperm nuclei, thereby proving paternal 
gonadal mosaicism for the duplication  [  49  ] .  

   Cytological Proof of Germinal 
Mosaicism 

 The application of PGD led to the  fi rst cytologi-
cal proof of gonadal mosaicism for trisomy 21 in 
the case of a couple with normal lymphocyte 
chromosomes that had a history of 3 conceptions 
with Down syndrome and one normal child  [  50  ] . 
The couple was referred for PGD; of 7 preim-
plantation embryos tested 4 had trisomy 21 and 3 
of 4 unfertilised oocytes were abnormal. In 3 of 
the oocytes there was either an extra chromo-
some or chromatid 21; a crucial observation was 
that in one oocyte an extra chromatid was found 
in both the MII and in the  fi rst PB. This provided 
the  fi rst direct evidence of a maternal trisomic 
germ cell line and showed that the extra chromo-
some 21 had precociously divided into two chro-
matids before completion of MI.  

   Studies on Oocytes 

 The great majority of studies on metaphase II 
oocytes have been carried out without the analy-
sis of the corresponding  fi rst PB. In this situation 
it is not possible to determine whether any extra 
chromosomal material present has arisen due to a 
meiotic error or is caused by a premeiotic tri-
somic cell. The other option is to analyse oocytes 
at the MI stage; no studies of this kind have so far 
been published. Thus it is very dif fi cult to obtain 
a reliable estimate of the frequency of germinal 
mosaicism in the human female. Four studies that 
do provide some information, since oocyte/ fi rst 
PB doublets were analysed, are listed in Table  3 . 
With the exception of Mahmood et al. all studies 
used either oocytes collected at GV or MI (and 
allowed to mature to the MII/ fi rst PB stage—
IVM) or a mixture of these and oocytes that had 
failed to show evidence of fertilisation after 
IVF or ICSI  [  25  ] . By far the highest frequency of 
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germinal mosaicism (20 %) was seen by Pujol 
et al.; virtually all of their samples were IVM 
 [  51  ] . For the other three studies, the average fre-
quency was about 6 %. It is to be expected that a 
higher frequency of this type of aneuploidy will 
be found in IVM oocytes, since preexisting chro-
mosomal anomalies will lead to delay in com-
pleting the cell cycle.   

   Studies on Spermatocytes 

 Metaphase I of meiosis is more easily studied in 
the male. In their study of material from three fer-
tile donors, Uroz and Templado found 1.3 % of 
MI spermatocytes to be trisomic  [  40  ] . Four of the 
317 spermatocytes I contained an extra chromo-
some (18, 19, 22 or Y); this was considered to be 
caused by preexisting aneuploidy in the germ 
cells.  

   Direct Studies on Cells from Foetal 
Ovaries and Testes 

 An alternative cytological approach to search for 
evidence of germinal mosaicism was used by 
Hultén et al.  [  52  ] . Ovarian cells from eight phe-
notypically normal female foetuses (14–22 weeks 
gestation) were analysed by FISH using two 
chromosome 21 speci fi c probes that mapped to 
different locations. The number of cells studied 
per case varied between 967 and 2,200 and 

 consisted of premeiotic and stromal cells as well 
as those of meiotic origin. Mosaicism for trisomy 
21 was detected in all the foetal ovaries with fre-
quencies varying between 0.2 and 0.88 % (aver-
age 0.54 %), affecting all cell types. This is not an 
unexpected  fi nding considering that levels of 
chromosomal mosaicism in human cleavage 
stage embryos reach 60–70 % even in those of 
good quality  [  53  ] . Interestingly, when investi-
gated by the same group using the same strategy, 
testicular cells from four normal male foetuses 
failed to show a single example of trisomy 21 
mosaicism  [  54  ] . The difference is again likely to 
be due to the stringent control of the cell cycle 
during spermatogenesis; testicular cells with 
additional (unpaired) chromosomes are likely 
to be arrested in development and to undergo 
apoptosis  [  55  ] .  

   Mechanisms Leading to Aneuploidy 
in Cases of Germinal Mosaicism 

 An extra chromosome in a proportion of premei-
otic germ cells can lead to aneuploidy via two 
mechanisms. During prophase of meiosis I, to 
accommodate the extra chromosome either a tri-
valent is formed with all three chromosomes 
associated, or a bivalent plus a univalent  [  56  ] . 
After trivalent formation, secondary (or inevita-
ble) nondisjunction follows when one daughter 
cell receives a single chromosome and the other 
receives the remaining two bodies. There is thus a 

   Table 10.3    Examples of germinal mosaicism in studies of  fi rst polar bodies and metaphase II oocytes   

 Study 
 No. of oocyte/PB 
pairs examined  Method used 

 No. of oocyte/PBs 
with nonreciprocal 
results 

 No. of 
patients/age 

 Chromosomes 
affected 

 Mahmood 
et al.  [  25  ]  

 57 
 IVF/ICSI or 
unexposed 

 FISH up to 7 
chromosomes 

 3  2 
 Age 26 and 31 

 21 and 13 
 21 

 Pujol et al.  [  51  ]   54 
 IVM 

 FISH with 9 
chromosomes 

 11  9 
 Ages 31–38 

 1,13(5),15,16,
17(3),21,22(2),X 

 Gutierrez-Mateo 
et al.  [  9  ]  

 42 
 Mixed IVM and 
IVF/ICSI 

 CGH on PBS 
 FISH on oocytes 
7 chromosomes 

 4  4 
 Ages 36–42 

 4,13,16,18 

 Fragouli 
et al.  [  10  ]  

 39 
 Mixed IVM and 
IVF/ICSI 

 CGH  1  1 
 Age 32 

 13 
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50 % aneuploidy risk from a trivalent. In the other 
situation of a bivalent plus univalent, the evidence 
is that the aneuploidy risk is 100 %. Observations 
on mammalian meiosis show that the univalent 
positions itself at MI in a way that the kinetochore 
of each sister chromatid is orientated towards 
opposite spindle poles  [  57,   58  ] . The chromosome 
then splits into two chromatids, and one passes to 
each daughter cell, either the MII oocyte or the 
 fi rst PB, as observed in cases of germinal mosa-
icism in humans  [  50  ] . The combined effect of 
these two mechanisms is that even a low percent-
age of premeiotic trisomic cells signi fi cantly ele-
vates the risk of an aneuploid conception and 
consequent embryonic or foetal death or disabil-
ity, independently of maternal age.   

   Aneuploidy of Post-zygotic Origin 

 One day after fertilisation and under the control 
of the maternal genome, the zygote starts divid-
ing mitotically into smaller cells called blastom-
eres. To begin with, these cells are spherical and 
totipotent, but very soon the mitosis becomes 
asynchronous and totipotency is lost  [  59  ] . 
Embryonic genome activation takes place 
approximately 3 days after fertilisation, during 
the cleavage stage of preimplantation develop-
ment  [  60  ] . Compaction follows soon afterwards, 
which eventually causes the embryo to undergo 
its  fi rst cellular differentiation into TE which will 
form the extra-embryonic tissues, and ICM which 
will form the embryo proper. The embryo is now 
called a blastocyst and this stage of preimplanta-
tion development is reached 5–6 days after fer-
tilisation. Prior to implanting, the blastocyst 
releases enzymes which open a hole in the mem-
brane surrounding it (zona pellucida), causing it 
to hatch and begin the process of implantation to 
the maternal uterus  [  61,   62  ] . 

 Chromosome abnormalities occur very fre-
quently after fertilisation and have an important 
contribution to embryonic aneuploidy. The cleav-
age and blastocyst stages of preimplantation 
development have been examined cytogeneti-
cally and the following sections will summarise 
the  fi ndings obtained during such investigations. 

   Cleavage Stage 

 Following fertilisation on day 0, the embryo enters 
the cleavage stage that lasts until day 3, when it 
should contain about 8 cells. Cell division during 
this time interval is thus under the control of stored 
maternal mRNA transcripts. The development 
and application of molecular cytogenetic methods 
for single cell analysis from 1993 onwards allowed 
the acquisition of data that revealed the full extent 
of chromosomal anomalies at the cleavage stage. 
In stark contrast to the situation in postnatal life, 
60 % of an average set of embryos created by IVF 
will contain at least one aneuploid cell by day 3 
but the majority will consist mainly of abnormal 
cells. Prior to the application of molecular meth-
ods, traditional karyotyping had been used to 
analyse cleavage embryos  [  22  ] . Abnormality rates 
between 25 and 40 % were seen with diploid/
aneuploid mosaics the most common type. 
Jamieson et al., found that full chromosome aneu-
ploidy at that stage mirrored the situation in spon-
taneous abortions, with selective involvement of 
the smaller chromosomes  [  61  ] . 

 As soon as interphase FISH analysis was 
developed for use in PGD, the karyotyping data 
was con fi rmed; aneuploidy and chromosomal 
mosaicism were common in the spare embryos 
from PGD cases  [  4  ] . Application of the technique 
to donated IVF embryos in general showed that 
abnormally developing or arrested embryos are 
frequently uniformly aneuploid or polyploid 
while an equal number are mosaic  [  63,   64  ] . More 
unexpected was the  fi nding that normally devel-
oping embryos are also often abnormal; although 
rarely aneuploid throughout, 30–50 % were 
mosaics  [  65,   66  ] . Further data from PGD cycles 
showed that even fertile couples produced 
embryos that had highly abnormal chromosome 
complements, with anomalies affecting several 
chromosomes, varying in a random fashion from 
cell to cell, designated chaotic mosaics. Moreover, 
it became clear that certain couples were prone to 
the production of such embryos while others pro-
duced none of this type  [  14  ] . In general, IVF 
couples will have 5 % of their embryos in the 
chaotic category but in those with a history of 
RIF the proportion is much higher  [  67,   68  ] . 
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 Essentially, it was found that the greater the 
number of FISH probes used the higher the rate of 
mosaicism detected, raising the possibility that by 
day 3 all embryos created by IVF are mosaic. The 
answer came with another technical advance, that 
of single cell analysis by CGH. The whole genome 
had  fi rst to be ampli fi ed (WGA) to provide 
suf fi cient DNA for analysis. The great advantage 
of CGH is that the copy number of every chromo-
some is determined and any imbalance detected. 
WGA and CGH were then applied to all the single 
cells from a series of good quality cleavage 
embryos—12 in each series  [  28,   69  ] . There was 
good agreement between the two sets of data; in 
both sets 25 % were completely euploid with no 
anomalies detected. Overall,  fi ve embryos were 
aneuploid throughout, with seven the result of a 
meiotic error. Two thirds were mosaic in both sets 
of data; the majority were diploid/aneuploid but 
half of these had at least 50 % of cells abnormal. 
The new application of CGH allowed the detec-
tion of partial aneuploidy, the product of chromo-
some breakage, con fi rmed by the appearance of 
reciprocal products in sister cells in some cases. 
This was observed in about 10 % of embryos in 
these series and also later in a much larger diag-
nostic cohort  [  70  ] . If the chromosomal fragments 
are acentric they will be lost at the next cell divi-
sion unless they become translocated to another 
chromosome; the resulting haploinsuf fi ency will 
be highly detrimental to the embryo.  

   When Does Mosaicism Originate 
and What Is Its Effect? 

 The evidence indicates that the  fi rst three cleav-
age divisions are the most prone to mitotic errors 
that lead to mosaicism. Bielanska et al. analysed 
216 embryos available after routine IVF treat-
ment and found that the frequency of mosaics 
increased from 15 % (2–4 cell stage) to 49 % (5–8 
cells) and 58 % by day 4 (morula stage)  [  71  ] . 
They further concluded that mosaicism affecting 
a high proportion of cells, or of a chaotic type, 
interferes with development of the embryo to 
blastocyst. Various other publications support this 
 fi nding. Katz-Jaffe et al. made use of single cell 

multiplex  fl uorescent PCR to distinguish between 
meiotic and mitotic errors in  blastomeres from 
embryos diagnosed with  chromosome 21 aneu-
ploidy  [  16  ] . Twenty- fi ve embryos were identi fi ed 
to be carrying an error of meiotic origin, while the 
remaining 13 were mosaic. The timing of the 
errors was 38 %  fi rst division, 31 % second divi-
sion, and 19 % third division with the others 
(12 %) an error at MI. Most of the mosaics in fact 
were derived from diploid zygotes. Overall, evi-
dence suggests that mosaicism interferes with 
development to a greater degree than uniform 
aneuploidy. Developmental arrest may affect 
embryos with fully chaotic or widespread mosa-
icism but in those with anomalies con fi ned to one 
chromosome there is likely to be death or a reduc-
tion in proliferation of the aneuploid cells. 
Depending upon the initial proportion of abnor-
mal cells, the rapid growth of the embryo between 
days 3 and 5 may allow normal cells to predomi-
nate and an embryo diagnosed as aneuploid from 
a single cell on day 3 may be able to lead to a 
viable pregnancy  [  72  ] .  

   Correlation of Aneuploidy Mechanisms 
with Types of Infertility 

 Most of the recently published information on the 
chromosome status of the cleavage stage embryo 
has come from the analysis of large series of ane-
uploidy screening (PGS) cases (e.g. Munne et al.) 
 [  73  ] . However, few of these include full follow up 
of the abnormal embryos after diagnosis. As a 
result, embryos are designated ‘aneuploid’ based 
upon the result from a single cell that cannot pro-
vide information about the origin of the aneu-
ploidy. This seems to lead to an overestimate of 
the contribution of meiotic errors. An interesting 
variation in the proportion of embryos with mei-
otic errors according to referral reason was found 
in a comprehensive follow-up study after PGS 
carried out by our group (Mantzouratou et al. and 
unpublished data)  [  67  ] . A total of 700 embryos 
that had been diagnosed as abnormal by single 
cell analysis on day 3 was followed up by apply-
ing the diagnostic probe set for six chromosomes 
(13,15,16,18,21 and 22) to individual cells in the 
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remainder of the embryos on day 5. The recurrent 
miscarriage group had the highest proportion of 
meiotic errors, 24 % for an average maternal age 
of 37.6 years, with the lowest proportion in the 
RIF group, 8.9 %, average maternal age 36 years. 
An intermediate value of 20.4 % was found for 
the advanced maternal age group (over 40 years, 
average 42). The embryos from couples with RIF 
were more prone to post-zygotic errors, espe-
cially complex errors of the chaotic type. This lat-
ter  fi nding was con fi rmed by another study  [  68  ] .  

   Cytogenetic Mechanisms Leading 
to Mosaicism 

 Since interphase FISH analysis has a known error 
rate, the most ef fi cient studies to investigate the 
mechanisms leading to mosaic aneuploidy have 
used sets of two probes per chromosome that 
hybridise to different loci. An early, unpublished 
study (Conn and Delhanty 1995) used paired 
probes for chromosomes 13,18 and 21 on cells 
from 37 very good quality 3-day-old embryos 
(6–8 cells). Eight embryos were mosaic for these 
chromosomes; in four cases this was a result of 
chromosome loss, in one chromosome gain, and 
in the other three to mitotic nondisjunction 
(MND). Two probes for each of chromosomes 
1,11, and 18 were used in the study by Daphnis 
et al. mentioned in the section on blastocysts, 
below  [  74  ] . Chromosome loss was again the most 
common mechanism. Interestingly, the incidence 
of MND has been found to be maternal age 
dependent  [  15  ] .  

   Blastocyst Stage 

 Reaching and surviving the blastocyst stage poses 
a number of potential challenges to the develop-
ing embryo. Hence, embryos that successfully 
achieve this developmental milestone are thought 
to be of very good quality and have an excellent 
implantation potential. However, studies using 
various cytogenetic methods to examine the 
chromosome complement of blastocysts have 
shown that both aneuploidy and the phenomenon 

of mosaicism persist to this  fi nal stage of 
 development before implantation. 

 Clouston and colleagues attempted to analyse 
all 23 pairs of chromosomes of 438 human blas-
tocysts with the use of classical G-banding  [  75, 
  76  ] . The results obtained showed that in their 
majority (68 %) these embryos were euploid. The 
remaining blastocysts were classi fi ed as aneu-
ploid, and abnormalities of meiotic and post-
zygotic origin were scored. A variety of 
chromosomes, including 2, 3, 4, 5, 6, 7, one acro-
centric chromosome (13, 15), 17 and 22 were 
seen to participate in aneuploidy events  [  75,   76  ] . 

 As with the cleavage stage though, most of 
the data concerning the chromosome status of 
blastocysts, have been obtained with the use of 
FISH. Two different investigations used a combi-
nation of immunosurgery to separate TE and 
ICM from a total of 131 embryos which were 
classi fi ed as aneuploid during day-3 PGS, but 
went on to form blastocysts  [  77,   78  ] . FISH was 
used to target chromosomes 13, 16, 18, 21, X and 
Y. The analysis of these embryos showed that 
both ICM and TE could tolerate a variety of ane-
uploidies, including tetraploidy, mosaicism and 
complex abnormalities involving multiple chro-
mosomes, trisomies and monosomies. It was also 
evident from both studies that there was no pref-
erential allocation of chromosome errors to the 
TE cells  [  77,   78  ] . 

 Many other studies used FISH to examine 
non-transferred blastocysts, which were either 
diagnosed as aneuploid via day-3 PGS or had not 
undergone screening and were donated for 
research  [  63,   74,   79–  81  ] . All these studies 
con fi rmed that chromosome abnormalities and 
mosaicism occur at the blastocyst stage, but their 
incidence is not as frequent as it is during the ear-
lier cleavage stage. The main mosaicism-causing 
mechanism was identi fi ed to be chromosome loss 
most likely via anaphase lag. This was followed 
by chromosome gain, whereas MND (leading to 
monosomic and trisomic cell lines within the 
same embryo) was not as frequently observed 
 [  63,   74  ] . 

 The use of FISH enabled the accurate 
identi fi cation of ploidy changes, such as trip-
loidy and haploidy, as well. Interestingly, the 
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most prevalent form of ploidy error seen were 
mosaic diploid-tetraploid blastocysts  [  63,   74, 
  82  ] . The presence of tetraploid cells is consid-
ered to represent the start of trophoblast differ-
entiation, and for this reason mosaic 
diploid-tetraploid blastocysts are not generally 
considered abnormal  [  80  ] . 

 The recent development of more comprehen-
sive molecular cytogenetic methodology such as 
CGH (metaphase and array) or SNP microarrays 
enabled an accurate and reliable analysis of the 
blastocyst chromosomes and provided de fi nitive 
evidence on the different types and frequency of 
anomalies that survive to this stage of preim-
plantation development. During one such study, 
a combination of metaphase and array CGH and 
also FISH took place to analyse three different 
parts obtained from the same blastocyst  [  17  ] . 
Forty-two percent of the 52 blastocysts which 
were investigated were euploid in every cell. Of 
the ones characterised as abnormal, 25 % car-
ried the same chromosome error in all of the 
cells, suggesting a meiotic origin, whereas the 
remaining embryos had varying degrees of 
mosacism. Most of these mosaics contained dif-
ferent abnormalities in every cell, but we did 
observe a few (10 %) diploid-aneuploid mosaic 
embryos, which contained a majority of normal 
cells. The fate of such embryos, as far as their 
ability to implant is concerned is not currently 
known  [  17  ] . 

 Another investigation which used SNP 
microarrays to analyse 50 blastocysts reported 
very similar  fi ndings to our study  [  72  ] . 
Speci fi cally, mosaicism was also observed in 
various degrees in 24 % of the embryos, with the 
remaining 76 % being either completely normal 
or uniformly abnormal  [  72  ] . Combination of the 
data from both the abovementioned studies, indi-
cate that approximately 30 % of blastocyst 
embryos are mosaic, but only a small proportion 
of these contain a diploid cell line as a majority. 

 The use of more comprehensive methods for 
the analysis of blastocysts demonstrated that ane-
uploidy affects chromosomes of all sizes and 
groups, with 22, 16, 15, 21 and X being the ones 
to malsegregate most frequently. Additionally, 

monosomies seemed to be in excess of trisomies 
(514 vs. 494 respectively), con fi rming FISH 
observations about chromosome loss being the 
main aneuploidy-causing mechanism during this 
stage of development  [  83  ] . It was also clear that 
even though most (60 %) aneuploid blastocysts 
tend to carry a single chromosome error in them, 
there are others (15 %) with multiple errors, 
which are capable of reaching the  fi nal stage of 
preimplantation development. Similarly to 
 fi ndings obtained for oocytes and cleavage stage 
embryos, CGH of blastocysts detected several 
partial abnormalities, mostly affecting pieces of 
the larger autosomes (i.e. 1–11 and X), but also 
the smaller 16 and 20  [  83  ] . 

 Analysis of TE and ICM’s coming from the 
same embryos showed an identical chromosome 
complement for both parts  [  84,   85  ] . These 
 fi ndings agreed with previous FISH investiga-
tions, and suggest that TE biopsy, undertaken in a 
clinical PGS setting, can generally be relied upon 
to provide a good indication of the chromosomal 
status of the ICM and therefore of the foetus  [  77, 
  78  ] . As a result, screening of embryos on day-5 to 
identify ones that are chromosomally normal has 
been increasingly used by many IVF clinics, and 
has shown some very encouraging clinical out-
comes  [  86,   87  ] . Data obtained from such analysis 
suggest that the expected blastocyst aneuploidy 
rate for an average female age of 38 years is 56 % 
(Fragouli et al. and unpublished)  [  31  ] . In agree-
ment with observations during female meiosis 
and cleavage stage (to an extent), advancing 
female age seems to be closely related to increas-
ing aneuploidy rates at the blastocyst stage as 
well. Data obtained for 191 women who under-
went CGH screening of blastocysts revealed that 
the aneuploidy rate in younger patients (age 
range: 29–34 years, average age: 32.3 years) was 
46.5 %, whereas in an older group (age range: 
35–50, average age: 40) it was 60.6 %, and this 
difference was found to be highly statistically 
signi fi cant (Fisher’s exact test,  P  = 0.0007)  [  83  ] . 
Table  4  illustrates results obtained during the 
cytogenetic analysis of embryos at the  fi nal stage 
of preimplantation development, using different 
methods.    
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   Conclusions 

 The exceptionally high incidence of chromo-
somal anomalies in human preimplantation 
embryos is the outcome of the accumulated risk 
of errors that may occur at various stages during 
gametogenesis and embryogenesis. In rare cases 
an error may exist or arise in the premeiotic germ 
cells; much more commonly it may arise during 
the  fi rst or second meiotic division in the male or 
female. More ef fi cient cell cycle checkpoints in 
the male ensure that the incidence of aneuploidy 
in the male gamete is low compared to that in the 
female. Hence most errors of meiotic origin come 
from the female. Chromosomal mosaicism affects 
the majority of 3-day-old embryos created by 
IVF and this persists to a lesser degree to the 
blastocyst stage on day 5. With the exception of 
women over the age of 40 and some that are par-
ticularly prone to meiotic errors, embryos from 
all other groups will have predominantly post-
zygotic mitotic errors. Couples experiencing 
repetitive implantation failure are particularly 
likely to produce highly abnormal (chaotic) 
embryos by post-zygotic mechanisms.      
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 Preimplantation Genetic Diagnosis (PGD) is the 
screening of embryos at the cleavage or blastocyst 
stage in order to select and transfer only the  desired  
embryo. The main indications of PGD are mono-
genic disorders and aneuploidy. Additionally, PGD 
can be employed to distinguish a male from a 
female embryo or to choose a HLA-matched 
embryo to a child requiring bone marrow or cord 
blood transplant. The European Society of Human 
Reproduction and Embryology (ESHRE) classi fi es 
PGD into two categories  [  1  ] : high-risk PGD for 
patients at high risk of transmitting a genetic or 
chromosomal abnormality to their children, which 
includes single gene defects, namely autosomal 
recessive, autosomal dominant and X-linked dis-
orders, as well as chromosomal abnormalities 
(translocations, small deletions, etc.); and low-risk 
PGD (or PGS for Preimplantation Genetic 
Screening) for sex selection, and for infertile 
patients undergoing in vitro fertilization (IVF) IVF 
with the aim of increasing the IVF pregnancy rates. 
Patients that fall into this category are those of 
advanced maternal age (AMA) and repeated IVF 
failure and couples with normal karyotypes who 
have experienced repeated miscarriages. 

 PGD is performed in very early stage embryos 
before implantation, and therefore, it requires the 
use of In Vitro Fertilization (IVF) despite the fact 

that a great proportion of patients are not infertile. 
For example, the majority of patients seeking 
PGD for single gene disorders are fertile and thus 
the pregnancy success rates after PGD are higher 
than other groups of patients  [  2  ] . 

 This chapter presents the use of Fluorescent 
In Situ Hybridization (FISH) in embryo aneu-
ploidy screening, the ef fi ciency, and the technical 
challenges of the method. New methodology for 
aneuploidy screening is brie fl y discussed and is 
covered in other chapters. 

   Embryo Biopsy and Fixation 

 PGD can be performed either on one blastomere 
biopsied from the embryo 3 days after fertiliza-
tion, or a group of cells removed from the blasto-
cyst on day 5 after fertilization, or, even in the 
polar bodies extruded from oocytes during meio-
sis (Fig.  1 ). Polar body biopsy can only test for 
conditions inherited from the mother and can only 
speculate on the chromosomal complement of the 
oocyte, depending on what is found in the polar 
body. For example, if the polar body contains an 
extra copy of X chromosome, it is assumed that 
the oocyte lacks one X.    However, a reciprocal 
error on meiosis II may correct the meiosis I error 
and result in a normal embryo  [  3  ] . Therefore, this 
method is not as accurate as blastomere biopsy.  

 Following IVF, the embryos to be tested are 
cultured for 3 days and are expected to have 
undergone 2–4 cell divisions and consist of 4–10 
cells. At this stage all blastomeres are known to be 
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identical and totipotent. The biopsy is performed 
by a trained embryologist in two steps:  fi rst, an 
opening is made in the zona pellucida surround-
ing the oocyte with a laser; a biopsy pipette is 
entered through the opening and one blastomere 
is removed for analysis (Fig.  1 ). The rest of the 
embryo is then returned in the incubator to con-
tinue its development while the genetic analysis is 
performed. Alternatively, a blastocyst biopsy 
removes cells from the trophectoderm that gives 
rise to extraembryonic tissues and the placenta. 

 The biopsy procedure is the same regardless 
of the indication. However, further processing 
of the cell is dependent on the molecular tech-
nique used to diagnose the condition needed and 
will be discussed below (Fig.  2 ).  

 In most cases, fertilization of embryos to be 
tested by PGD is done using Intracytoplasmic 

Sperm Injection (ICSI) and not regular oocyte 
insemination with sperm, in order to prevent 
the presence of spermatozoa in proximity to the 
oocyte. If present during biopsy, these spermato-
zoa could be transferred in the analysis tube 
together with the blastomere and introduce 
signi fi cant error especially in those methods 
involving PCR (polymerase chain reaction). For 
the same reason, the oocyte has to be completely 
stripped of its cumulus cells prior to ICSI. 

 When biopsied at the cleavage stage, any 
embryo testing should be completed within 48 h 
from the biopsy, to allow direct transfer of the 
embryo to the mother, without the need for embryo 
cryopreservation. More recently, improvement 
of embryo freezing methods has contributed to 
higher viability of cryopreserved biopsied 
embryos and has allowed PGD to be performed in 
later stages of embryo development, such as the 
blastocyst stage  [  4  ] . Embryo biopsy is an invasive 
method and should be only performed by well-
trained embryologists. Examination and medical 
follow-up of children up to 2 years of age have not 
shown any increase in congenital abnormalities 
due to PGD/PGS.  

   PGD for Chromosomal 
Rearrangements 

 Chromosomal rearrangements include balanced 
translocations, inversions, or deletions. In bal-
anced translocations, two chromosomes have 
exchanged fragments in a precise manner and 

  Fig. 11.1    Embryo biopsy for PGD. ( a ) Blastomere biopsy. ( b ) Blastocyst biopsy (Courtesy of Dr. Denny Sakkas, 
Boston IVF)       

  Fig. 11.2    Processing of biopsied cell. Depending on the 
indication for PGD, the biopsied blastomere is  fi xed on a 
glass slide or placed in a PCR tube containing lysis solution       
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therefore the carrier parent contains the correct 
amount of genetic material. Patients carrying a 
chromosomal rearrangement have an increased 
risk for chromosomally unbalanced conceptions. 
During meiosis, upon separation of chromosomal 
pairs, a gamete, and subsequently the resulting 
embryo, can contain a mix of normal and translo-
cated chromosomes that can result in a surplus or 
lack of genetic material (Fig.  3 ). Depending on 
the genes carried by the affected genomic portion, 
these abnormalities are often incompatible with 
life and result in miscarriage or elective preg-
nancy termination due to extensive fetal abnor-
malities. Approximately 1–2 % of pregnancy 
losses are due to previously undiagnosed balanced 
translocations carried by one of the parents.  

 PGD can be performed to select the normal 
or balanced embryos and avoid the transfer of 
embryos carrying unbalanced rearrangements, 
therefore increasing the chance of a normal preg-
nancy. Traditionally, these cases are performed 
with FISH with probes speci fi c for the two 
affected chromosomes (Fig.  3 ). The embryos are 
biopsied on day 3 after fertilization and the blas-
tomere is  fi xed on a glass slide with methanol-
acetic acid that dissolves the cytoplasm and 
exposes the DNA of the nucleus. The  fi xed blas-
tomeres are hybridized with the probes chosen 
within the rearranged chromosomes (Fig.  3 ). 

 Several studies have shown that PGD for 
translocation carriers resulted in higher live birth 
rates per embryo transfer compared to natural 

  Fig. 11.3    Schematic representation of a balanced transloca-
tion between chromosomes 10 and 15. The maternal chro-
mosomes are shown on the  top . The chromosome 10 is 
 white  and the chromosome 15 is  black . The paternal chro-
mosome 10 is shown cross-hatched and the paternal chro-
mosome 15 is  grey  (to distinguish from the maternal 
chromosomes). The possible segregation of these two 
chromosomes in the embryos is shown on the  middle . 

The speci fi c probes for telomere 10, telomere 15, and 
centromere 10 are depicted with  blue ,  red , and  green cir-
cles  and  ovals , respectively. Corresponding signals in 
blastomeres are shown on the  bottom . Two dots from each 
probe indicate normal and balanced embryos. Any other 
combination of signals indicates excess or lack of chro-
mosomal material       
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conceptions  [  5–  13  ] . Moreover, the miscarriage 
rate of these patients fell from the expected 
62–75 to 15 %  [  10,   12,   13  ] . It is not clear whether 
the remaining lost pregnancies were due to 
misdiagnosis or any other reason, including 
aneuploidy of other chromosomes. Therefore, 
PGD is de fi nitely a reliable method for the man-
agement of cases with reciprocal or Robertsonian 
translocations (reviewed in  [  14  ] ). 

 However, in cases of PGD for translocations 
the total percentage of normal and balanced 
embryos is lower than the expected 50 % (25 % 
normal and 25 % balanced) and the observed rate 
can be as low as 15 %  [  8,   12,   15  ] . This is most 
likely due to errors during meiosis, and in par-
ticular during the step of pairing and crossover 
(chiasmata) between homologous chromosomes, 
which is critical for meiosis  [  16  ] . Chromosomal 
pairing is hampered because of the translocation 
and the extend of the defect depends on the type 
(reciprocal vs. Robertsonian) and size of the 
translocated fragments. As a result translocation 
carriers produce fewer transferable embryos  [  2  ] . 
More recently, the application of microarrays 
to whole genome screening, discussed below, 
provides the possibility for testing of chromo-
somal imbalances in combination with a compre-
hensive chromosomal analysis  [  13,   17–  21  ] .  

   PGD for Aneuploidy 

   Indications and Method 

 Approximately 20 % of all pregnancies result in 
miscarriage. A proportion of them are due to chro-
mosomal aneuploidy and depends on maternal 
age. Losses due to aneuploidy increase with the 
maternal age: 57 % of abnormal karyotypes found 
in fetuses of women less than 35 years of age, and 
82 % in women 35 and older  [  22,   23  ]  (Fig.  4 ). 
Most aneuploid embryos arise from non-disjunc-
tion errors in maternal meiosis I, which depend on 
maternal age  [  24,   25  ] , reviewed in  [  26  ] .  

 Besides natural conceptions, the success of 
IVF is also heavily dependent on maternal age. 
For these reasons, it seemed reasonable to use 
PGS in women with AMA and repeated IVF 
failure. 

 PGS is performed using FISH on a blastomere 
from a day 3 embryo which is  fi xed on a glass 
slide, as is also done for translocations. Most 
PGS protocols target speci fi cally the nine most 
common aneuploidies seen in spontaneous abor-
tions or birth (X, Y, 13, 15, 16, 17, 18, 21, 22). 
Other centers test up to 12 chromosomes in 3 
consecutive hybridizations  [  27  ] . DNA probes for 

Karyotype results in First Trimester Pregnancy
losses

90
Normal
Abnormal80

70

51

<25 25-34

Maternal Age

>34

49
43

57

19

81

60

50

40

30

20

10

0

%
 f

et
u

se
s

  Fig. 11.4    Effect of gestational age and maternal age on karyotypes of spontaneous pregnancy losses (Data from Hogge 
et al. 2003 and Ljunger et al. 2005)       

 



12911 Preimplantation Genetic Screening and Diagnosis Using Fluorescent In Situ Hybridization (FISH)

the 9–12 chromosomes to be tested are labeled 
with different  fl uorochromes, hybridized to the 
slide in 2–3 successive hybridizations and the 
signals are visualized using a microscope (Fig.  5 ).   

   Ef fi cacy of PGD Using FISH 

 Signi fi cant improvement of IVF success and 
pregnancy rates was reported in AMA and poor 
prognosis patients, although these were not ran-
domized controlled studies  [  15,   27–  31  ] . The 
bene fi ts for younger patients (<35) were not as 
clear  [  28  ] . 

 However, none of the above mentioned stud-
ies was a randomized control trial (RCT) and the 
 fi rst such study was published in 2007 showing 
not only no bene fi t, but a possible detrimental 
effect of using PGS  [  32  ] . A previous study had 
shown similar results  [  33  ] , but its failure had 
been attributed to the biopsy of 2 rather than 1 
blastomere, a method that was shown to be detri-
mental to the embryo  [  34  ] . The 2007 RCT was 
criticized for numerous technical  fl aws and sub-
optimal application of PGS  [  35  ] . However, 
subsequent RCTs agreed with the  fi rst and failed 

to support the use of PGS for 7–9 chromosomes 
to improve pregnancy rates  [  36–  41  ] . A further 
meta-analysis con fi rmed that the PGS does not 
result in increased pregnancy rate  [  42  ] . One of 
the studies of PGS for 9 chromosomes showed a 
trend towards lower miscarriage rate in AMA 
patients that translates in higher “take-home” 
baby rates  [  4  ] . 

 Following the above studies, ESHRE and 
ASRM societies have issued guidelines discour-
aging the use of FISH for aneuploidy screening. 
Despite the new guidelines, the number of PGD 
cycles using FISH as the method of diagnosis 
reported by the ESHRE PGD consortium have 
only slightly reduced from 67 to 61 % of the 
overall PGD cycles from before 2007 to 2009 
 [  1,   2  ] . 

 In contrast with the above studies showing 
that PGD using FISH is unsuccessful in increas-
ing pregnancy rates, two more recent RCTs show 
a clear bene fi t for patients of AMA and patients 
with previous implantation failures  [  43,   44  ] . 
In patients of AMA, Rubio et al. report 32.3 % 
vs. 15.5 % ( p  = 0.0099) live birth rates per oocyte 
retrieval for PGD-tested embryos vs. non-tested, 
respectively. In couples with previous implantation 

  Fig. 11.5    FISH on blastomeres from day 3 embryos. 
Blastomeres from day 3 (8-cell) embryos were biopsied, 
 fi xed, and hybridized with commercial PB (Vysis) probe 
combination. The probes corresponding to chromosomes 
13, 16, 18, 21, and 22 are labeled with  red ,  aqua ,  blue , 
 green,  and  yellow   fl uorophores, respectively. The  left 
panel  shows a normal blastomere with two signals for 
each chromosome. The  middle panel  shows a blastomere 

carrying only one signal for chromosome 13 ( red arrow ). 
The  right panel  depicts an embryo with monosomy 16 
( aqua arrow-head ) and inconclusive signals for chromo-
somes 13 and 21. One of the red signals is split ( arrow-
head ). There are two green signals near each other ( green 
arrow-head ) and one green signal on the border of the cell 
( green arrow )       
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failures, the ongoing pregnancy rates per oocyte 
retrieval was 48.0 % when tested with FISH vs. 
29.5 % without PGD ( p  = 0.0363).  

   Pitfalls of FISH 

 In general, there are three major sources of errors 
that contribute to the overall error rate of a 
method. The  fi rst is due to normal biological vari-
ation, the second is due to method limitations, 
and the third is due to execution  fl aws. 

 It has been reported that cleavage-stage 
embryos present with high mosaicism, but further 
development to blastocyst may allow for self-
correction of earlier aneuploidies  [  45–  47  ] . The 
original results showing high mosaicism were 
obtained using FISH, but a more recent study 
employing microarray technology has shown that 
embryo mosaicism is signi fi cantly lower than 
estimated by FISH  [  48  ] . Therefore, the argument 
of error due to mosaicism is no longer valid. 

 Positioning of chromosomal pairs during the 
cell cycle may result in a physical distance below 
the detection capability of the probes used for 
FISH (Fig.  5 ). Indeed, monosomies are over-
diagnosed in embryos by FISH, but are not 
con fi rmed using rehybridization with different 
probes  [  38,   49,   50  ] . Moreover, chromosomal 
duplication during mitosis is asynchronous  [  51  ] . 
Blastomeres are actively dividing and therefore it 
is possible that when biopsied one chromosome 
may have duplicated earlier than others. Such 
biological variation would explain double signals 
often detected by FISH (Fig.  5 ). 

 FISH for 9–12 chromosomes is not compre-
hensive enough to cover all possible aneuploi-
dies. Karyotyping of  fi rst trimester pregnancy 
losses and whole genome screening of embryos 
show that aneuploidy can affect all chromosomes 
and not only the ones tested by FISH  [  22,   23, 
  52–  56  ] . Whole genome screening is currently the 
method of choice, and the different methods and 
limitations are brie fl y discussed below. 

 FISH is a technically dif fi cult method and is 
prone to many errors. Errors may arise during the 
FISH  fi xation, staining, and evaluation steps. 
Interestingly, the percentage of non-informative 

blastomeres vary vastly between studies ranging 
from 3 to 20 %  [  32,   41,   49  ]  despite using similar 
commercial probes. Moreover, additional hybridiza-
tion rounds with different probes improve the accu-
racy of the diagnosis  [  49  ] . FISH is a method sensitive 
to operator-bias, or, in other words, a method that 
requires a high level of technical expertise.   

   Advances in PGD and Future 
Perspectives 

   Whole Genome Screening for 
Aneuploidy 

 Due to the above mentioned FISH limitations, 
several methods of comprehensive whole genome 
aneuploidy screening are emerging. To distin-
guish between the different screening methods 
for aneuploidy, a number of investigators favor 
the term Comprehensive Chromosome Screening 
(CCS) when referring to whole genome screen-
ing methods  [  4,   55,   57  ] . A brief description of 
these methods is presented here and are covered 
in other chapters. 

 The  fi rst successful attempt to characterize all 
23 chromosomes of a cleavage-stage embryo was 
done using Comparative Genome Ampli fi cation 
(CGH)  [  58  ] . In this method, the DNA of a biop-
sied blastomere is labeled with a  fl uorochrome. 
Another DNA sample from a normal individual 
is labeled with a different color and the two are 
mixed and applied on a glass slide carrying 
chromosomes in metaphase. Any color intensity 
difference indicates the loss or gain of genetic 
material. CGH has been successfully performed 
in polar bodies and cleavage-stage embryos 
 [  24,   25,   59,   60  ] . However, this method is very 
labor-intensive and unsuitable to routine testing. 

 Instead, array CGH (aCGH) follows the same 
principle but is performed in a microarray format. 
Instead of chromosomes in metaphase, nucleic 
acid fragments covering the whole genome are 
dotted (arrayed) on a glass slide. Information is 
gathered and analyzed with a computer software. 
Several commercial or custom-made microarray 
platforms have been tested for Prenatal and PGD 
 [  17,   20,   52,   53  ] . These arrays can detect copy 
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number differences and imbalances of the tested 
cell. Therefore, they can also be applied in the 
detection of chromosomal rearrangements such as 
translocations or microdeletions, but they cannot 
distinguish a balanced from a normal karyotype. 

 Another type of microarray for whole genome 
screening is Single Nucleotide Polymorphism 
(SNP) arrays, which were originally developed for 
genetic linkage analysis. They contain several 
thousands of SNPs found in the Human Genome 
and therefore they provide extensive coverage of 
the chromosomes  [  52,   61  ] . The analysis of the 
results requires powerful software and computers, 
but it generates considerably more information 
than any other type of array. In addition to aneu-
ploidy they can also detect Uniparental Disomy 
and the parental origin of each abnormality  [  61  ] . 

 All microarray platforms require sophisticated 
statistics to analyze the results of the hybridization 
and can provide a vast amount of genomic infor-
mation about the preimplantation embryos. It 
remains to be determined how much of this infor-
mation is helpful for the clinician and the patient, 
and whether in some cases it may complicate treat-
ment. Whole genome aneuploidy screening shows 
a signi fi cantly lower error rate than FISH  [  55  ]  and 
greatly improved results in terms of comprehen-
sive genome screening and pregnancy rates  [  55  ] .  

   Blastocyst Biopsy and Embryo 
Vitri fi cation 

 Recent advances in embryo freezing and biopsy 
methods hold great potential for facilitating com-
prehensive aneuploidy screening. Blastocyst test-
ing showed a 50 % improvement in implantation 
rates  [  4  ] . Another advantage of blastocyst biopsy 
is increased amount of starting DNA and conse-
quently improved accuracy. 

 The survival of biopsied embryos after freez-
ing with conventional slow freezing methods is 
low. Vitri fi cation has been shown to result in very 
high embryo survival, without adverse effects on 
the embryo  [  62  ] . Vitri fi cation will also be useful 
for patients seeking PGD for monogenic disor-
ders who often have several normal embryos 
from one IVF cycle.   

   Conclusions and Future Perspectives 

 PGD is a safe and ef fi cient procedure for the 
screening of embryos in an early stage in order to 
select and transfer only the unaffected embryos. 
Aneuploidy screening using FISH is limited to 
9–12 chromosomes and is a technically dif fi cult 
procedure prone to many errors. Thus, aneuploidy 
screening has passed through a period of recon-
sideration and is now re-emerging with complete 
genome screening. However, there is increasing 
evidence that besides ploidy, gene expression and 
metabolism contribute to embryo viability  [  3,   63  ] . 
Therefore, a combination of comprehensive 
screening technologies is likely to signi fi cantly 
improve selection of the normal embryo.      
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   Preimplantation Genetic Diagnosis 
of Single Gene Disorders Based 
on DNA Ampli fi cation 

 Single cell analysis for preimplantation genetic 
diagnosis (PGD) of single gene defects (SGDs) 
was  fi rst used to identify the sex of embryos in a 
series of couples at risk of various X-linked con-
ditions, which typically only affect males  [  1  ] . 
The use of PCR at the single cell level was still in 
its infancy and even doubling the typical number 
of ampli fi cation cycles failed to amplify unique 
target sequences reliably. For this reason, PCR 
ampli fi cation of a Y-linked repeat sequence, pres-
ent in thousands of copies per cell, was used for 
identi fi cation of male embryos. However, the 
extreme sensitivity of this protocol and the rapid 
build-up of ampli fi ed DNA products in the labo-
ratory environment, soon led to the appearance of 
contamination and false positive results in blank 
(negative) controls. Furthermore, in a minority of 
single male cells ampli fi cation still failed, result-
ing in a male embryo being identi fi ed as female, 
which lead to the  fi rst clinical misdiagnosis 
following PGD. 

 The breakthrough, enabling ampli fi cation of 
short unique sequences encompassing the site of 
the gene mutation, was to use two rounds of PCR 
ampli fi cation, preferably with nested oligonucle-
otide primers  [  2,   3  ] . During the  fi rst round of 
PCR a DNA fragment encompassing the muta-
tion site undergoes a limited ampli fi cation. The 
fragments produced are not ampli fi ed to the vast 
extent necessary for direct visualisation and conse-
quently they pose only a minor contamination risk. 
The second PCR involves the use of primers that 
anneal within the initial ampli fi ed fragment, pro-
ducing a smaller ‘nested’ fragment that has under-
gone suf fi cient ampli fi cation for subsequent 
detection. Despite the large amount of ampli fi cation, 
the secondary fragment poses little contamination 
risk since it lacks the priming sites required for 
ampli fi cation in the initial reaction. Using this strat-
egy, PGD of SGDs using single biopsied cells 
became possible resulting in the birth of a child 
free of the common DF508, three base pair deletion 
of the CFTR gene causing cystic  fi brosis  [  4  ] . 

 Nested PCR of a short fragment of exon 10 of 
the CFTR gene, including the sequence around 
the position of DF508, remains one of the most 
sensitive and ef fi cient methods of single cell 
DNA ampli fi cation. Nevertheless, in a small 
percentage of single cells, ampli fi cation either 
fails completely or there is an apparently random 
failure to amplify one of the two parental alleles. 
This phenomenon, known as allele dropout 
(ADO), can cause misdiagnosis of a carrier of an 
autosomal recessive condition as affected or 
homozygous normal, or more seriously, in the 
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case of an autosomal dominant condition, an 
affected mutation carrier may appear to be unaf-
fected. The incidence of ADO can be minimised 
by optimising the protocols for cell lysis and 
ampli fi cation, and speci fi cally by raising the 
denaturation temperature in the  fi rst few cycles of 
the  fi rst PCR  [  5  ] . However, to date ADO has 
never been completely eliminated in any targeted 
or whole genome ampli fi cation (WGA) protocol 
at the single cell level  [  6  ] .  

   Multiplex PCR for the Preimplantation 
Diagnosis of Single Gene Disorders 

 The combined problems of ADO and contamina-
tion prompted the search for DNA markers, 
which could be used to identify independently 
the presence of the chromosome carrying the 
mutant gene, essentially producing a diagnosis 
with built-in redundancy  [  7,   8  ] . In the early 
1990s, the intense effort to sequence the human 
genome led to the discovery and mapping of a 
highly polymorphic class of markers, known as 
short tandem repeats (STRs), which are widely 
distributed throughout the genome and consist of 
a short sequence of two or more bases repeated a 
variable number of times. Because the number of 
repeats is highly polymorphic but relatively sta-
ble from one generation to the next, the repeat 
length can be used as a marker. By selecting a 
combination of STRs in close proximity to the 
mutation site, having different repeat lengths (i.e. 
different alleles) on all four parental chromo-
somes, it is possible to track the inheritance of 
each chromosome from parent to embryo. Ideally 
two or more STRs  fl anking the proximal and dis-
tal boundaries of the gene and, where possible, an 
intragenic STR are chosen for this purpose. The 
distance between the  fl anking STRs and the gene 
should be minimised (ideally 1 Mb or less), 
reducing the chance of recombination between 
the marker and the mutation site during meiosis. 
Although ADO can potentially affect STR loci as 
well as the mutation sites, the probability of mul-
tiple loci on the same chromosome all being 
affected in the same cell is very low. 

 The strategy of using one or more polymor-
phic markers, combined with mutation detection, 

has now become the ‘gold standard’ for single 
cell analysis  [  9  ] . The relatively short length of the 
STRs (no more than a few hundred base pairs), 
combined with the sensitivity of  fl uorescent PCR 
analysed by capillary electrophoresis using auto-
mated sequencers, has facilitated simultaneous 
ampli fi cation of multiple target sequences (multi-
plex PCR) directly from single cells. Also, muta-
tions are now generally detected by single 
 fl uorescent base extension reactions, or minise-
quencing, using specially designed primers, 
following the  fi rst multiplex PCR  [  10  ] . As well 
as allowing an accurate diagnosis on occasions 
when ADO affects ampli fi cation of the mutation 
site, STRs also have the capacity to reveal the 
presence of DNA contaminants. Their highly 
polymorphic nature means that foreign contami-
nants will often have combinations of STR alleles 
that differ from the embryos being tested, result-
ing in the detection of additional STR alleles not 
present in the parents. 

 Multiplex ampli fi cation by  fl uorescent PCR is 
now so successful that the same principle can be 
extended to identify the parental origin of more 
than one region of the genome. For example, the 
origin of the HLA region of chromosome 6 can be 
combined with SGD diagnosis to allow the selec-
tion of unaffected embryos, which are HLA 
matched to an existing affected child, for cord 
blood stem cell transplantation  [  11,   12  ] . It is also 
possible to use STR markers to detect abnormal 
numbers of chromosomes (aneuploidy), not only 
for the chromosome affected by the SGD but also 
for a small number of other chromosomes. Finally, 
STRs in both the centromeric and subtelomeric 
regions of chromosomes affected by reciprocal or 
Robertsonian translocations can be used to test 
embryos for imbalance of the sections of chromo-
some involved in the rearrangement  [  13  ] .  

   Limitations of Multiplex-PCR 
Strategies and New Developments 

 The problem with multiplex  fl uorescent PCR is 
that, although the reagents are relatively low in 
cost, the initial work to identify informative 
markers for a speci fi c family or inherited condi-
tion and optimise their ampli fi cation at the single 
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cell level, is time consuming and labour intensive. 
Furthermore, it may be dif fi cult to identify fully 
informative closely linked markers in some fami-
lies, resulting in the testing of numerous potential 
candidates and a  fi nal combination which may 
only be semi-informative or less closely linked to 
the mutant gene than desired. For this reason, 
multiplex panels of markers have been devel-
oped for preimplantation genetic haplotyping 
(PGH) of speci fi c inherited conditions. In the PGH 
approach, the disease-linked STRs used are 
suf fi ciently numerous that most families are found 
to have at least two or three that are informative 
and therefore able to provide a diagnosis  [  14  ] . 
Nonetheless, some couples are still excluded 
because of lack of informative markers within the 
STR panels and any new or rare condition still 
requires the development of an additional single 
cell test. Essentially, therefore, PGD by highly 
multiplexed  fl uorescent PCR directly from single 
cells has reached its practical limits and although 
well established in clinical practice and accurate, 
remains specialised, labour intensive and rate 
limiting, preventing widespread application. 

 With the development of new methods for 
WGA by, for example, the use of isothermal 
multiple displacement ampli fi cation (MDA), it is 
now possible to amplify microgram quantities of 
DNA from a single cell  [  15–  17  ] . This has revolu-
tionised prospects for single cell analysis since it 
allows the ampli fi ed DNA to be analysed under 
conventional conditions and provides enough 
DNA for microarray-based testing or sequenc-
ing. Disappointingly, however, ADO, following 
either MDA  [  16  ]  or PCR library-based methods 
of WGA, remains a signi fi cant problem. 
Nevertheless, WGA methods have been success-
fully applied for the genetic analysis of oocytes 
and embryos, especially in conjunction with 
microarrays. The use of microarray comparative 
genomic hybridisation (array CGH) has been 
expanding particularly rapidly over the last few 
years and is now widely used for PGD of aneu-
ploidy (also known as preimplantation genetic 
screening—PGS)  [  18–  22  ] . Microarray-CGH is 
discussed in detail elsewhere in this book (see 
Chap.   13    ). In this chapter we will limit ourselves to 
reviewing current developments using microarrays 

for the interrogation of single nucleotide poly-
morphisms (SNPs) in human embryos and dis-
cuss the possibility of employing powerful next 
generation sequencing technologies for PGD. 
These provide the potential to move beyond fam-
ily or disease speci fi c testing, to genome-wide 
methods which overcome issues related to ADO 
and provide comprehensive testing for any SGDs 
combined with molecular cytogenetic analysis.  

   Single Nucleotide Polymorphisms 
and SNP Microarrays 

 SNPs are a common type of genetic variation, in 
which one of two or more bases may be present 
at a particular position in the DNA sequence. 
Over ten million SNPs have been identi fi ed in the 
human genome and allele frequencies studied by 
genotyping multiple individuals in different pop-
ulations. Most SNPs occur in noncoding regions 
and are not known to cause a clinical phenotype. 
However, SNPs collectively are thought to con-
tribute to variation between individuals and some 
SNPs are associated with disease haplotypes. 

 Biallelic SNPs with a relatively high minor 
allele frequency and heterozygosity ratio represent 
an important set of DNA markers. By convention, 
each SNP locus is genotyped as AA or BB if 
homozygous, or AB, if heterozygous, irrespec-
tive of the actual nucleotides (i.e. G, A, T or C) 
present. Furthermore, microarrays capable of 
genotyping up to a million or more SNPs, either 
evenly distributed at high density across the 
genome or clustered around known genes, provide 
a rapid and cost-effective tool for genotyping 
large numbers of samples. The various microar-
ray technologies available for SNP genotyping 
differ in the methodologies used. For example, 
some platforms involve af fi xing oligonucleotide 
probes of complementary sequence to individual 
SNP alleles directly to glass slides, whereas 
another system attaches probes to polystyrene 
beads. Also, some arrays use the same probe to 
detect both alleles while others have different 
probes for each allele and some arrays have mul-
tiple features for each SNP locus. All of them, 
however, use some form of  fl uorescence-based 
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chemistry, enabling genotyping to be combined 
with allele-speci fi c measurement of  fl uorescence 
intensity, potentially providing a quanti fi cation of 
the amount of DNA from an individual SNP 
locus. SNP genotyping arrays are used exten-
sively both for genome-wide association studies 
of common diseases and for high resolution 
molecular cytogenetics. 

 The combination of a high density of SNP 
markers genome-wide, permitting universal link-
age-based diagnosis of SGDs, combined with the 
possibility of allele-speci fi c quanti fi cation for 
chromosome copy number, is of great potential 
value for preimplantation genetics. STR markers 
are generally more informative than SNPs since 
each locus may have multiple alleles of different 
lengths, often allowing all four parental chromo-
somes to be distinguished at a speci fi c locus. In 
contrast, SNPs are almost always only bialleleic 
and can therefore only identify the presence of a 
maximum of two different chromosomes at a 
given locus. However, because of the high den-
sity of SNP loci, it is usually possible to  fi nd four 
different SNP loci, each suitable for the detection 
of a different parental chromosome, all within the 
close proximity to the gene of interest. Hence it is 
possible to diagnose the presence of a SGD via 
linkage analysis, examining informative SNP loci 
in the region of the affected gene. Furthermore, 
the ability to measure the  fl uorescence intensity 
of signals from both alleles at successive loci 
across each chromosome allows high resolution 
molecular cytogenetic analysis which, unlike 
array CGH, when combined with genotype anal-
ysis of DNA from the parents, can identify the 
parental origin of the abnormality as well as 
revealing instances of uniparental disomy. 

 For PGD, high density SNP genotyping arrays 
have so far mainly been used for detection of 
chromosome aneuploidy, using four distinct strat-
egies. The  fi rst of these strategies, developed by 
Kearns and colleagues, is simply to optimise the 
lysis and WGA protocols for single and small 
numbers of cells to reduce ampli fi cation bias and 
use a large series of WGA products from chro-
mosomally normal single cells to optimise the 
SNP genotype calls at each locus  [  23  ] . This then 
enables aneuploidy to be detected by analysis of 

the general features of the SNP data across each 
chromosome in the same way as would be done 
for any genomic DNA sample (Fig.  1 ). So for 
example, trisomy can be detected by examining 
the B allele ratio of each SNP locus. In a euploid 
sample, the B allele ratio of thousands of consecu-
tive SNP loci should fall into three bands corre-
sponding to the genotypes AA (0, B allele ratio), 
BB (1 B allele ratio) and AB (0.5 B allele ratio). 
In a trisomic sample, however, the heterozygous 
band splits into two, corresponding to AAB (0.33 
B allele ratio) and BBA (0.67 B allele ratio). 
Whereas, in a sample with a chromosome mono-
somy or heterozygous deletion, there should be 
no heterozygous calls and this loss of heterozy-
gosity (LOH) is then detected by the absence of 
any heterozygous band in the B allele ratio plot.  

 In practice, this strategy has been dif fi cult to 
replicate. Although regions showing LOH are 
easily and accurately identi fi ed, ampli fi cation 
bias occurring during WGA combined with the 
scatter in the SNP intensity data generally makes 
detection of the split heterozygous band by anal-
ysis of the B allele ratio very dif fi cult. An alterna-
tive strategy, developed by Treff and colleagues, 
is to use copy number assignments for each indi-
vidual SNP locus and apply statistical methods to 
examine the copy number distribution of all of 
the SNPs on a particular chromosome and assign 
chromosome copy number on the basis of the 
copy number of the majority (>50 %) of SNP loci 
 [  24  ] . To date, this approach has not been attempted 
on other SNP microarray platforms. An impor-
tant consideration when considering the clinical 
application of SNP microarrays is that the proto-
col is not easy to  fi t within a normal working day. 
This has made it challenging to use SNP microar-
rays in embryo testing cycles in which a fresh 
transfer is desired and has led some groups to 
move towards faster methods such as real-time 
quantitative PCR (see Chap.   14    ). 

 Another strategy developed by Rabinowitz 
and colleagues, is to use SNP genotyping of both 
parents to enable the use of advanced bioinfor-
matic algorithms to enhance the accuracy of SNP 
genotyping in single cell samples and to detect 
aneuploidy by identifying the presence of speci fi c 
parental haplotypes  [  25  ] . Because the precise 
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algorithms are proprietary and have not been 
fully disclosed, it is not possible to replicate their 
results. Furthermore, some unusual features in 
published data obtained using this approach, 
speci fi cally concerning the frequency and origin 
of aneuploidies  [  25,   26  ] , have led to the method-
ology being criticised on theoretical grounds 
 [  27  ] . Nevertheless, the results are broadly similar 
to the patterns of aneuploidy established by other 
methods such as  fl uorescence in situ hybridisa-
tion (FISH). 

 Finally, the fourth strategy, karyomapping, 
uses genome-wide high density SNP genotyping 
and Mendelian analysis of both parents and a 
close relative of known disease status (often an 
existing child) as a universal method for link-
age-based analysis of the inheritance of SGDs 
combined with the detection of a range of cytoge-

netic abnormalities including meiotic trisomies, 
monsomies and deletions  [  28  ] . The basic princi-
ple is simple. At informative SNP loci, in which 
one parent is homozygous (AA or BB) and the 
other is heterozygous (AB), the genotype of the 
biopsied cell(s) from the embryo at that locus 
enables the identi fi cation of which chromosome 
has been inherited from the heterozygous parent 
and whether this is the same chromosome as the 
reference child. So for example, if the genotype 
of a SNP in the vicinity of a dominant disease 
gene is AA for the father, AB for the mother and 
AB for an affected child previously born to the 
couple, then the conclusion is that the chromo-
some carrying allele B has been inherited from 
the mother and is associated with the disorder. 
If the genotype of an embryo from the same cou-
ple is also found to be AB, it is clear that it has 

  Fig. 12.1    Molecular cytogenetics using high density sin-
gle nucleotide polymorphism (SNP) arrays. For molecular 
cytogenetic analysis, the relative intensity of the A and B 
alleles at each SNP locus ( black dots ) is analysed across 
each chromosome. In normal genomic DNA, each locus 
on a pair of homologous chromosomes (disomy) is either 
homozygous AA or BB, or heterozygous AB with B allele 
frequencies of 0, 0.5 and 1, respectively ( left panel ). Where 
there is an extra third copy of a chromosome (trisomy) or a 

regional duplication, the relative intensity of the A and B 
alleles at heterozygous loci now separate into two bands 
corresponding to those loci which are AAB and ABB with 
B allele frequencies of about 0.33 and 0.66, respectively 
( middle panel ). If only a single chromosome is present 
(monosomy) or there is a heterozygous deletion on one 
chromosome, all of the SNP loci are genotyped as AA or 
BB and there is a loss of heterozygosity i.e. no heterozy-
gous AB loci are detected ( right panel )       
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inherited the same maternal chromosome as the 
previous child and has therefore inherited her 
mutation. Alternatively if the genotype is AA, the 
embryo has inherited the other maternal chromo-
some and is therefore unaffected. As the proba-
bility that any individual SNP is heterozygous in 
one of the parents is high and there is a high den-
sity of SNP loci, then for most parents, a corre-
spondingly dense set of informative markers for 
all four distinct parental chromosomes can be 
identi fi ed. Furthermore, the phase of the A and B 
alleles at successive heterozygous loci in each 
parent can be established by comparison with the 
genotype of the reference child or other close 

relative, allowing the creation of extended 
haplotypes covering all chromosomes (Fig.  2 ).  

 The rate of ADO at SNP loci in single cells 
following WGA by PCR library-based or MDA 
methods is relatively high, reaching 30 % in some 
instances. This remains a signi fi cant limitation 
for any downstream genetic analysis irrespective 
of the methodology employed. For karyomap-
ping, ADO is potentially a problem since 
heterozygous SNP loci are needed to identify 
which parental chromosomes have been inher-
ited. Hence, in the example described above, 
instead of the single cell genotyping as AB, ADO 
may occur resulting in the genotype AA (indicative 

  Fig. 12.2    Karyomaps of chromosome 11q13.4 in a cou-
ple at risk of Smith Lemli Opitz syndrome. The karyomaps 
of an existing child, known to be a carrier of the paternal 
mutation (sample 1), an affected foetus from a previous 
pregnancy (sample 2) and whole genome ampli fi cation 
products of single blastomeres biopsied from four cleav-
age stage embryos (samples 3–10) for chromosome 
11q13.4 are displayed for comparison. Consecutive infor-
mative single nucleotide polymorphism (SNP) loci for the 
four parental chromosomes are represented by two pairs of 
columns in each case (paternal,  left  and maternal,  right ) in 
which each segment is an informative SNP. Informative 
SNP loci which are heterozygous in the sample are coloured 

indicating the presence of that chromosome (paternal,  blue  
and  red  and maternal,  yellow  and  green ). Negative infor-
mative SNP loci or those in which genotyping failed are 
coloured  grey . The position of 7-dehydrocholesterol 
reductase ( DHCR7 ) relative to the SNP loci is indicated by 
the  light blue bars . The position of the three short tandem 
repeat (STR) markers used for conventional analysis is 
indicated in  purple  to the  left  of sample 1. The key below 
the karyomaps indicates the interpretation of the chromo-
somes present in the critical region  fl anking  DHCR7 . One 
embryo is shown to be a carrier of the paternal mutation, 
two embryos are unaffected ( shaded green ) and one 
embryo is homozygous affected       
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of the other maternal chromosome) or alterna-
tively, if the other allele drops out, BB, which is 
an impossible combination of alleles at this locus 
in these parents. In practice, therefore, only infor-
mative SNP loci, which are heterozygous in the 
embryo are used for karyomapping, avoiding 
ADO errors. Any ‘impossible’ genotypes are 
assumed to be heterozygous loci with ADO. 

 As karyomapping identi fi es a set of markers 
for each parental chromosome, it also enables 
chromosomal abnormalities to be identi fi ed in 
the embryo, independently of any quantitative 
SNP intensity analysis. Normally the embryo 
inherits one chromosome of each pair from each 
parent. However, recombination between the 
parental chromosomes occurs during the  fi rst 
meiotic division resulting in nonrecombinant and 
recombinant chromosomes and this is re fl ected in 
the karyomap for that chromosome either being 
identical to one of the parental chromosomes or 
switching from one to the other at the point of 
recombination. If an error occurs in meiosis such 
that two chromosomes with different patterns of 
recombination are inherited from one parent (as 
is generally the case), both sets of markers for the 
two chromosomes from that parent will be pres-
ent for some or all of that chromosome indicating 
trisomy for that chromosome in the embryo. 
Nondisjunction or premature predivision of chro-
matids in the  fi rst meiotic division will be charac-
terised by the presence of both sets of SNP 
markers in the region of the centromere and then 
distal to any crossovers. Alternatively, if both 
parental marker sets are only identi fi ed in more 
distal regions of the chromosome arms, this indi-
cates a trisomy, which may have arisen in the sec-
ond meiotic division. However, mitotic 
duplication of a chromosome by, for example 
nondisjunction cannot be detected because both 
chromosomes have the same SNP alleles at all 
loci. These therefore require quantitative analysis 
to be detected. In contrast, if all markers are 
found to be derived from a single parent for a par-
ticular chromosome or chromosome segment that 
indicates monosomy or a deletion, respectively. 

 An advantage of karyomapping over other 
methods for detecting chromosome copy number 
in single cells, such as array CGH or real-time 

PCR, is that the parental origin is identi fi ed which 
can be useful clinically. Furthermore, the high 
density of SNP markers provides higher resolu-
tion analysis than is possible with array CGH 
which is ideal for detection of chromosome 
imbalance resulting from structural chromosome 
abnormalities in one of the parents. Furthermore, 
SNP microarrays offer some advantages for PGD 
undertaken for carriers of reciprocal and 
Robertsonian translocations, since embryos with 
an entirely normal set of chromosomes, as revealed 
by their SNP pro fi le, can be distinguished from 
those that are balanced but have inherited the two 
derivative, translocated chromosomes.  

   Next Generation Sequencing 

 Despite the mounting evidence that microarray-
based methods can assist in the identi fi cation of 
viable embryos, leading to signi fi cant improve-
ments in IVF outcomes, the relatively high cost 
of testing has limited the clinical application of 
these techniques. While technical innovations 
have allowed the costs associated with microar-
ray analysis to be reduced signi fi cantly in recent 
years, further reductions in the price of genetic 
testing may be dif fi cult to achieve. As such, the 
genetic analysis of embryos remains a relatively 
costly addition to the already expensive proce-
dure of IVF. In order to continue the downward 
trend in the cost of genetic testing it may be nec-
essary to move away from microarray-based 
methods, employing entirely new techniques. 

 Any new method for the analysis of embryos 
must match or surpass existing techniques in 
terms of speed and accuracy and should ideally 
have the capacity to provide data on both chro-
mosomal copy number (i.e. aneuploidy) and 
DNA sequence (i.e. detection of gene mutations). 
New techniques should be scalable, permitting 
the simultaneous analysis of multiple samples, 
and be of lower cost than current alternatives. 
A prime candidate for such a method, potentially 
capable of ful fi lling all of these criteria, is next 
generation sequencing (NGS). There are a num-
ber of different NGS strategies, but essentially all 
have the same purpose—the rapid generation of 
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vast quantities of DNA sequence data at low cost. 
In most cases, NGS involves extraction of DNA 
from the sample followed by its fragmentation. 
The pieces of DNA produced then undergo an 
ampli fi cation step after which sequencing is initi-
ated, simultaneously generating huge numbers of 
short DNA sequences. A computer compares the 
sequences produced to the known sequence of 
the human genome, allowing them to be placed in 
the correct chromosomal location, orientation 
and order. The alignment of DNA sequences with 
respect to a reference genome highlights any dif-
ferences associated with the presence of muta-
tions and polymorphisms. Additionally, the 
quantity of sequences derived from individual 
chromosomes provides an indication of their 
copy number, trisomic chromosomes presenting 
more than the expected number of sequences and 
those affected by monosomy producing too few. 

 NGS technology is revolutionising clinical 
genetics and is increasingly widely applied for the 
detection of mutations in individual genes and for 
the characterisation of chromosomal abnormali-
ties. At the time of writing this chapter, there has 
not yet been any publication describing the appli-
cation of NGS to cells biopsied from human 
embryos. However, the authors have conducted 
extensive preliminary work in this area and other 
groups are also actively involved in optimising 
and re fi ning NGS techniques for the purposes of 
embryo diagnosis. We have been able to complete 
NGS analysis of single blastomeres within 15 h, a 
rate similar or faster than speeds achieved using 
the most rapid array CGH methods currently 
available. Importantly, high sample throughput 
was easily achieved. More than 30 samples have 
been successfully assessed in a single experiment 
and the data obtained indicated that simultaneous 
analysis of more than 100 samples should be tech-
nically feasible. A large number of cells biopsied 
from preimplantation embryos have now been 
subjected to NGS and chromosome abnormalities 
detected with high accuracy. The cost per sample 
was low, being only two thirds the price of the 
most cost-effective microarray platform currently 
available. The potential reduction in the price of 
genetic testing afforded by NGS has signi fi cant 

implications for the future clinical utilisation of 
preimplantation aneuploidy screening, potentially 
making it accessible to much greater numbers of 
infertile couples. Furthermore, the cost of NGS 
has been on a rapid downward trajectory and is 
likely to continue to get cheaper in the coming 
months and years. 

 Not only was NGS capable of revealing chro-
mosome abnormalities, but it also provided infor-
mation concerning the presence of mutations and 
polymorphisms of the DNA sequence. This was 
highlighted by the successful detection of the 
common  CFTR  DF508 mutation, associated with 
cystic  fi brosis, in single cells from an affected 
cell line. Combining the detection of single gene 
mutations and aneuploidy screening has been 
extremely challenging using conventional meth-
ods. The ability of NGS to provide both chromo-
somal and DNA sequence information represents 
a signi fi cant advantage of this approach. 

 Although there is growing evidence that ane-
uploidy may be the single most important factor 
determining the ability of an embryo to implant 
and form a viable pregnancy, it remains the case 
that even the transfer of a chromosomally nor-
mal, morphologically perfect embryo cannot 
guarantee that a viable pregnancy will be estab-
lished (Fig.  3 ). Clearly, there are other, less well-
de fi ned aspects of embryo biology that are also 
critical for successful development. A prime 
candidate in this regard is mitochondrial copy 
number, which previous studies have linked to 
various aspects of oocyte and embryo compe-
tence  [  29,   30  ] . Unlike all other methods of chro-
mosome screening currently in use, NGS 
strategies have the potential to simultaneously 
provide data on mtDNA copy number and muta-
tions as well as aneuploidy. This may provide an 
extra dimension to embryo screening. Our pre-
liminary work using NGS has shown that the 
ratio of mtDNA sequences to nuclear DNA 
sequences often differs signi fi cantly between 
embryos derived from the same couple. The clin-
ical signifi cance of this fi nding is not yet known, 
but it seems likely that variation in this key 
organelle would have biological and clinical 
consequences.  
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 As well as providing data concerning the rela-
tive amount of mtDNA, NGS is also capable of 
providing a detailed insight into mutations of the 
mitochondrial genome. Mitochondrial DNA dis-
orders are responsible for a number of devastat-
ing conditions for which there is no cure and few 
treatment options. Affected individuals are het-
eroplasmic, having a mixture of normal and 
mutant mitochondria in their cells. The severity 
of the symptoms is determined by the proportion 
of organelles that are defective. As many as 1 
person in 400 is affected by an mtDNA disorder 
 [  31  ]  and the phenomenon of the mitochondrial 
bottleneck during oogenesis means that the phe-
notype can swing from mild to severe in a single 
generation. One possibility for the avoidance of 
mtDNA disorders is to test cells biopsied from 
preimplantation embryos, transferring only those 
with entirely normal mitochondria or with low 
mutation loads  [  32–  34  ] . However, accurate 
quanti fi cation of mtDNA mutations has been 
technically challenging at the single cell level. 

We have applied NGS to assess single cells 
isolated from a cell line affected with an mtDNA 
disorder and found that the method provides 
accurate mutation detection and quanti fi cation of 
the proportion of mitochondrial genomes 
affected. 

 The introduction of new technologies such as 
SNP microarrays and NGS, hold the promise of 
streamlined methods for the genetic diagnosis of 
human embryos, avoiding the need for expensive, 
time consuming, patient-speci fi c protocols and 
allowing patients carrying inherited conditions 
to rapidly proceed to PGD. Both methods allow 
the possibility of simultaneously testing embryos 
for aneuploidy and SGDs. Furthermore, they offer 
the potential to extend genetic analysis further 
still, revealing other factors that may be of bio-
logical and clinical relevance to infertility, embryo 
viability and human health. Importantly, methods 
such as NGS will reduce the costs of aneuploidy 
screening, increasing patient access to this impor-
tant means of identifying viable embryos.      

  Fig. 12.3    Next generation sequencing-based aneuploidy 
detection. Next generation sequencing was applied to a 
WGA product generated from a trophectoderm biopsy. 
Approximately ten million DNA sequences were pro-
duced per sample. The proportion of sequences derived 
from each chromosome was compared to the proportions 
obtained from each chromosome in a control sample 
(known to be euploid). Chromosomes displaying a 

signi fi cant deviation in the expected proportion of 
sequences were scored as aneuploid. In this example, an 
excess of chromosome 18 sequences was observed, indi-
cating trisomy 18. Relative to a normal male sample, the 
proportion of X-chromosome sequences was increased 
and the proportion of Y-chromosome sequences decreased, 
indicating that the embryo was female (47,XX,+18)       
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   Early Attempts to Assess 
Chromosomes in Human Embryos 

 It has been known for many decades that chromo-
somal aneuploidies are responsible for more than 
half of all spontaneous miscarriages and still 
births  [  1–  3  ] , making aneuploidy one of the most 
lethal genetic conditions. Most commonly mis-
carriages are associated with trisomy of chromo-
somes 16, 21 and 22  [  1,   4,   5  ] . Aneuploidy of 
other chromosomes is rarely seen in prenatal 
samples or miscarriages possibly because such 
errors are so lethal that the conceptuses are lost 
very early in gestation or prior to implantation. 
The advent of in vitro fertilisation (IVF) technolo-
gies and access to early human embryos in the 
laboratory provided the opportunity to investigate 
aneuploidy during  fi rst few days after conception. 

 The earliest attempts to look at the chromo-
somes of a preimplantation human embryo were 
performed using standard karyotyping techniques 
 [  6–  9  ] . Useful information was obtained but the 
work was arduous as it proved very dif fi cult to 

obtain informative metaphase spreads from such 
a small population of cells. Nevertheless these 
early efforts did indicate that there seemed to be a 
greater frequency of chromosome abnormalities 
in preimplantation embryos compared to later 
stages of development  [  7  ] . 

 The development of  fl uorescent in situ hybridi-
sation (FISH) technology and particularly its 
application to single cells  [  10  ]  signi fi cantly 
enhanced cytogenetic research, enabling several 
chromosomes to be assessed in multiple cells 
from individual embryos. This revealed two pre-
viously unknown phenomena,  fi rstly that a sur-
prisingly high proportion of human embryos 
contained aneuploidy, or numerical chromosome 
errors, and secondly that the chromosomal com-
plements often varied between different cells from 
within the one embryo, an occurrence known as 
mosaicism. 

 Even the  fi rst applications of FISH, using 
just one or two chromosome-speci fi c probes, 
demonstrated that approximately 30 % of human 
embryos from IVF patients were aneuploid  [  10–
  12  ] . The availability of additional  fl uorochromes 
for FISH probes and the ability to perform mul-
tiple rounds of FISH soon meant that most labo-
ratories involved in preimplantation genetic 
diagnosis (PGD) around the world were routinely 
analysing 8–10 chromosomes in human embryos. 
Numerous studies over many years have shown 
that, using multiple chromosome FISH, some 
50–60 % of all human cleavage stage embryos 
contain aneuploid cells  [  13–  16  ] .  
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   Preimplantation Genetic Screening 

 The high frequency of presumably lethal abnor-
malities in preimplantation embryos suggests 
that aneuploidy may be one of the major contrib-
utors to failure of patients to become pregnant 
after IVF treatment. In response to the problem 
of aneuploidy, it has been proposed that each of 
the embryos produced during an IVF cycle should 
undergo genetic testing, allowing chromosomally 
normal embryos to be identi fi ed and given prior-
ity for transfer to the uterus  [  17  ] . This strategy has 
become known as PGD of aneuploidy or preim-
plantation genetic screening (PGS) and has been 
predominantly applied to the embryos of patients 
who are thought to be at higher risk of producing 
aneuploid gametes (e.g. women of advanced age 
and those patients who have suffered recurrent 
miscarriage or multiple implantation failures after 
embryo transfer in IVF). 

 The underlying principle behind PGS (the 
transfer of embryos that are more likely to be 
euploid and viable) would seem to have obvious 
merit and should increase IVF pregnancy rates, 
yet the procedure has met with limited clinical 
success, with randomised controlled trials show-
ing no clear bene fi t  [  18–  23  ] . One of the key rea-
sons for this failure is likely to be that FISH can 
only enumerate a limited number of chromo-
somes and embryos that are diagnosed as euploid 
by FISH may have errors of chromosomes that 
were not tested for.  

   Comprehensive Assessment of 
Chromosomes in Embryos Using CGH 

 Spectral karyotyping (SKY), a methodology 
related to FISH that utilises probes labelled with 
a combination of  fl uorochromes has been suc-
cessfully employed to analyse all 24 chromo-
somes. However, its use in single cell analysis is 
challenging, particularly if it is applied to cells in 
interphase of the cell cycle, with only about half 
of all nuclei giving interpretable results  [  24  ] . 
Ultimately, a move towards molecular cytoge-
netic methods and away from techniques involving 

the hybridisation of DNA probes to embryo cells 
 fi xed on microscope slides (e.g. FISH and SKY) 
was required in order to achieve reliable compre-
hensive chromosome assessment of single cells. 

 Complete molecular karyotyping has been 
possible for many years now. While many methods 
exist, the one that has been most widely applied 
is comparative genomic hybridisation (CGH). 
The CGH technique involves the labelling of test 
DNA from the sample under investigation with a 
 fl uorochrome (by convention the colour is green) 
while a reference DNA, known to be normal 
(euploid), is labelled with a different  fl uorochrome 
(by convention red). These DNAs are co-hybridised 
onto normal metaphase chromosomes that have 
been spread on a microscope slide (Fig.  1 ). Image 
analysis software then analyses the relative 
green:red  fl uorescence along the length of each of 
the chromosomes on the slide  [  25  ] . An increase 
in this ratio for any given chromosome above a 
certain threshold indicates that there was an excess 
of this chromosome in the original sample com-
pared to the known normal reference DNA 
(e.g. trisomy). Conversely, a decreased ratio is 
indicative of chromosome loss in the sample (e.g. 
monosomy). In this way chromosome copy number 
is determined. This CGH methodology, involving 
hybridisation of labelled test and reference DNA 
samples to metaphase chromosomes is sometimes 
referred to as conventional CGH or metaphase 
CGH (mCGH).  

 Wells et al.  [  26  ] ,  fi rst reported the successful 
application of CGH to single cells. Critically, 
it was ascertained that, when starting with such a 
small amount of DNA, whole genome 
ampli fi cation was essential and that the degenera-
tive oligonucleotide primed PCR (DOP-PCR) 
proved to be the most reliable method to achieve 
this  [  26  ] . Two reports describing the use of mCGH 
for the analysis of multiple single blastomeres 
from cleavage stage embryos soon followed, 
con fi rming the high frequency of aneuploidy in 
early human embryos  [  27,   28  ] . These reports also 
demonstrated that errors of all chromosomes, not 
just those most commonly seen in spontaneous 
abortuses and prenatal samples, occurred in early 
embryos. Additionally, unlike FISH, mCGH 
provided information along the entire length of 
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the chromosome and a signi fi cant number of 
partial aneuploidies, presumably caused by chro-
mosome breakage in earlier cleavage divisions, 
were reported for the  fi rst time in human embryos 
 [  27,   28  ] . 

 These early studies of blastomeres certainly 
demonstrated the value of investigating all chro-
mosomes in early embryos and con fi rmed that 
FISH methods had been failing to detect many 
aneuploidies. Clinical application however 
proved somewhat challenging, primarily because 
the technique was laborious and required several 
days to obtain results. This was incompatible 
with standard clinical PGS protocols at the time, 
where embryos were typically biopsied on day-3 
and then transferred on day-3 or -4. To circum-
vent these dif fi culties, Wilton et al.  [  29  ]  opted to 
cryopreserve embryos while waiting for the 
results to become available. This resulted in the 
 fi rst birth of a baby that had developed from an 
embryo that had been fully karyotyped prior to 
transfer  [  29  ] . This was followed with a small 

clinical trial using mCGH on the embryos from 
patients with recurrent implantation failure, 
which led to three more births  [  30  ] . Despite these 
initial successes, it was acknowledged that 
freezing the embryos could result in some loss of 
viability. Another approach to the clinical appli-
cation of mCGH was to karyotype polar bodies, 
rather than blastomeres  [  31  ] . This allowed up to 
5 days to complete the mCGH process enabling 
transfer of fresh embryos. One disadvantage of 
this approach was that only maternal meiotic 
errors could be detected and it was well known 
that many aneuploidies in preimplantation 
embryos arose post-zygotically. Although recent 
years have seen the development of accelerated 
mCGH methods that, combined with improved 
embryo culture to the blastocyst stage, allow the 
possibility of day-3 biopsy and fresh embryo 
transfer  [  32  ] , the cumbersome and technically 
demanding nature of the mCGH method has con-
tinued to limit its clinical application. Since the 
initial clinical studies using mCGH were reported 

  Fig. 13.1    Comparative genomic hybridisation using 
metaphase chromosomes or microarray. Differentially 
labelled test (embryo) and reference (normal) DNA sam-
ples are simultaneously applied to a slide (usually glass). 
In the case of mCGH, the surface of the slide is covered 
with numerous cells in metaphase, their chromosomes 
readily identi fi able using  fl uorescence microscopy. In the 

case of arrayCGH, multiple chromosome-speci fi c DNA 
probes are af fi xed to the surface of the slide and detected 
using a microarray scanner. After hybridization of the two 
labelled DNA samples, their relative  fl uorescence is com-
pared, revealing any increases (e.g. trisomy) or 
decreases (e.g. monosomy) in the amount of test DNA 
derived from individual chromosomes       
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a decade ago there have been only a handful of 
studies reporting application during clinical 
cycles  [  32–  35  ] . While mCGH remains extremely 
challenging and is unlikely to ever be widely 
applied for this reason, some of the most recent 
clinical data using this technology provides reas-
surance that the concept of comprehensive chro-
mosome screening is valid. Indeed, clinical cycles 
in which biopsy was undertaken at the blastocyst 
stage and the embryos were cryopreserved 
(vitri fi ed) while mCGH was carried out have been 
associated with some remarkable implantation 
and pregnancy rates, albeit in a non-randomised 
study  [  35  ] .  

   Microarray-CGH (ArrayCGH) 

 Despite promising results obtained using mCGH, 
it was clear that a further evolution of the tech-
nology, increasing speed and simplifying the pro-
cedure, was needed in order for chromosome 
screening to be offered to larger numbers of 
patients. Ultimately, this has come in the form of 
microarray-CGH (arrayCGH). As with conven-
tional CGH, most microarray methods involve 
the hybridisation of differentially labelled test 
and reference DNA samples. However, in the 
case of microarrays the labelled DNAs are hybri-
dised to DNA probes af fi xed to a microscope 
slide rather than metaphase chromosomes. Each 
probe is speci fi c to a different chromosomal 
region and occupies a discrete spot on the slide. 
Microarrays are read by scanning using a laser, 
with chromosomal losses and gains revealed by 
the colour of each spot (i.e. ratio of  fl uorescence 
intensity for the two colours) (Fig.  1 ). 

 The principal advantages of microarrays in 
comparison with mCGH are a decreased length 
of time needed for hybridisation, some protocols 
requiring as little as 3 h compared with 48 h for 
most mCGH protocols, and greatly accelerated 
interpretation of data. Whereas the analysis of 
mCGH results typically requires approximately 
45 min per sample, diagnosis using microarrays 
can be completed in less than 5 min. The rapid 
speed of analysis, coupled with the relative 
ease with which procedures such as microarray 

scanning can be automated, greatly increases the 
scalability of the procedure, allowing hundreds 
of samples to be tested each day.  

   Types of Microarray Compatible 
with CGH 

 A number of studies, almost a decade ago, dem-
onstrated the feasibility of detecting aneuploidies 
in single cells using arrayCGH, although at that 
point there was no consensus concerning the opti-
mal type of microarray or the most appropriate 
method of whole genome ampli fi cation  [  36–  38  ] . 
Today, the dominant platform used for arrayCGH 
in the context of PGD/PGS utilises DNA probes 
derived from BACs (bacterial arti fi cial chromo-
somes). The microarrays consist of thousands 
of individual spots, each of which comprises 
DNA from relatively large chromosomal regions 
(typically 150–200 kb). Although the number 
of distinct probes (BAC clones) used by this type 
of microarray are fewer than those found on some 
alternative microarray platforms, there are more 
than enough to achieve the principal objective of 
PGS: detection of aneuploidy affecting large chro-
mosomal segments or whole chromosomes. 

 The sizes of BAC probes are such that many 
different ampli fi ed DNA fragments derived from 
the region encompassed by the BAC will hybri-
dise to each spot on the microarray. The annealing 
of multiple distinct DNA fragments, from adjacent 
regions of the chromosome, reduces the in fl uence 
of artefacts that can arise during whole genome 
ampli fi cation (e.g. preferential ampli fi cation and 
allele dropout). Ampli fi cation artefacts are very 
common when single cells are used and have the 
potential to produce false losses and gains of 
chromosomal material. However, in the case of 
BAC probes, each spot on the microarray pro-
vides an average result for the thousands of 
ampli fi ed fragments that have hybridised to it, 
diluting the in fl uence of any individual fragments 
with anomalous ampli fi cation characteristics. 
Additionally, single cell diagnoses are never 
based upon the result from a single BAC, but 
depend on the average  fl uorescence ratio obtained 
for several neighbouring probes, further reducing 
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the effects of any artefacts of whole genome 
ampli fi cation. The need to combine results from 
several probes limits the potential resolution of 
BAC arrays applied to single cells, precluding 
the detection of submicroscopic abnormalities 
(e.g. microdeletions). 

 An alternative type of microarray involves the 
use of probes composed of short oligonucleotides 
(25–85 nucleotides in length). Oligonucleotide 
arrays of this type involve many more unique 
probes than BAC arrays, typically ranging from 
15,000 to more than 100,000, which allows for 
extremely high-resolution when used to test large 
DNA samples. However, when applied to single 
cells, the small size of the individual probes 
increases the risk that artefactual losses and gains, 
caused by errors introduced during whole genome 
ampli fi cation, will be observed. It is possible to 
compensate for this problem by summing together 
data from a large numbers of probes, but this 
essentially eliminates any possibility of high-
resolution analysis. 

 Another method utilising the same concept as 
CGH is to secure chromosome-speci fi c probes 
(e.g. BACs) to microscopic polystyrene beads 
rather than af fi xing them to the surface of a glass 
slide. As with other CGH technologies, differen-
tially labelled test (e.g. embryo) and reference 
(normal) DNAs are allowed to hybridise to the 
probes in ratios that reveal the copy number of 
individual chromosomes. The beads can be readily 
suspended in liquid, allowing for more ef fi cient 
hybridisation kinetics, which improves the speed, 
throughput and cost-ef fi ciency of cytogenetic 
analysis. For analysis, the beads are passed in 
single- fi le through a pair of lasers, the  fi rst of 
which classi fi es the type of bead (based on the 
quantity of two dyes with which the bead was 
stained at the time of manufacture) and thereby 
identi fi es the probes being tested, the second laser 
measures the  fl uorescence ratio of the two hybri-
dised DNA samples, thus providing the actual 
CGH result. No publications concerning clinical 
application of this socalled BACs-on-Beads 
(Perkin Elmer) approach have as yet been 
published, but it appears to be a promising meth-
odology that may help to reduce the costs of 
comprehensive chromosome screening.  

   Clinical Application of ArrayCGH 
to Detect Aneuploidy in Embryos 

 The  fi rst report of the successful clinical applica-
tion of arrayCGH in the context of PGS was by 
Hellani et al.  [  39  ] , who used a 60mer oligo-array 
produced by Agilent Technologies to detect the 
aneuploidy in blastomeres from >8-cell embryos 
from 8 patients who had been unsuccessful in 
previous IVF cycles. A cautious approach was 
taken and two cells were tested from each embryo. 
Approximately 60 % of embryos had a chromo-
somal error but despite this, 6 of the patients had 
at least one euploid embryo for transfer and 5 of 
these had a positive pregnancy test  [  39  ] . 

 In the past 5 years there have been numerous 
abstracts and conference presentations describ-
ing the clinical application of microarray tech-
nology to PGS of embryos suggesting positive 
outcomes. These have predominantly focussed 
on patients with an apparent indication, including 
couples where the woman is of advanced age, or 
those who have experienced multiple implanta-
tion failures or recurrent miscarriage. To date, 
very few of these studies have appeared in the 
peer-reviewed scienti fi c literature. 

 Only rarely has PGS been offered to patients 
who have no apparent increased risk of aneu-
ploidy in their embryos. However, recent research 
carried out by Yang et al.  [  40  ] , investigated 
whether PGS using arrayCGH could improve 
outcomes for young patients on their  fi rst cycle 
of IVF with the transfer of just a single embryo. 
The rationale for this was to promote single 
embryo transfer, reducing the incidence of mul-
tiple pregnancy and its associated risks, while 
maximising pregnancy rate. In this study, the  fi rst 
randomised controlled trial involving arrayCGH, 
blastocysts were biopsied on day-5 and the tro-
phectoderm    sample obtained was subjected to 
arrayCGH using the BlueGnome 24sure system. 
Single, euploid blastocysts were transferred on 
day-6 and the outcomes compared to a control 
group of patients whose best embryo was selected 
on day-6 on the basis of morphology alone. 
This demonstrated a signi fi cantly higher clinical 
pregnancy rate and ongoing pregnancy rate  [  40  ] . 
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The improvement in outcomes is consistent 
with recent studies using mCGH and arrayCGH 
that have indicated that even good quality blasto-
cysts from young IVF patients are often aneu-
ploid  [  41,   42  ] . 

 Further studies need to be done, but based on 
the results of Yang and colleagues it is tempting 
to suggest that the application of PGS with 
24-chromosome screening should be broadened 
to include all patients who have suf fi cient, good 
quality embryos. Indeed, it may be that ‘good 
prognosis’ patients will bene fi t from this technol-
ogy more than the groups of patient traditionally 
offered PGS, at least in terms of enhanced preg-
nancy rate. In theory, the use of an embryo selec-
tion technique that reveals non-viable embryos 
would improve the success rates achieved in sin-
gle embryo transfer cycles, providing more sin-
gleton pregnancies and leading to a signi fi cant 
reduction in the number of cryopreserved 
embryos. This would provide an economic bene fi t 
to clinics as well as patients. Additionally, it 
should reduce the time to pregnancy for many 
patients as they would not be undergoing repeated 
transfers of thawed embryos which were affected 
with an aneuploidy that made them non-viable.  

   The Use of ArrayCGH to Detect 
Imbalances Due to Chromosomal 
Rearrangement 

 ArrayCGH can also be applied to PGD of the 
embryos of Robertsonian and reciprocal translo-
cation carriers. Unbalanced forms of Robertsonian 
translocations result in what is effectively whole 
chromosome aneuploidy and so this can be 
detected using the same methodology as for PGS 
 [  43,   44  ] . Unbalanced embryos from reciprocal 
translocation carriers will have excess or missing 
segments of chromosomes equivalent to partial 
aneuploidy. ArrayCGH provides information 
along the entire length of the chromosome so 
imbalance of large segments is also readily detect-
able. Currently, one commercial provider of arrays 
has developed a BAC array (24sure+, BlueGnome, 
UK) where additional clones are concentrated 
in the telomeric regions of all chromosomes. 

This enables smaller imbalances to be detected 
and provides extra con fi dence in the detection of 
all imbalances. These arrays have been used in 
clinical practice and demonstrated that embryos 
from translocation carriers were often affected 
with aneuploidy of other chromosomes in addition 
to those involved in the translocation  [  43,   44  ] . 
This approach represents a signi fi cant advance on 
detecting imbalance in the embryos of transloca-
tion carriers using FISH where, in most cases, 
only the chromosomes involved in the transloca-
tion were analysed.  

   Aneuploidy Detection in Oocytes Via 
ArrayCGH Analysis of Polar Bodies 

 The data now emerging from clinical studies using 
arrayCGH for embryo selection at the cleavage 
and blastocyst stages is extremely encouraging. 
However, despite these promising results, concerns 
remain over the impact of chromosomal mosaicism 
on the ef fi cacy of PGS. Mosaicism, where cells 
within the same embryo have different chromo-
some complements, was originally identi fi ed in 
FISH studies and has long been a concern in terms 
of the accurate diagnosis of aneuploidy in human 
embryos. Research using FISH to detect limited 
numbers of chromosomes suggested that between 
25 and 60 % of cleavage stage embryos were 
mosaic  [  45–  50  ] . This was con fi rmed by compre-
hensive cytogenetic studies using mCGH, which 
indicated that approximately two-thirds of embryos 
are mosaic on day-3  [  27,   28  ] . Mosaicism can be 
broadly separated into two categories: aneuploid/
aneuploid mosaicism where all cells in the embryo 
are aneuploid but different chromosomes are 
affected in different cells and diploid/aneuploid 
mosaicism where some cells are aneuploid and 
others are diploid. The latter of these two possibili-
ties is the more troubling diagnostically, since the 
diagnosis assigned to the biopsied cell(s) (normal 
or aneuploid) might not be representative of the 
remaining cells of the embryo. Reassuringly how-
ever, most mosaic embryos are found to be devoid 
of any normal cells (i.e. aneuploid/aneuploid), in 
which case any cell chosen for biopsy will yield 
a correct (abnormal) result. 
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 Anxiety over the diagnostic impact of mosa-
icism has led some clinics to pursue a strategy of 
assessing oocytes rather than embryos. In theory, 
any aneuploidy affecting the oocyte should be 
present in all cells of the embryo it produces and 
consequently mosaicism should not be an issue. 
Oocyte analysis is accomplished by testing the 
polar bodies extruded at the end of each meiotic 
division. The two polar bodies are bi-products of 
female meiosis, containing the chromosomes dis-
carded as the oocyte becomes haploid. In theory, 
the detection of extra chromosomal material in a 
polar body means that the oocyte is at risk of 
de fi ciency for the chromosome concerned and 
that any resulting embryo will be monosomic. 
Conversely, the detection of loss of a chromo-
somal material in one of the polar bodies indi-
cates that the oocyte has retained an extra copy of 
the chromosome or chromatid involved, leading 
to a high risk of trisomy after fertilisation. 

 As well as avoiding problems associated with 
chromosomal mosaicism, polar body analysis 
has the advantage that it does not lead to a reduc-
tion in the mass of the embryo. Consequently, it 
is likely to have little if any negative impact on 
implantation potential. Furthermore, in some 
countries that have restrictive laws governing 
embryo testing, analysis of polar bodies may be 
the only form of PGS permitted. A number of 
studies have suggested that mCGH and array-
CGH applied to polar bodies is accurate and have 
demonstrated that this form of screening can be 
used in a clinical context  [  51–  53  ] . The European 
Society of Human Reproduction and Embryology 
(ESHRE) are sponsoring a randomised trial, 
underway at the time of writing, to assess the 
clinical utility of embryo selection based upon 
polar body testing using arrayCGH. 

 While polar body testing seems to have a num-
ber of advantages compared with analysis at later 
embryonic stages, it is important to note that this 
approach cannot detect any aneuploidies contrib-
uted by the sperm and is incapable of revealing 
mitotic errors occurring after fertilisation. 
Additionally, a recent study involving arrayCGH 
analysis of blastocysts, derived from oocytes that 
had previously undergone polar body biopsy and 
testing (again using arrayCGH), has indicated 

that polar body analysis may be considerably less 
predictive of embryo aneuploidy that previously 
thought  [  54  ] . These  fi ndings are yet to be veri fi ed, 
but suggest that polar body testing should be 
approached with caution, at least until the results 
of the ESHRE trial are available.  

   Conclusion 

 The use of mCGH and arrayCGH has provided an 
unprecedented amount of information concerning 
the cytogenetics of human oocytes and embryos, 
indicating the true extent of aneuploidy during the 
 fi rst few days of life and shedding light on phenom-
ena such as mosaicism and chromosome breakage. 
Results obtained using these techniques have 
strengthened the argument for PGS, con fi rming 
that a high frequency of abnormalities exist even 
amongst embryos of excellent morphology. The 
clinical use of mCGH and arrayCGH has been 
associated with excellent outcomes in case con-
trolled studies and prospective trials, but more data 
from well-designed randomised trials are needed in 
order to more accurately quantify the extent of 
improvements in IVF outcome conveyed by PGS 
and to de fi ne exactly which categories of patient 
are likely to bene fi t the most. This information is 
vital for the appropriate selection of patients and 
for their counselling. One randomised trial has 
already reported data, demonstrating signi fi cantly 
improved pregnancy rates for good prognosis 
patients, and others are already underway applying 
arrayCGH to patients with various indications and 
utilising testing at different stages of preimplanta-
tion development. The results of these key studies 
are eagerly anticipated.      
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 Chromosome imbalance (aneuploidy) is the most 
common genetic abnormality found in human 
embryos, and the leading genetic cause of implan-
tation failure and miscarriage. Screening embryos 
for aneuploidy prior to their transfer during IVF 
should therefore provide a substantial bene fi t to 
many patients with infertility. Indeed, preimplan-
tation genetic screening (PGS) is currently the 
subject of exciting advancements that may result 
in  fi nally realizing the potential to improve the 
success of IVF and revolutionize the standard of 
care in reproductive medicine. The ideal of routine 
elective single embryo transfer may soon become 
a reality with the incorporation of valid compre-
hensive chromosome screening (CCS) technology. 
Furthermore, selective transfer of embryos pre-
dicted to possess a normal complement of 23 pairs 
of chromosomes not only represents an important 
clinical application but also a unique opportunity 
to conduct more well-controlled research to 
develop additional prognostic markers of embry-
onic reproductive potential. While there are a large 
number of unique methodologies for CCS, this 
chapter will focus on results of research and devel-
opment of two speci fi c technologies. 

   Quantitative SNP 
Microarray-Based CCS 

 Although one initial intended IVF-speci fi c appli-
cation of Affymetrix SNP microarrays was to 
perform DNA  fi ngerprinting  [  1  ] , the ability of 
SNP arrays to produce accurate copy number 
analyses in single cells soon followed. In 2007, 
preliminary results of research and development 
directed at validation of a new CCS technology 
were presented at the American Society for 
Reproductive Medicine (ASRM) Annual Meeting 
 [  2  ] . The methodology involves PCR-based whole 
genome ampli fi cation (WGA) and copy number 
analysis using the Affyemtrix NspI SNP microar-
ray (Affymetrix Inc., Santa Clara, CA). Results 
indicated a 98.6 % diagnostic accuracy when 
applied to single cells from established and kary-
otypically de fi ned cell lines, and high levels of 
concordance within blastomeres from cleavage 
stage embryos  [  3  ] . This success led to the devel-
opment of a series of preclinical research projects 
and clinical trials. 

 First, to address the potential differential per-
formance of alternative methodologies of whole 
genome ampli fi cation (WGA), a comparative 
study was conducted  [  4  ] . Four cell lines with 
varying X chromosome copy number were used 
as the source of single cells subject to three 
different WGA procedures  [  5–  7  ] . Results indi-
cated that multiple displacement ampli fi cation 
provided the greatest genotyping accuracy, while 
PCR-based WGA provided the greatest copy 
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number accuracy. The performance of the 
Affyemtrix SNP array was also compared to a 
32K comparative genomic hybridization (CGH) 
array from the University of California at San 
Francisco, where CGH array technology was pio-
neered. Results indicated signi fi cant underperfor-
mance by array CGH despite hybridization for 
more than 48 h  [  8  ] . 

 Since  fl uorescence in situ hybridization 
(FISH)-based methods have been predominating 
in PGS, comparative studies with SNP microar-
rays were performed. The  fi rst study involved 
randomization of dispersed blastomeres from 
arrested cleavage stage embryos so that half the 
blastomeres from each embryo were evaluated by 
SNP arrays and half by FISH  [  9  ] . Since the blas-
tomeres were randomized, the prevalence of 
mosaicism could be expected to be equivalent by 
the two methods unless one was less consistent. 
Indeed, FISH resulted in  fi nding 100 % mosa-
icism in the 13 embryos evaluated, signi fi cantly 
more than the 31 % found by SNP array analysis, 
despite evaluating fewer chromosomes (9 instead 
of 24) and fewer cells (due to lower reliability of 
obtaining a result). These results not only demon-
strated signi fi cant technical inconsistency by 
FISH, but also overdiagnosis of mitotic aneu-
ploidy. The second study evaluated multiple 
biopsies of 50 blastocysts that developed from 
embryos diagnosed as aneuploid by cleavage 
stage FISH  [  10  ] . Results demonstrated that nearly 
60 % were euploid for all 24 chromosomes and in 
four different segments of the embryo, indicating 
that cleavage stage FISH is poorly predictive of 
aneuploidy. In addition, putative self-correction 
mechanisms, such as chromosome duplication or 
extrusion, and mosaicism, were eliminated as 
possible explanations for the failure of FISH to 
correctly predict aneuploidy. 

 With these preclinical studies completed, a 
unique study design was employed to investigate 
the clinical predictive value of SNP array-based 
CCS  [  11  ] . This was particularly important given 
the apparent lack of negative predictive value of 
cleavage stage FISH. That is, despite predicting 
aneuploidy at the cleavage stage, ~60 % of the 
blastocysts were euploid, suggesting that FISH-
based aneuploidy screening has resulted in the 

erroneous disposal of euploid embryos with 
reproductive potential. To address this issue more 
directly, embryos were biopsied for SNP array-
based CCS, and transferred based only on mor-
phology (CCS was intentionally not used for 
selection). Pregnancies were evaluated by DNA 
 fi ngerprinting to determine which embryos 
implanted. Results indicated a 96 % predictive 
value of an aneuploid SNP array CCS diagnosis 
for a negative clinical outcome (failure to sustain 
implantation). 

 Interestingly, the positive predictive value of 
trophectoderm-based CCS was signi fi cantly better 
than blastomere-based CCS. This led to speci fi c 
investigation of the impact of biopsy at the cleav-
age and blastocyst stage of development  [  12  ] . 
Indeed, blastomere biopsy resulted in a 39 % 
reduction in reproductive potential, while blasto-
cyst biopsy did not signi fi cantly in fl uence implan-
tation rates. This result in turn led to the 
development of methodologies for trophectoderm-
based CCS. The  fi rst of these incorporated the use 
of blastocyst vitri fi cation in order to accommodate 
the time needed for SNP array-based CCS  [  13  ] . 
Application in patients carrying balanced translo-
cations was also developed and demonstrated 
excellent clinical outcomes and resolution of 
analysis  [  14  ] . In parallel, more rapid methods of 
SNP array-based methods were developed  [  15  ] , 
but remained insuf fi cient to maintain putative 
blastocyst and endometrial synchrony. 

 An alternative to blastomere or trophectoderm 
biopsy involving polar body-based screening has 
been proposed as a means to avoid issues with 
mosaicism. The main argument relates to the 
observation that aneuploidy found in products of 
conception primarily originates from maternal 
meiosis. However, the predictive value of polar 
body-based screening has yet to be established. 
Recent data indicates that there is a 6 % false posi-
tive aneuploidy diagnosis based upon identi fi cation 
of euploid embryos derived from oocytes with 
aneuploid polar bodies  [  16  ] . This reduction in the 
negative predictive value, which may be technical 
in nature, does not account for an additional bio-
logical contribution to reduced predictive value 
that can result from premature separation of sis-
ter chromatids (PSSC). Indeed, PSSC is thought 
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to represent more than 90 % of the meiosis I 
errors observed in human oocytes  [  17,   18  ] . Since 
the abnormalities derived from PSSC could be 
resolved through segregation during meiosis II, 
it is possible that oocytes with reciprocal aneu-
ploid polar bodies can develop into euploid 
reproductively competent embryos. In fact this 
has been observed previously  [  18  ] , indicating 
that it may result in erroneous disposal of as 
many as 7 % of embryos with aneuploid polar 
bodies. Together, the technical and biological 
error associated with polar body screening may 
hinder its routine application and ability to dem-
onstrate clinical ef fi cacy in ongoing randomized 
controlled trials.  

   Quantitative Real-Time 
PCR-Based CCS 

 With the desire for more rapid analysis of tro-
phectoderm, a methodology involving quantita-
tive real-time (q)PCR was established  [  19  ] . 
The initial concept was based on the Mendelian 
inheritance of SNPs from parents homozygous 
for opposite alleles. Since all euploid embryos 
should inherit a heterozygous genotype, 
identi fi cation of homozygosity would indicate 
monosomy, and identi fi cation of 1:2 or 2:1 allele 
ratios would indicate the presence of trisomy. 
The ability to perform high throughput and rapid 
evaluation of informative SNPs with qPCR pro-
vided a unique opportunity to obtain CCS results 
within the window of synchrony without cryo-
preservation. However, the need to evaluate 
parental genotypes and the low frequency of SNPs 
in which the parents are homozygous for opposite 
alleles made routine application dif fi cult. 

 Instead, a method of relative quantitation by 
qPCR was developed such that parental informa-
tion was not necessary  [  20  ] . This methodology 
employs a modi fi cation of a previously described 
comparative CT method  [  21  ]  which avoids the 
requirement of evaluating polymorphic genomic 
loci. This modi fi ed qPCR protocol demonstrated 
98–100 % accuracy on cells from cell lines and 
99 % consistency with SNP arrays on trophecto-
derm from blastocysts. An important feature of this 

particular study was the emphasis on preventing 
mosaicism from impacting the estimate of accu-
racy. This was accomplished by limiting qPCR 
evaluation of embryos to those which had two 
consistent results when testing was performed 
with SNP arrays. Cell lines with little to know 
mosaicism for the whole chromosome aneuploi-
dies were also utilized. 

 Given the high level of consistency between 
qPCR and SNP array-based CCS, the same nega-
tive predictive value can be expected from qPCR. 
As such, a randomized controlled trial (RCT) was 
initiated to determine the clinical ef fi cacy of 
qPCR-based CCS  [  22  ] . Patients of all ages and 
with no more than one prior failed IVF cycle were 
included and randomized on day 5 of embryo 
development. In the patients randomized to CCS, 
a trophectoderm biopsy was performed, qPCR 
was conducted, and 1–2 euploid embryos were 
selected for transfer. In the control arm, patients 
had two unscreened blastocysts transferred. 
Results indicated a signi fi cant increase in ongoing 
pregnancy rates and a signi fi cant decrease in mis-
carriage rates. Patients of advanced maternal age 
(>35) bene fi ted the most from the use of CCS. 

 With the observed improved success of IVF 
with CCS, a retrospective evaluation of single 
embryo transfer outcomes with and without 
CCS was conducted  [  23  ] . Again, results demon-
strated signi fi cantly improved ongoing pregnancy 
rates and reduced miscarriage rates. This led to 
the development of a second RCT involving the 
comparison of single euploid blastocyst transfers 
(case) to two unscreened embryo transfers (con-
trol). This study is currently ongoing but could 
represent critical data to support a paradigm shift 
in IVF, routine elective single euploid blastocyst 
transfer.  

   Future Applications of CCS 

 While CCS clinical applications should dramati-
cally change the standard of care in reproductive 
medicine, new powerful approaches to research 
and development have also been made possible 
from the introduction of CCS technology. Great 
effort in the development of other markers of 
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reproductive potential has been made, particularly 
in the areas of metabolomics, proteomics, and 
additional genomics (i.e. mitochondrial, telo-
meric DNA content). These areas of research 
stand to bene fi t dramatically from the simultane-
ous incorporation of CCS to eliminate aneuploidy 
from the variables affecting clinical outcomes. 
This should provide greater control over evaluat-
ing putative markers of or interventions that may 
in fl uence reproductive potential of human 
embryos. Examples of applying CCS to control 
for aneuploidy during the evaluation of putative 
markers have already emerged  [  24–  26  ]  and there 
are likely to be more in the near future. 

 These and other CCS methodologies have also 
been applied in a research setting to better under-
stand the origins of aneuploidy. For example, the 
origin of maternal meiotic aneuploidy appears to 
be primarily from premature separation of sister 
chromatids rather than classic non-disjunction 
 [  18,   27  ] . In addition, SNP array-based analysis of 
heterozygosity has revealed that polar body mor-
phology is not predictive of its cell division ori-
gin  [  28  ] . This result indicates that studies of the 
origin of maternal aneuploidy which rely upon 
polar body morphology to assign errors as origi-
nating from meiosis I or meiosis II may be inac-
curate  [  29,   30  ] . SNP arrays have also been used 
in their more conventional capacity for genome 
wide association studies to understand whether 
there are speci fi c genes which predispose patients 
to higher rates of aneuploidy in their embryos 
 [  31  ] . An exciting outcome may be a diagnostic 
test to help patients understand their risk of pro-
ducing an aneuploid conception without having 
to  fi rst perform IVF-related procedures.      
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 Reproduction requires the accurate transfer of 
genetic information from one generation to the 
next using highly controlled mechanisms that are 
conserved among evolutionarily distant species. 
Metazoa is the large division of the animal king-
dom, which includes all multicellular animals 
whose cells become differentiated into tissues. 
Independent of their complexity, sexually repro-
ducing metazoan are formed by the union of two 
distinct gametes, an egg and a sperm. Importantly, 
control of gene expression in the gametes or the 
early embryo signi fi cantly differs from that in 
other, somatic, cells within an organism. In addi-
tion, while the zygote results from the union of 
the egg and the sperm, each contributing equal 
amounts of genetic material, the precise cellular 
machinery that mediates early embryonic devel-
opment is largely derived from the egg. 

 In order to better interpret novel technologies 
utilizing global analysis of transcripts, proteins, 
and metabolites to predict embryo viability, it is 
essential to develop a detailed understanding of 
the unique mechanisms of gene expression in 
gametes and early embryos. In this chapter, we 
will  fi rst review the key aspects of mRNA 
and protein production in somatic cells. Then, 
we will delineate oocyte and embryo-speci fi c 

 mechanisms and their implications for diagnostic 
approaches in assisted reproduction. 

   Transcription and Translation 
in Somatic Cells 

   Transcription and Processing 
of Pre-mRNAs in Somatic Cells 

 The  fi rst step in the process of producing proteins 
from the genetic material is the transcription of 
DNA into messenger RNA (mRNA). In eukary-
otes, transcription takes place in the nucleus of 
the cell. A key mediator of this process is RNA 
polymerase II, which produces unprocessed pre-
mRNA from the DNA (Fig.  1 ). The pre-mRNA is 
processed within the nucleus through three key 
steps: capping, splicing, and cleavage/polyade-
nylation. The  fi nal transcript (mRNA) is then 
transported into the cytoplasm.  

   Capping 
 As the RNA polymerase moves in the 5 ¢ –3 ¢  direc-
tion on the DNA strand to be transcribed, the 5 ¢  
end of the newly produced pre-mRNA becomes 
exposed. To protect the pre-mRNA from degra-
dation, a 7-methylguanosine cap (m 7 Gppp) 
becomes covalently attached to the exposed 5 ¢  
end (Fig.  1 )  [  1,   2  ] .  

   Splicing 
 While the RNA polymerase moves along the 
DNA sequence to be transcribed, preparations are 
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made for the removal of introns in order to pro-
duce the correct transcript. This step is called 
RNA splicing (Fig.  1 ). RNA splicing consists of 
a series of very complex reactions that require 
over 50 additional proteins, including the 5 ¢ -cap 
and will not be described here (Fig.  1 )  [  2  ] .  

   Cleavage and Polyadenylation 
 Within the 3 ¢  UTR of the newly transcribed pre-
mRNA there is an AAUAAA hexamer consensus 
sequence where a cleavage and polyadenylation 
speci fi city factor (CPSF) binds. The CPSF trav-
els with the RNA polymerase and binds to this 
3 ¢ -end processing sequence while the RNA poly-
merase continues along the DNA molecule, tran-
scribing several hundred additional nucleotides. 
CPSF will then remove these additional nucle-
otides, making it possible for a poly(A) poly-
merase to bind to the same site and mediate the 
addition of approximately 250 adenosines to pro-
duce a poly(A) tail at the 3 ¢  end of the pre-mRNA 
(Fig.  1 )  [  3,   4  ] . This poly(A) tail protects the pre-
mRNA from degradation and mediates its trans-
lation  [  1  ] . As the poly(A) tail is being synthesized, 

a nuclear poly(A) binding protein (PABPN1) 
attaches to the rapidly growing poly(A) tail and 
not only enhances the polyadenylation reaction 
but also acts as protection from exonucleases. 
Once the processing of the pre-mRNA is com-
plete, the 5 ¢  cap, with the help of mRNA trans-
port proteins, safely guides the mRNA through 
the nuclear pores and into the cytoplasm  [  2  ] .   

   Translation in Somatic Cells 

 In eukaryotic cells, once a pre-mRNA is pro-
cessed into mRNA, it is transported into the cyto-
plasm, where it gets access to the ribosomes in 
order to be translated into a protein. Once the 
mRNA is in the cytoplasm, the PABPN1 is 
replaced by a cytoplasmic poly(A) binding pro-
tein, PABPC1. PABPC1 is signi fi cantly larger 
(70.2 kDa) than PABPN1 (32.8 kDa) and con-
tains four RNA-recognition motifs (RRMs) and a 
poly(A) binding domain  [  5  ] . PABPC1’s main 
function is to protect the mRNA from deadenyla-
tion and facilitate its translation. 

  Fig. 15.1    Pre-mRNA processing in the eukaryotes. 
Follow-ing the initiation of transcription by RNA poly-
merase II, the 5 ¢ -end of the nascent RNA is capped with 
7-methylguanylate. Next, the pre-mRNA transcript is 

cleaved at the poly(A) site, and adenosine (A) residues 
added to the 3 ¢ -end. The poly(A) tail consists of approxi-
mately 250 A residues in mammals. Splicing may occur 
following cleavage/polyadenylation or during transcription       
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 At this stage, another role of the 5 ¢ -cap comes 
into play as it helps the cell to distinguish between 
different types of RNAs, channelling mRNAs 
into the translational machinery  [  2  ] . Indeed, 
unlike mRNAs produced by RNA polymerase II, 
ribosomal RNAs (rRNAs, used in the building of 
ribosomes) or tRNAs (that carry amino acids to 
the growing polypeptides during translation), 
produced by RNA polymerase I, or III, respec-
tively, do not have a 5 ¢ -cap. 

 When the mRNA enters the cytosol, additional 
proteins bind to the 5 ¢ -cap, forming the cap-bind-
ing complex. Importantly, this complex includes 
three translational initiation factors; eIF4A (a 
RNA helicase), eIF4E (cap-binding protein), and 
eIF4G (a scaffolding protein) (Fig.  2 )  [  6  ] .  

 In order for the translation to begin, another 
complex needs to form and attach to the cap-
binding complex (Fig.  2 ). The 43S translation 
pre-initiation complex consists of the two 

  Fig. 15.2    Control of translation in somatic cells of 
eukaryotes. ( a ) Cap-binding complex consists of three 
eukaryotic initiation factors (eIF): eIF4E (the cap-binding 
protein), eIF4A (an RNA helicase), and eIF4G (a scaf-
folding protein). 4E: eIF4E; 4A: eIF4A; 4G: eIF4G. ( b ) 
Translation pre-initiation complex consists of a 40S ribo-
somal subunit-eIF3 complex bound by eIF1A and the ter-
nary complex (Met-tRNA 

i
 , eIF2, and GTP). 40S: 40S 

ribosomal subunit; 3: eIF3, Met: Met-tRNA 
i
 ; 2: eIF2. ( c ) 

The 48S translation initiation complex is formed when the 
translation pre-initiation complex becomes associated 
with the cap-binding complex and the mRNA. Within the 
48S initiation complex, eIF4G binds eIF4E and eIF4A, 
forming a bridge between the ribosome and the mRNA, 

and also binds the PABPC1 to facilitate the translation. 
Once bound to the cap structure, the 40S ribosomal sub-
unit with associated proteins scans the mRNA toward the 
3 ¢  end until it reaches the initiation codon (AUG). When 
the initiation codon is reached, initiation factors become 
released and the 60S ribosomal subunit is recruited, initi-
ating translation. This model is simpli fi ed for clarity and 
not all the initiation factors are depicted. 60S: 60S ribo-
somal subunit; PABPC1: poly(A) binding protein cyto-
plasmic 1 (Modi fi ed from Friend K, Seli E. Molecular 
biology of the gamete. In: Pellicer A, Simon C, editors. 
Stem cells in human reproduction. 2nd ed. New York: 
Springer Science + Business Media; 2009. p. 22–34, with 
permission)       
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eukaryotic initiation factors eIF2 and eIF3, a 
GTP and a met-tRNA attached to the 40S small 
ribosomal subunit. The binding of the 43S trans-
lation pre-initiation complex to the mRNA bound 
cap-binding complex produces the 48S initiation 
complex. The 48S subunit scans the mRNA to 
locate the AUG start codon. Once the 48S sub-
unit reaches the start signal, a subset of the initia-
tion factors are released, and the 60S large 
ribosomal subunit is recruited to produce the 80S 
ribosome, which can start translation of the RNA 
message  [  6  ] . It is noteworthy that a key role of 
the poly(A) tail is to help the 5 ¢ -end and 3 ¢ -end 
of the mRNA to interact, thereby enhancing 
translation  [  7  ] . 

 The elongation of the amino acid sequence 
halts when the ribosome comes upon one of three 
possible stop codons. At this stage the polypeptide 
is released and the ribosome dissociates so it may 
start over again, translating another mRNA into a 
protein  [  8,   9  ] . Depending on the function of the 
protein and where it will perform its duties, it may 
be subjected to post-translational modi fi cations 
such as phosphorylation or glycosylation.   

   Regulation of Gene Expression in the 
Oocyte and the Early Embryo 

 In most metazoan, oocytes differentiate from pri-
mordial germ cells (PGCs) that arise at a distant 
site and migrate to the somatic gonad  [  10  ] . 
Oocytes enter meiosis; however, they become 
arrested at the prophase of the  fi rst meiotic divi-
sion  [  11,   12  ] . The length of this  fi rst meiotic 
arrest differs between species and may last up to 
a few years in  Xenopus  and mouse and several 
decades in humans. Large quantities of dormant 
mRNA are synthesized and stored within the 
oocyte during this period  [  13,   14  ] . The resump-
tion of meiosis, stimulated by gonadotropins in 
mouse and human, marks the onset of oocyte 
maturation. 

 Oocyte maturation is associated with suppres-
sion of transcription and by a complex network 
of translational activation and repression that 
regulate gene expression  [  15–  18  ] . The maternally 
derived mRNAs stored in the oocyte drive its 

 re-entry into meiosis and control the rate of 
 mitosis during the early cleavage divisions. The 
transcriptional silencing that begins with oocyte 
maturation persists during the initial mitotic divi-
sions of the embryonic cells. In  Xenopus , after 12 
rapid embryonic cell divisions generating more 
than 4,000 cells, initiation of transcription in the 
embryo, called the zygotic genome activation 
(ZGA), occurs  [  19,   20  ] . In mouse and human, 
ZGA occurs at the 2-cell, and 4- to 8-cell stages, 
respectively  [  21–  24  ] . Despite the earlier occur-
rence of ZGA in mammals compared to  Xenopus , 
translational activation of maternally inherited 
mRNAs appears to utilize similar mechanisms. 

   Translational Control of Gene 
Expression in the Oocyte by 
Cytoplasmic Polyadenylation 

 As described above, virtually all mRNAs undergo 
polyadenylation in the nucleus prior to being 
transported into the cytoplasm for translation. In 
oocytes and early embryos, in addition to the 
nucleus, polyadenylation also takes place in the 
cytoplasm and constitutes the central pathway for 
translational regulation of gene expression fol-
lowing suppression of transcription (Fig.  3 ).  

 Cytoplasmic polyadenylation requires cyto-
plasmic polyadenylation element binding protein 
1 (CPEB1), which mediates the cytoplasmic 
elongation of poly(A)-tails on mRNAs that con-
tain an RNA motif called the cytoplasmic poly-
adenylation element (CPE)  [  25,   26  ] . Indeed, 
oocyte mRNAs that are translationally activated 
by cytoplasmic polyadenylation contain the CPE 
(consensus sequence: UUUUUA 

1-2
 U) in their 3 ¢ -

UTR, which is localized approximately 20–30 
nucleotides upstream from the previously men-
tioned hexameric signal (AAUAAA) necessary 
for cleavage and polyadenylation in the nucleus. 

 CPEB1 functions in coordination with 
Symplekin (SYMPK), poly(A)-speci fi c ribonu-
clease (PARN), CPSF and GLD2, an atypical 
poly(A)-polymerase, and an embryonic poly(A) 
binding protein (EPAB)  [  15,   25,   27,   28  ]  (Fig.  3 ). 
As studied in detail in  Xenopus , upon stimulation 
of oocyte maturation, Eg2, a serine/threonine 
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protein kinase from the Aurora A family, becomes 
activated and phosphorylates CPEB. CPEB 
phosphorylation results in the displacement of 
PARN, and elongation of the mRNA poly(A) tail 
by GLD2. Phosphorylation of CPEB also dis-
places MASKIN (a translational repressor), 
allowing the binding of eukaryotic translation 
initiation factor eIF4G, to eIF4E, thereby initiat-
ing translation (Fig.  3 ). CPEB-mediated cyto-
plasmic polyadenylation regulates translational 
activation of important mRNAs that play a key 
role in the regulation of oocyte maturation 
(c-MOS and Cyclin B1). While many of the 
functions of the CPEB have been investigated in 

the  Xenopus  model, the key role of CPEB in 
translational regulation of gene expression is 
conserved in mammals and CPEB knockout 
female mice are infertile  [  29,   30  ] . 

 In the oocyte, translational activation by cyto-
plasmic polyadenylation requires the presence of 
a poly(A) binding protein. Interestingly, instead 
of PABPC1, the oocyte contains a speci fi c embry-
onic poly(A) binding protein (EPAB)  [  27,   31–
  33  ] , which differs from PABPC1 primarily in the 
region between its conserved RRMs and the 
PABC (C-terminal) domain. EPAB is the pre-
dominant poly(A) binding protein in oocytes and 
early embryos  [  27,   31–  33  ] . In  Xenopus  oocytes, 

  Fig. 15.3    Model for cytoplasmic polyadenylation-depen-
dent control of translation in oocytes. Dormant CPE-
containing mRNAs in immature oocytes are bound by 
CPEB, which in turn is bound to MASKIN, which in turn 
is bound to eIF4E, the cap-binding factor. The binding of 
MASKIN to eIF4E precludes the binding of eIF4G to 
eIF4E, thus inhibiting the formation of the translation ini-
tiation complex. Following stimulation of oocyte matura-
tion, the kinase aurora A is activated and phosphorylates 
CPEB. This leads to dissociation of PARN from the com-
plex and extension of the poly(A) tail by GLD2. The 
newly elongated poly(A) tail is then bound by EPAB, 
which in turn associates with eIF4G. eIF4G, when associ-

ated with EPAB, then displaces MASKIN from and binds 
to, eIF4E, thereby initiating translation. The open reading 
frame (ORF) is shown in  dark blue . The 5 ¢  UTR and 3 ¢  
UTR regions are shown in  light blue .  ORF  open reading 
frame,  CPEB1  cytoplasmic polyadenylation element 
binding protein 1,  SYMPK  Symplekin, a scaffolding pro-
tein,  PARN  a poly(A)-speci fi c ribonuclease,  GLD2  an 
atypical poly(A)-polymerase,  EPAB  embryonic poly(A) 
binding protein (Modi fi ed from Friend K, Seli E. 
Molecular biology of the gamete. In: Pellicer A, Simon C, 
editors. Stem cells in human reproduction. 2nd ed. New 
York: Springer Science + Business Media; 2009. p. 22–34, 
with permission)       
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EPAB interacts with the CPEB1/SYMPK/CPSF 
 [  34  ]  and DAZL/Pumilio  [  35  ]  complexes, pre-
vents deadenylation of mRNAs  [  27  ] , enhances 
translation initiation  [  32  ] , and promotes cytoplas-
mic polyadenylation in vitro  [  34  ] .  

   Translation Regulatory Cascades 
in the Oocyte 

 Cytoplasmic polyadenylation appears to be the 
predominant translational regulator of maternally 
stored mRNAs within the oocyte. However, to 
achieve timely expression of distinct genes nec-

essary for speci fi c steps of meiotic reactivation, 
oocyte maturation, and embryonic cleavage divi-
sions, the presence of additional control mecha-
nisms seems necessary  [  36  ] . 

 One such mechanism has recently been 
described and regulates translational activation of 
the  r apid  in ducer of  G 2/M progression in  o ocytes/
Speedy (RINGO/Spy), one of the  fi rst mRNAs to 
be translated when the G2-arrested oocyte re-
enters meiosis  [  6,   37–  39  ] . 

 In the prophase-I-arrested oocyte, the transla-
tion of RINGO/Spy mRNA is repressed by 
Pumilio-2 which is bound to a pumilio-binding 
element (PBE) in the 3 ¢ -UTR (Fig.  4 ). Acting as 

  Fig. 15.4    Model for polyadenylation-independent 
translational control. In immature oocytes, Pumilio-2 
(PUM2) binds the Pumilo binding element (PBE) in the 
3 ¢  UTR of RINGO/Spy mRNA, and also interacts with 
DAZL and EPAB. Following stimulation of oocyte 
maturation, PUM2 dissociates from the RINGO/Spy 
mRNA thereby allowing recruitment of eukaryotic ini-
tiation factors and translation of RINGO/Spy protein. 
The open reading frame (ORF) is shown in  dark blue . 

The 5 ¢  UTR and 3 ¢  UTR regions are shown in  light 
blue .  eIF4E  eukaryotic initiation factor 4E, the cap-
binding protein;  eIF4A  eukaryotic initiation factor 4A, 
an RNA helicase;  PUM2  Pumilio-2;  DAZL  deleted in 
azoospermia like;  EPAB  embryonic poly(A) binding 
protein (Adapted from Padmanabhan K, Richter JD. 
Regulated Pumilio-2 binding controls RINGO/Spy 
mRNA translation and CPEB activation. Genes Dev. 
2006;20:199–209, with permission)       
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translational co-repressors are the DAZL (Deleted 
in Azoospermia-Like protein) and EPAB pro-
teins, which are also bound to the 3 ¢ -UTR of the 
same mRNA.  

 When the oocyte receives the hormonal signal 
to re-enter meiosis, PUM2 dissociates from the 
3 ¢ -UTR of RINGO/Spy. Translation initiation 
factors are then recruited and translation of the 
RINGO/Spy protein can commence (Fig.  4 ). 
Once translated, RINGO/Spy activates the cyclin-
dependent kinase Cdk2, which in turn activates 
another protein kinase—Eg2 from the Aurora 
family by phosphorylation  [  37,   39–  42  ] . It is note-
worthy that the translational activation of RINGO/
Spy is independent of and precedes the polyade-
nylation-dependent translational regulation medi-
ated by the CPEB/SYMPK/CPSF complex. 

 A central role for DAZL in mammalian oocyte 
translational regulation has recently been shown 
in the mouse, where CPEB acts as a regulator of 
DAZL translation by activating polyadenylation 
of the Dazl mRNA  [  43  ] . Subsequently, the high 
concentration of DAZL in the cytoplasm will act 
as a positive feedback loop, thereby promoting 
translation of its own mRNA and producing more 
DAZL. DAZL in turn activates a translational 
cascade of several mRNAs that are needed at 
later stages during fertilization and embryonic 
cleavage. DAZL does not only act as a transla-
tional control mechanism, but is also important 
during meiosis as a lack of the DAZL protein dis-
rupts the formation of the meiotic spindle  [  43  ] .   

   Summary and Discussion 
of Implications for Embryo 
Assessment in IVF 

 Timely expression and degradation of distinct 
mRNAs and proteins is required for speci fi c steps 
of meiotic reactivation, oocyte maturation, and 
embryonic cleavage divisions  [  36  ] . Novel 
approaches utilizing global analysis of transcrip-
tome or proteome have been proposed as tech-
nologies that may help improve embryo viability 
assessment in the IVF laboratory. 

 Potential sources for transcriptomic analysis 
are cumulus and/or granulosa cells that surround 

the oocyte, or the blastomeres removed from an 
embryo (reviewed in Chaps.   16     and   17    ). To inter-
pret the  fi ndings of studies that perform transcrip-
tomic analysis, it is crucial to make the distinction 
between somatic and gametogenic sources of 
mRNAs and to remember the differences between 
these cell types in regulating gene expression. 

 As cumulus and granulosa cells are somatic 
cells, their transcriptome may be interpreted as an 
accurate re fl ection of gene expression. Conversely, 
oocytes and early embryos until ZGA (which 
occurs at 4- to 8-cell stage in human) mainly reg-
ulate gene expression through translational con-
trol. Therefore, a simple analysis of mRNA 
content in an oocyte or a blastomere using a 
microarray will not be a true re fl ection of gene 
expression. To identify mRNAs that are being 
translated in an oocyte or a blastomere obtained 
from an early embryo, mRNAs with a long 
poly(A) tail, or bound to polysomes (collection of 
ribosomes), need to be selectively measured  [  43  ] . 
Unfortunately, this would require signi fi cant 
expertise and higher amount of sample than would 
be available in a single oocyte or blastomere. 

 Analysis of the proteome (reviewed in Chaps. 
  18    ,   19    , and   20    ) may also be performed in oocytes, 
blastomeres, granulosa, or cumulus cells. 
However, the most important advantage of a pro-
teomic approach is that it can be used to noninva-
sively assess the secretome of the oocyte or the 
embryo by the analysis of the culture media in 
which they are grown. Another key aspect of pro-
teomic analysis is that its results are not biased by 
activation/repression status of existing mRNAs 
and it re fl ects the  fi nal protein outcome of gene 
expression, determined by the balance between 
protein synthesis and degradation.      
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 The developmental program of an embryo rests 
on the outcome of the complex interactions of 
gene products of the embryonic cell. As informa-
tion  fl ows from DNA to RNA and to protein, each 
step is potentially a predictor of the physiologic 
state of the cell. While protein content is more 
closely related to cellular phenotype than RNA 
content, current technology is much more sensi-
tive for characterization of all RNA molecules of 
the cell (the transcriptome) than protein content. 
Taking RNA expression levels as a proxy for the 
expression levels of corresponding proteins, one 
can approximate the molecular composition of 
the cell and attempt to correlate it with its physi-
ologic state. In the context of assisted reproduc-
tive technologies (ART), transcriptome analysis 
is a powerful tool that can be used to identify 
genes whose expressions are predictive of implan-
tation and developmental success. At a more 
practical level, RNA expression pro fi les of blas-
tocyst biopsies might be used for pre-implantation 
embryo screening. 

 We review here the current state of the tech-
nology for characterizing the transcriptome of a 

single or a small number of cells as it relates to ART. 
While small numbers of genes can be assayed by 
quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR), the comprehensive 
characterization of the transcriptome has been 
possible with DNA microarray chips. Recently, 
high-throughput sequencing technologies have 
been applied to transcriptomics in an approach 
generally referred to as RNA-seq. The large 
amount of data produced by both methods carries 
computational challenges and there are potential 
pitfalls in the proper analysis of the resultant data. 
RNA-seq is the method of choice for achieving 
high sensitivity and discovery of new transcripts, 
while microarrays are still quicker to perform, 
less costly, and may well be adequate for simple 
applications. 

   Sample Preparation 

 Some aspects of sample preparation are common 
to microarray and RNA-seq. Because RNA can be 
rapidly degraded by RNase released by the 
homogenized cells, the use of RNase inhibitors is 
critical. An ampli fi cation step, either by PCR or 
in vitro transcription-based linear ampli fi cation, is 
needed to convert the picogram quantities of RNA 
to the microgram amounts needed for microarray 
hybridization or sequencing. To ensure that the 
same ampli fi cation is achieved for all transcripts 
regardless of abundance, appropriate controls are 
needed. It is often useful to introduce a known 
quantity of exogenous RNA before the extraction 
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process to validate the extraction ef fi ciency and 
ensure the linearity of ampli fi cation  [  1  ] . 

 Protocols for sample preparation for microarray 
analysis  [  2  ]  and RNA-seq analysis  [  3  ]  from single 
blastomeres have been published. In brief, a 
fragment is cut from a blastocyst using a glass 
knife, the cells are dissociated in trypsin-EDTA 
buffer, a single cell is transferred into a PCR tube 
containing cell lysis buffer. The released RNA is 
then reverse-transcribed and poly(dA)-tailed. 
Then, the cDNA is PCR-ampli fi ed. Later steps are 
distinct for microarray and RNA-seq analysis. 
As data generation and its analysis takes several 
days for microarrays or 1–2 weeks for RNA-seq, 
the biopsied blastocyst needs to be frozen until 
implantation.  

   Microarray Technology 

 A DNA microarray consists of hundreds of thou-
sands of distinct single-stranded oligonucleotides 
that are synthesized as a dense array on a solid 
surface (in the case of microarrays from compa-
nies such as Affymetrix, Agilent, ABI, etc.) or on 
microscopic beads that are spread on a silica sur-
face (in the case of BeadArray technology from 
Illumina). Such chips are typically a few square 
centimeters in size and the individual spots on 
them are visualized by a microscope-coupled cam-
era. After being  fl uorescently labeled, sample 
DNA molecules are placed on this chip so that 
they hybridize with the probe molecules on the 
surface. The  fl uorescent signal associated with 
each spot can be detected with a scanner, provid-
ing a concentration value for each DNA probe. 
Microarrays are produced by a number of com-
mercial companies and regarding the sequence on 
the probes, various designs are available depend-
ing on the experimental objective. For transcript 
analysis, DNA that is hybridized to the microar-
ray is complementary in sequence to the RNA 
molecules to be detected, i.e., cDNA. Exon arrays 
are microarrays with probes corresponding only 
to the exonic sequences of genes. When probes 
corresponding to the exons of a given transcript 
are all detected, the total signal from this probe set 
is taken as a value of its expression level. 

 Most transcriptomic analyses are done with 
microarrays containing probes speci fi c to exons. 
The design of these microarrays is based on the 
known exon structures of genes and cannot be used 
to detect previously unknown transcript isoforms. 
There are also microarrays designed to detect exon 
junctions (for alternative splicing detection and 
microRNAs). Another type of microarray, tiling 
arrays, consists of overlapping probes that cover 
the whole length of the genome and are used to 
detect expression of all transcripts. 

 The puri fi ed cellular RNA is used to synthesize 
single-stranded cDNA by reverse transcription. 
Then, the cDNAs are labeled with a  fl uorescent 
dye and incubated over the microarray. The 
labeled targets bind to the complementary probes 
on the array. Then the array is washed to exclude 
the targets that have not been hybridized. The tar-
get cDNA molecules bind the probes at an amount 
proportional to their concentration. Typically, the 
slide is illuminated with a laser light which causes 
 fl uorescence from each spot, and the image of the 
microarray is captured for data analysis (Fig.  1 ).  

 The data from this image  fi le is processed by 
software provided by the instrument vendors to 
correct for various artifacts and to produce an 
expression level at the exon level. In the case of 
Affymetrix, the data are further summarized as 
probe sets, that is, a number of probes whose 
expression corresponds to an mRNA containing 
all of them. The data quality is assessed by the use 
of spiked-in control RNAs that are not encoded by 
the organism being studied. The External RNA 
Control Consortium (ERCC)  [  4  ]  and Microarray 
Quality Control (MAQC) Consortium  [  5  ]  provide 
resources to assess the performance of microarray 
platforms using external RNA controls.  

   Statistical Analysis 

 The data produced by microarrays requires 
signi fi cant processing to correct bias due to sys-
tematic effects and to make data from separate 
microarrays comparable. Robust Multichip 
Average (RMA) is considered the most ef fi cient 
analysis procedure. It consists of background 
adjustment, quantile normalization, and probe set 
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summarization  [  6–  8  ] . The intensity distribution 
of a microarray is shown to be log-normal, the 
expression values are converted to log base 2 
and processed afterwards. In most protocols, 
each microarray corresponds to one sample, so 
it is important to ensure that any technical vari-
ability due to sample preparation, hybridization 
ef fi ciency, array scanning, etc. are normalized in 
order to make the data comparable. Among vari-
ous normalization methods, the well-accepted 
quantile normalization  [  7  ]  is based on the assump-
tion that the intensity data have identical intensity 
distributions, and that a treatment would cause 
only small fraction of the genes to be differen-
tially regulated. 

 In Affymetrix GeneChip arrays, probes consist 
of 25 base oligomers and a gene is represented by a 
set of probes (~27). Each probe maps to anno-
tated exons of known genes. After background 

adjustment and quantile normalization at probe 
level, the intensities of probes within a probe set 
are summarized to a single value using median 
polish method  [  8  ] . The resulting intensity value 
is assigned to the gene represented with that 
probe set. Differential expression analysis is per-
formed on the background adjusted, normalized, 
and summarized intensities. 

 Because microarray analysis often involves 
two groups (control vs. treatment) with a few 
replicates, for thousands of genes, statistical cor-
rection for multiple comparisons is needed. When 
thousands of hypotheses are tested simultane-
ously for each gene with a speci fi ed Type I (false 
positive) error probability (e.g. 0.05), the chance 
of such errors increases with the number of 
hypotheses. Adjustment of the threshold  p -value 
using the Bonferroni method is generally consid-
ered to be too conservative. A preferred way to 

  Fig. 16.1    Major steps of a typical microarray experiment. 
Total RNA is extracted from the biological sample and 
mRNA is reverse-transcribed to cDNA. Resulting cDNA is 
 fl uorescent-labeled and hybridized to microarray. Labeled 
targets bind to their complementary oligonucleotides 

attached in the microscopic probes. The array is then 
washed and scanned to obtain the  fl uorescent image which 
is further processed to get the intensity values for data 
analysis       
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identify signi fi cantly differentially regulated 
genes is to rank the transcripts according to the 
deviation of their expression level from the mean 
expression level of the control group, and then 
determine the false discovery rate (FDR) for each 
gene  [  9  ]  (Fig.  2 ). The false discovery rate (FDR) 
is the expected proportion of Type I errors among 
the rejected hypotheses. In routine microarray 
data analysis, the expression levels are investi-
gated in terms of biological signi fi cance in addi-
tion to statistical signi fi cance. Although an FDR 
threshold may identify a number of genes whose 
change is statistically signi fi cant, practitioners 
often also use an arbitrary fold-change threshold, 
like two-fold, to select genes that show a biologi-
cally interesting level of change.   

   RNA-Seq 

 The development of high-throughput sequencing 
technologies has made possible a novel approach 
to transcriptome analysis. These enable the char-
acterization of the transcriptome by sequencing it 

many times over, an approach generally called 
“RNA-seq.” While microarray technology is still 
used for transcriptome analysis when time and 
cost are of concern, RNA-seq is preferred for 
more detailed and accurate studies. 

 RNA-seq is the high-throughput sequencing 
of cDNA in order to characterize the RNA in a 
sample. Currently the most commonly used plat-
forms for RNA-seq are the Genome Analyzer 
(Illumina), SOLiD (ABI) and 454 Sequencing 
(Life Technologies) for sequencing of DNA, 
and DRS (Helicos) for direct RNA sequencing. 
This is a very dynamic  fi eld, as many other com-
panies and academic groups are actively working 
to develop alternative technologies to improve 
the number, quality, and length of sequences pro-
duced in one sequencing run and making it 
cheaper per nucleotide sequenced. The cost per 
nucleotide sequenced for all these technologies is 
at least three-orders of magnitude lower than the 
classical Sanger sequencing technique. 

 The low cost per nucleotide sequenced for the 
new sequencing technologies comes at the 
expense of sequence length and a higher error 
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  Fig. 16.2    False discovery rate thresholding of expression 
ratios in a microarray experiment. The distribution of nor-
malized log(2) expression ratios is shown as a histogram. 
The background signal has been drawn here by  fi tting a 
normal distribution ( dashed line ) to the central part of the 
histogram. The difference between the background and 
the signal distribution represents the distribution of 

differentially expressed transcripts ( shaded areas  in the 
tails of the histogram). The  vertical arrows  indicate the 
threshold for expression change values with a false dis-
covery rate (FDR) of 0.05. From the position of these 
arrows to the end of the nearest tail, the ratio of the signal 
area to the signal + background area is 0.95 ( fi gure gener-
ated using the locfdr package  [  44  ] )       
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rate, especially in the case of Illumina. The error 
rate is compensated by the number of times each 
nucleotide is sequenced. Currently, Illumina 
Genome Analyzer has a read length of 50–150 
nucleotides, and SOLiD of 35–75 nucleotides, 
depending on the instrument model. The short 
sequence lengths make the de novo assembly of a 
transcriptome dif fi cult, because the amount of 
sequence overlap between different reads is lim-
ited. However, if the transcriptome belongs to an 
organism whose genome is known, then the reads 
can be aligned to the genome for assembling the 
transcriptome of the sample. The 454 system can 
produce reads of about 500 nucleotides, a length 
which is useful for de novo assembly, but because 
its cost per nucleotide is currently around a hundred 
times higher than Illumina and SOLiD, it is gener-
ally not used for transcriptome analysis  [  10  ] . 

 High-throughput sequencing technologies 
produce many millions of sequence reads in one 
batch, and while the cost per base sequenced is 
quite low, the total amount cannot be decreased if 
fewer sequences are desired. However, multiple 
samples can be processed simultaneously by 
attaching sequence tags (“barcodes”) to the DNA 
molecules being sequenced, to distinguish their 
reads from each other. 

 RNA-seq is superior to microarrays in not 
requiring prior knowledge of the transcript iso-
forms of the organism being studied. In fact, 
knowing the genome sequence is not required to 
assemble the transcriptome of an organism whose 
genome has not been sequenced. While the 
probes of a microarray rely on genome annota-
tion, RNA-seq produces data that can lead to 
detailed characterization of each transcript spe-
cies, both quantitatively and qualitatively. 

 The alignment of short reads to the genomic 
sequences can help assemble sequences into 
exons, but in order to assemble complete tran-
scripts, it is necessary to  fi nd short reads that span 
two exons. Such reads can be aligned to a refer-
ence transcriptome sequence in which intronic 
sequences are removed. A more powerful 
approach is the “paired-end” sequencing method, 
in which the cDNA is fragmented; approximately 
200–300 bp-long pieces are isolated and then 
partially sequenced from both ends. If one of the 

short reads is in one and another is in another 
exon, this is evidence that the two exons are con-
nected. If one of the short reads cannot be reliably 
localized (due to similarities to evolutionarily 
related genes, or because its sequence is split by an 
exon junction), the sequence of the second mem-
ber of the pair can provide a distance constraint 
that helps resolve the ambiguity (Fig.  3 ).  

 The use of RNA-seq for measuring gene 
expression levels relies on the principle that the 
number of sequence reads that map to a particular 
transcript is proportional to its expression level. 
Because alternatively spliced genes can produce 
multiple RNA isoforms, there are computational 
tools such as Cuf fl inks  [  11  ]  or MISO  [  12  ]  to 
assign probabilistically the expression level of 
each exon to each of the transcript isoforms it 
may belong and estimate the overall expression 
level of these transcripts. 

 Using the annotation  fi le for the genome, it is 
thus possible to group the sequence reads into 
transcripts that (1) belong to the same gene, (2) 
share the same transcription start site (TSS), (3) 
that code the same protein sequence, and (4) are 
not grouped at all (Fig.  4 ). Each grouping can be 
evaluated separately for differential expression to 
uncover potentially a great level of regulatory 
complexity. Differentially expressed transcripts 
having the same TSS are presumably regulated 
by the same transcription factors, while two tran-
scripts having the same TSS but different protein 
products that are differentially expressed are pre-
sumably regulated at the splicing level.  

   Protocol 

 RNA-seq is usually done on cDNA libraries from 
which ribosomal RNA sequences have been 
removed. If long RNA molecules such as mRNA 
are to be analyzed, it needs to be fragmented into 
smaller pieces  fi rst, but small RNA molecules 
like microRNA do not need to be fragmented. 
RNA is fragmented by hydrolysis or nebulization. 
Alternatively, RNA is  fi rst reverse-transcribed to 
cDNA, using either random hexamers or 
oligo(dT), then the cDNA is fragmented by 
DNAse I treatment or sonication. The cDNA is 
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  Fig. 16.3    Single-end and paired-end sequencing in RNA-
seq.  Upper panel  shows how mapping of short sequence 
reads to exons (A, B, and C) can be used to assemble alter-
natively spliced transcripts from a gene. The  short  fi lled 
rectangles  represent sequence reads, some of which may 
be interrupted (shown as  dashed lines ) by exon boundar-
ies. Such junction reads quantify the relative amounts of 
transcript isoforms having that particular junction. Exon 
A ¢  is a paralog of exon A and belongs to another gene. 

As some sequences are present in both A and A ¢ , this many 
lead to an uncertainty to the correct mapping of some of the 
reads.  Lower panel  shows how sequences from two ends of 
cDNA fragments selected to be of a  fi xed length (shown by 
a   fi lled and empty rectangle  connected by a  dotted line ) can 
impose a distance constraint in localizing the short reads. 
In this case the homologous reads mapping to A ¢  are not 
used in the assembly because they are not at the right dis-
tance from their paired-end sequence       

  Fig. 16.4    Alternative groupings of sequence reads in 
RNA-seq. Five transcript isoforms (1–5) from a hypothet-
ical gene “1” having two alternative transcription start 
sites (TSS 1 and 2) and coding for two protein-coding 

sequences (proteins 1 and 2) are shown. RNA-seq data 
can be summarized separately for each of these expres-
sion levels to reveal potentially different forms of differ-
ential expression       

 

 



17916 Transcriptomics Technology: Promise and Potential Pitfalls

typically cut out of a gel to constrain its size 
distribution to about 250 nt. Strandedness of 
the mRNA may be preserved if needed, as there 
are protocols for this that introduce additional 
steps to the procedure  [  13–  15  ] . Details of the dif-
ferent platforms used in RNA-seq can be found 
elsewhere  [  16  ] . 

 A protocol for performing RNA-seq on single 
cells has been published  [  3  ] . For single cell RNA-
seq analysis, mRNA is isolated from the cell 
lysate using oligo(dT)-coated magnetic beads. 
The mRNA is reverse-transcribed and tailed, then 
ampli fi ed by either PCR or in vitro fertilization 
(IVT). However, this protocol is limited to the 
puri fi cation of poly(A)+ mRNA and to the 
ampli fi cation of its 3 ¢  end of up to 3 kb size; fur-
thermore, the strandedness of the mRNA is lost.  

   Limitations of RNA-Seq 

 RNA-seq carries many of the bioinformatics 
challenges associated with high-throughput 
sequencing in general  [  17  ] . The large amount of 
data that this technology generates requires plenty 
of data storage and powerful computing facilities, 
often multiple computers doing parallel process-
ing. RNA-seq is the preferred method for discov-
ering new transcripts and annotating genomes. 
For well-characterized genomes, microarray tech-
nology is cheaper when analyzing large numbers 
of samples. 

 RNA-seq sample preparation has several steps 
that can potentially introduce biases to the 
sequence distribution. Sequencing of large RNA 
species needs to be fragmented into smaller pieces 
of 200–500 nt. Fragmentation of RNA has been 
shown to produce a loss of end fragments, while 
fragmentation of cDNA favors the preservation of 
sequences toward the 3 ¢  end of the transcript. PCR 
artifact can cause the overrepresentation of cer-
tain sequences (the Helicos tSMS system 
sequences RNA directly, and so does not have this 
shortcoming). Strand-speci fi c libraries are more 
informative, but require several additional manip-
ulations that can incorporate further biases  [  18  ] . 

 A number of pitfalls have been identi fi ed in 
RNA-seq technology  [  19  ] . Illumina sequencing 

has a bias toward GC-rich regions compared with 
AT-rich regions  [  20  ]  due to biases at the PCR 
ampli fi cation and reverse transcription. Each 
short sequence is primed from a random hexamer, 
but the binding af fi nities of these hexamers are 
not identical, resulting in uneven reads at differ-
ent positions. Also, chemical fragmentation can 
occur unevenly along the RNA being sequenced, 
leading to “read pileups.” Secondary structure 
formation on the RNA can affect reverse tran-
scription and PCR. Some of these biases can be 
expected to average out, but not all. Thus, the 
reads are not evenly distributed along transcript. 
These biases can be computationally predicted to 
correct the position-speci fi c count values. As 
implemented in the Cuf fl inks program, depend-
ing on the experimental protocol, expression val-
ues can change around 1.5× after correcting for 
these biases  [  21  ] . 

 Another consideration is that the reference 
genome used to map sequence reads may not cor-
respond exactly to the genome of the tissue/cell 
line being analyzed. Constructing a reference 
genome incorporating information on polymor-
phic loci has been shown to improve the number 
of sequence reads by 15 %  [  22  ] .  

   Statistical Design 

 As in microarray experiments, proper design of 
RNA-seq experiments can lower the variability in 
the data and improve the accuracy of exon detec-
tion and expression change. Biological replicates 
are needed to establish variability at the biologi-
cal level and identify features that correlate with 
biological process of interest. However, RNA-
seq data also show signi fi cant variability for tech-
nical replicates obtained from the same biological 
sample. Among the sources of these variations 
are the  fl ow cell, the lane of the  fl ow cell, and the 
sequence library batch. It is possible to do a ran-
domized block design to control for these sources 
of variation. By using sequence tags to label dif-
ferent samples that are processed simultaneously 
(i.e., “multiplexed”), one can even out the effect 
of these technical variables on the variance of 
counts. Thus, instead of running one sample in 
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each lane of a  fl ow cell, one would run a mixture 
of all the samples in all the lanes, and then sepa-
rate the results according to the sequence tags 
present within the short reads  [  23,   24  ] .  

   Statistical Analysis 

 RNA-Seq data is often expressed in terms of 
reads per kilobase length per million read 
(RPKM), or in the case of paired-end sequences, 
fragments per kilobase length per million read 
(FPKM). The reason for this unit is that the longer 
the transcript is, the more “hits” there will be in 
it, and multiple samples are often normalized by 
expressing each read number as a fraction of the 
total number of hits. Because longer transcripts 
have more counts than shorter genes, longer 
genes are more likely to be found differentially 
expressed. Normalizing counts by transcript 
length does not remove this bias; however, nor-
malizing by the inverse square root of transcript 
length has been found empirically to remove the 
length bias  [  25  ] . 

 RNA-seq methodology has a number of 
aspects that introduce bias to the read count data. 
The lanes of the Illumina  fl ow cell have different 
total number of sequences, so counts in each lane 
is usually normalized to the total number of 
counts in each lane. However, this approach is 
not ideal as the total number in each lane is 
dominated by a small number of abundantly 
expressed genes; so if these genes are differen-
tially expressed, the normalization may skew the 
results. Using a housekeeping gene known not to 
be differentially expressed can be one solution of 
this problem, but it may be dif fi cult to justify why 
the chosen gene should not be differentially 
expressed. A better method of count normaliza-
tion is to remove the data for transcripts having 
zero counts across all lanes, then using the 75th 
percentile of the remaining transcripts as a nor-
malization factor  [  25  ]  or to use a weighted 
trimmed mean of the log expression ratios  [  26  ] . 
These normalization methods perform similarly 
 [  27  ] . Quantile normalization is another normal-
ization method, often used in microarray data 
analysis, but it is computationally more demanding 

and does not produce an appreciable decrease in 
variability  [  25  ] . 

 Estimating the statistical signi fi cance of differ-
ential expression between two groups can be done 
by a number of tests. The  t -test and its variants are 
generally insensitive for low count numbers and 
become equivalent to more sensitive tests such as 
Fisher’s Exact Test (FET) only if transcripts with 
less than 20 counts are discarded  [  25  ] . Because a 
generalized linear model can consider sample type 
as one of its parameters, it is more suited for com-
parison of more than two groups, compared to 
FET or the  t -test. Programs modeling the data 
using a negative binomial distribution (edgeR, 
DESeq, baySeq) or using a non-parametric 
approach implemented in the program NOISeq 
were found to perform better than other alterna-
tives tested  [  27,   28  ] . The Cuffdiff program also 
uses a negative binomial model for assessing dif-
ferential expression, but its results are not directly 
comparable with the other programs because it 
uses a complex algorithm to estimate the expres-
sion levels of different isoforms, while the other 
programs assume that the length of a transcript 
does not change between two conditions. This 
assumption may be invalid in the case of differen-
tial alternative splicing. On the other hand, with 
EdgeR and DESeq, one can create generalized lin-
ear models which may provide greater sensitivity 
when it is necessary to tease out multiple factors 
that may affect gene expression. 

 Normalization of RNA-seq data for small 
RNA molecules (miRNA, snoRNA, etc.) has 
been found to be more complex than normaliza-
tion for mRNA  [  29  ] . There are biases for speci fi c 
small RNA molecules, making comparison 
between different RNA molecules dif fi cult. While 
library size normalization similar to that used for 
mRNA with the RPKM unit can be used, the 
validity of this approach has been discussed, 
because the composition of the RNA population 
is unknown. Lowess normalization and quantile 
normalization have been suggested to remove 
RNA composition bias  [  30  ] . Because of the bias 
of RNA-seq for short RNA sequences, microar-
rays have been suggested to be superior to 
RNA-seq for small RNA quantitation, if novel 
microRNA discovery is not the primary aim  [  29  ] .   
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   Comparison of Microarray 
and RNA-Seq 

 RNA-seq correlates well with microarray data for 
genes expressing at medium levels, and not so for 
genes expressing at low and high levels, due to 
the narrower dynamic range (the ratio between 
the largest and smallest values that are measur-
able) of microarrays. When validated with the 
“gold-standard” technique of qRT-PCR, RNA-
seq data reveal better accuracy than microarray 
data  [  31  ] . 

 In terms of quantitation, microarray measure-
ments suffer from nonlinearities at very low and 
very high expression values. At very low levels, 
signal is indistinguishable from noise due to non-
speci fi c binding of the cDNA to the probes, while 
at high levels there is signal saturation. With 
RNA-seq, there is no non-speci fi c sequence gen-
eration at the low end and no saturation. However, 
sequencing errors may cause some reads to be 
mapped to the wrong region. Computational 
treatment of the data can be used to  fi lter low 
quality sequences. A dynamic range of  fi ve-
orders of magnitude has been reported with 
RNA-seq, while with microarrays it is less than 3 
orders of magnitude. RNA-seq has been shown to 
be highly accurate by comparison with qRT- 
PCR. The downside of the high sensitivity of 
RNA-seq is that, to detect very low abundance 
transcripts, much greater coverage is needed. A 
typical Illumina run produces around 30 million 
50 nucleotide-long sequences. As more and more 
sequences are obtained fewer and fewer new 
transcripts are discovered, but the diminishing 
returns on the effort means that an exhaustive 
enumeration of all transcripts may not be practi-
cal. A study of mouse embryonic stem cells found 
the number of unique TSSs to reach a plateau at 
80 million reads, although at this point the num-
ber of unique transcripts discovered was still 
increasing monotonously relative to read number 
 [  32  ] . Experimental removal of abundantly 
expressed sequences by sequence normalization 
methods has been shown to increase detection 
sensitivity of rare transcripts without altering the 
number of genes found to be differentially 

expressed  [  33  ] . However, one should be aware 
that the lowest abundance transcripts in the cell, 
averaging less than one mRNA molecule per 
cell, may be a stochastic phenomenon caused by 
“leaky” gene expression and may not be repre-
sentative of all cells in the sample  [  34  ] . 

 Microarray technology requires the transcrip-
tome to be annotated, because probe sets are 
designed speci fi cally to measure the level of a 
known transcript. Tiling arrays with base-pair 
resolution can measure expression levels of indi-
vidual exons, but cannot assemble transcript iso-
forms as reliably as RNA-seq. In contrast, 
RNA-seq can be used to discover previously 
unknown transcripts, map their splice sites with 
base-pair resolution, and using appropriate meth-
odologies to map the 5 ¢  and 3 ¢  ends of the 
transcripts. 

 The depth of sequencing allows heterozygotic 
alleles to be quanti fi ed and their transcripts to be 
assembled separately from each other, resulting 
in allele-speci fi c analysis of gene expression. 
Furthermore, RNA-seq can be used to detect the 
occurrence of RNA editing, where a base on an 
RNA molecule is different from what would be 
predicted based on the genomic sequence. 

 Currently, the cost of analyzing one sample by 
microarray is roughly tenfold less than the cost of 
running a (possibly multiplexed) sample through 
one lane of a  fl ow cell for RNA-seq. Considering 
that separate microarrays would be needed for 
multiple samples with replicates, the costs of the 
two techniques can become comparable.  

   Biological Applications 

 Transcriptomics can be used for various applica-
tions of relevance to in vitro fertilization (IVF). 
From an analytic perspective, it enables the com-
parison of different tissues or stages of embryo, 
in order to better understand embryologic devel-
opment. By looking at differences between indi-
viduals or populations, relevant candidate genes 
may be identi fi ed. From a clinical perspective, 
one can envision the identi fi cation of embryos 
expressing non-deleterious alleles or biomarkers 
predictive of successful implantation. 



182 C. Bruce and A. Uyar

 The objective of some transcriptomics studies is 
simply to identify biomarkers that correlate with a 
physiologic state such as developmental potential 
for a blastocyst. Other lines of investigation may 
approach the problem of blastocyst screening more 
indirectly, by understanding the molecular interac-
tions that lead to a particular process. For such stud-
ies, using network or enrichment analysis of genes 
that show differential expression can yield useful 
biological insight. Programs such as IPA (Ingenuity), 
Pathway Studio (Ariadne), or MetaCore (GeneGo) 
generate networks of interactions that are signi-
 fi cantly enriched with members of a gene list. The 
proteins that constitute such a network are presum-
ably all involved in the biological process being 
investigated. Their presence is therefore suggestive 
of other gene products that were not detected at the 
mRNA level, but may still be involved through other 
mechanisms (protein-protein binding, phosphoryla-
tion, etc.). Another method of analyzing differen-
tially expressed genes is to identify transcription 
factors whose targets are signi fi cantly enriched 
among members of the list. Observing such enrich-
ment may help form the hypothesis that those tran-
scription factors are important to the process being 
investigated. Understanding the biological context 
of the data from a transcriptomics analysis could 
possibly help guide further research for biomarkers 
detection using alternative methods, such as 
immuno-detection techniques. 

 A number of genes have been shown through 
hypothesis-driven studies on trophectoderm 
biopsies of mouse oocytes to be associated with 
success of implantation  [  35  ] . Transcriptomics 
studies are likely to identify many more such 
genes. Microarray analysis has been applied to 
embryo assessment. Transcript levels of the cer-
tain genes in cumulus cells have been found to be 
associated with embryo quality  [  36  ]  or pregnancy 
outcome  [  37,   38  ] . A study on follicular cells has 
also identi fi ed genes whose expression correlate 
with pregnancy outcome  [  39  ] . In cattle, a number 
of transcripts in the granulosa cell were found to 
be associated with developmental competence of 
the oocyte  [  40  ] . cDNA can be ampli fi ed from a 
single blastomere to study this cell’s transcriptome 
by microarray  [  2  ] , so blastocyst screening by 
microarray is currently feasible. 

 Similar studies have been performed using RNA-
seq technology. RNA-seq has been performed on 
pools of Day-8 bovine blastocysts that were pro-
duced either naturally or by IVF, and many genes 
were found to be differentially expressed or show-
ing alternative splicing between the two groups 
 [  41  ] . Such differences are likely at the origin for the 
low implantation success of IVF embryos. RNA-
seq has also been applied to single Day-7 blasto-
cysts  [  42,   43  ]  and even to single blastomeres in a 
blastocyst  [  3  ] . This methodology has also been used 
at the single cell level to characterize the derivation 
of pluripotent embryonic stem cells from the inner 
cell mass of blastocysts  [  43  ] . An interesting  fi nding 
of such single cell studies has been that when pairs 
of cells from the same blastocysts are compared, 
most RNA species carrying the same allele have the 
same expression level, but a small minority’s expres-
sion level shows stochastic differences. The propor-
tion of transcripts that show stochastic expression 
increases over time and for 8-cell blastocysts has a 
proportion of about 12 %  [  3  ] . This would imply that 
the transcriptome of more than one cell may need to 
be characterized in order to compensate for the vari-
ability between cells.  

   Perspectives 

 Transcriptomics technologies have made immense 
strides in recent years. Measuring the expression 
of most RNA species has become feasible, not 
only for populations of cells but even for indi-
vidual cells. The availability of these methods is 
surely going to be applied to embryo screening in 
the near future. As of this writing there are still 
certain limitations in terms of the ability to iden-
tify all RNA molecules of the cell, but even at this 
stage of the technology, it is reasonable to expect 
that studies will soon be performed on the RNA 
content of oocyte biopsy samples, and relate it to 
its capacity for a normal embryonic development. 
It can be hypothesized that the transcript pro fi le 
of cells from oocytes with high likelihood of suc-
cessful pregnancy will be distinguishable from 
that of oocytes with a low likelihood. The  fi nding 
that oocytes produced naturally have a distinct 
transcript composition from oocytes produced by 
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IVF suggests that the oocyte transcripts can vary 
signi fi cantly and some oocytes are likely to be 
have an RNA expression pro fi le that is closer to 
the “natural” pro fi le. Also, the fact that there is 
cell-to-cell variability in embryo cells will mean 
that the number of cells to be biopsied should be 
high enough to give statistical power to the 
expression values, and still be low enough to not 
harm the embryo. Finally, we should be mindful 
of the fact that the physiology of the cell is the 
result of the structure and function of proteins, 
and only indirectly that of the RNA. Insigni fi cant 
changes in certain RNA species may result in 
signi fi cant changes in post-translational 
modi fi cation of proteins with signi fi cant changes 
in their functionality. Despite these caveats, tran-
scriptomic technologies offer great promise for 
understanding embryonic development and the 
assessment of cultured embryos.      
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 As well as contributing the female genetic 
 component to the developing embryo, oocytes 
also provide a store of mRNAs, proteins and 
other resources needed to sustain the embryo 
through the  fi rst few mitoses, until activation of 
its own genome takes place at the 4–8 cell stage. 
The build up of essential molecules in the oocyte 
is dependent not only on the oocyte itself but also 
on other cells within the ovary. Maturing oocytes 
are enclosed in follicles and are surrounded by 
multiple layers of somatic cells. These cells pro-
tect and support the oocyte and participate in 
events that regulate its nuclear and cytoplasmic 
maturation and subsequent ovulation. The cells 
associated with the oocyte can be divided into 
two groups, the mural granulosa cells (GCs), 
which line the wall of the follicle, and the cumu-
lus cells (CCs). The CCs are differentiated GCs 
that enclose the oocyte, creating what is known 
as the cumulus-oocyte-complex (COC). The CCs 
and oocyte have a particularly intimate associa-
tion, establishing a bi-directional communication 
involving, but not limited to, exchange of pro-
teins and metabolites through gap junctions that 

link the two types of cells  [  1  ] . These connections 
allow the CCs to ful fi l vital roles in the support 
and resourcing of the maturing oocyte. 

 During assisted reproductive technology 
(ART) procedures, the surrounding CCs are 
removed and discarded either following oocyte 
retrieval in cases where intracytoplasmic sperm 
injection (ICSI) is used for fertilisation, or after 
fertilisation in cases involving conventional 
in vitro fertilisation (IVF). However, several 
research teams have been interested in the possi-
bility that these cells might harbour signi fi cant 
information about the quality of the oocyte with 
which they were associated and could be utilised 
for oocyte evaluation rather than discarded. This 
has led to a growing number of investigations 
focusing on analyses of the CC and/or GC tran-
scriptomes, and aiming to identifying markers of 
oocyte and embryo viability. Results from such 
studies will be summarised in the following 
sections. 

   Oogenesis and Follicle Formation 

 Oogenesis consists of two separate meiotic 
 divisions, meiosis I (MI) and II (MII), and two 
different stages when the developing oocyte 
pauses in the cell cycle. The  fi rst meiotic division 
begins during foetal life, at 11–12 weeks of ges-
tation  [  2  ] . It is during this time that the newly 
formed immature diploid oocytes enter prophase 
of MI. Synapsis (pairing) of homologous chro-
mosomes takes place, followed by the formation 
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of chiasmata and the exchange of genetic mate-
rial. The oocytes then begin a protracted arrest 
stage known as dictyate and remain there, until 
the onset of puberty and the initiation of the men-
strual cycle, taking place under hormonal 
in fl uence [follicle stimulating hormone (FSH) 
and the luteinising hormone (LH)]. Usually one 
oocyte completes maturation each month, resum-
ing MI and arresting again at the metaphase stage 
of MII (reviewed in Huang et al.  [  3  ] ). MII is not 
completed until the oocyte is fertilised. 

 The proliferation, differentiation and matura-
tion of the somatic follicular cells occur in syn-
chrony with the developing oocyte. The GCs 
represent the primary cell type in the ovarian fol-
licle and are capable of changing their morphol-
ogy and modifying their function in response to 
hormonal  fl uctuations or to signals coming from 
the developing oocyte. These changes are 

described in Fig.  1 . At the end of the oocyte 
growth phase and with the formation of the fol-
licular antrum, GCs differentiate into two ana-
tomically different cell lineages, the mural GCs 
which have a steroidogenic role and line the fol-
licular wall and the CCs which encircle the 
oocyte  [  4,   5  ] .  

 Of the numerous events involved in oocyte 
maturation, those taking place at the stage just 
before ovulation within the COC are of particular 
signi fi cance for the fertilisation potential and 
developmental competence of the oocyte  [  6  ] . 
Speci fi cally, during the LH surge an oocyte matu-
ration signal is transmitted from the extra-follic-
ular environment via the CCs. This is followed 
by resumption of MI  [  7  ] . Additionally, it has been 
demonstrated in a mouse animal model that 
appropriate spindle positioning, which is crucial 
for the correct segregation of chromosomes 

Cumulus-oocyte-complex

Primary Oocyte
Primordial follicle

Primary follicle
with a single
layer of cuboidal
granulosa cells

Recruitment of
thecal cells

Secondary follicle

Pre-granulosa cells

Pre-antral follicle

Antral follicle

Antrum formation

Cumulus cell layer

LH surge

Pre-ovulatory
follicle with
resumption of
meiosis in
oocyte

Ovulation

Gonadotrophin
dependent phase

Gonadotrophin
independent phase

  Fig. 17.1    Ovarian folliculogenesis: Follicular develop-
ment is separated into two individual phases. One of them 
is gonadotrophin-independent and the other is gonadotro-
phin-dependent. During the gonadotrophin-independent 
phase the primordial follicle changes into the secondary 
follicle, as the surrounding layers of granulosa and theca 
cells proliferate. The gonadotrophin-dependent phase 
takes place under the in fl uence of FSH, which causes the 

follicle to further mature to pre-antral and then antral. The 
formation of the antral follicle is indicated by the differen-
tiation of the granulosa cells into the mural granulosa 
cells, which line its walls and the cumulus cells which sur-
round the oocyte. Meiosis resumes under the in fl uence of 
LH, resulting in the formation of the preovulatory follicle. 
Ovulation occurs 30–36 h later ( fi gure courtesy of 
Zhongwei Huang.)       
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 during meiosis, is regulated via the bi-directional 
communication established between the oocyte 
and its surrounding CCs  [  8  ] .  

   Effect of the Follicular Environment 
on Oocyte Maturation 

 The mural granulosa cells are the  fi rst to receive 
the external hormone signals responsible for 
stimulating the oocyte to resume MI. Speci fi cally, 
it has been shown that LH leads to the production 
of epidermal growth factor (EGF)-like molecules 
such as amphiregulin, epiregulin and betacellulin 
 [  9  ] . Not only do these growth factors activate 
oocyte maturation, but also induce expression of 
speci fi c genes responsible for CC proliferation 
and expansion, such as HAS-2, PTGS-2 and 
TNFAIP6  [  10  ] . 

 Moreover, in a study involving a systematic 
review of factors in fl uencing oocyte maturation, 
it was demonstrated that LH activates expression 
of the progesterone receptor (PGR) in the GCs 
surrounding oocytes that are destined to ovulate 
 [  11  ] . PGR is a nuclear receptor transcription fac-
tor which is actively involved in the regulation of 
ovulation, and its inactivation leading to a com-
plete ovulation block  [  11  ] . 

 Another factor which is crucial for the suc-
cessful maturation of the oocyte is glucose. The 
COC requires glucose for a variety of metabolic 
processes, including energy production, nucleic 
acid and purine synthesis, muci fi cation and cel-
lular homeostasis  [  12  ] . As the oocyte is a poor 
glucose metaboliser and cannot generate any of 
the amino acids necessary for energy production, 
the surrounding CCs must provide this nutritional 
support  [  13,   14  ] . This is thought to take place via 
an oocyte-CC regulatory loop. Data obtained 
from a mouse model demonstrated that two 
oocyte secreted factors, growth differentiation 
factor 9 (GFD9) and bone morphogenetic factor 
15 (BMP15), are responsible for the regulation of 
key CC metabolic processes such as glycolysis 
and cholesterol biosynthesis, occurring prior to 
the LH surge  [  13  ] . Additionally, a trancriptomic 
analysis of CCs removed from human oocytes 
which went on to produce live births suggested 

that an active CC metabolism is essential for 
oocyte maturation and competence  [  14  ] . 

 Apart from nutritionally supporting the oocyte, 
the surrounding CCs are able to protect it from 
oxidative stress caused by reactive oxygen spe-
cies via the production of enzymes with antioxi-
dant actions, such as superoxide dismutases 
(SOD). A study investigating the antioxidant 
 protection of CCs showed that increased SOD 
activity was associated with the establishment 
of clinical pregnancies in IVF cycles  [  15  ] . 
Interestingly, a decline in SOD activity was seen 
to be associated with advancing female age. 
Advancing female age is the single most impor-
tant and consistent factor affecting the probabil-
ity of a healthy birth. The increasing risks of 
aneuploidy, poor embryo development and fail-
ure to implant in the uterus have all been well 
documented for women aged 35 years and 
onwards. The data obtained from the above- 
mentioned investigation suggest that CCs con-
tinuously monitor the follicular environment and 
regulate the production of antioxidants and other 
molecules in an attempt to provide the optimal 
conditions for oocyte development. Additionally, 
it is possible that SOD or other molecules of sim-
ilar function could be useful biomarkers, assist-
ing in the identi fi cation of competent oocytes 
capable of supporting preimplantation embryo 
development and producing a healthy live birth. 

 Another factor which could be indicative of 
the health of a follicle and the oocyte it contains 
is anti-müllerian hormone (AMH). It is thought 
that AMH attenuates the effects of FSH on the 
recruitment and growth of follicles and in this 
way regulates their development  [  16  ] . Analysis 
of AMH expression showed that it was higher in 
CCs of mature human follicles, compared to GCs 
 [  17  ] . This study suggested that as AMH was cor-
related with the expression of FSH receptor, 
androgen receptor and the AMH receptor, it may 
have an intrafollicular function, especially before 
ovulation  [  17  ] . 

 Transmission of molecular signals to and from 
the maturing oocyte is essential for it to acquire 
the ability to be fertilised, activated and in order 
for it to be able to support the embryo during its 
 fi rst few days of life. The crucial function of CCs 
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in mediating these signals makes it likely that 
pathways regulating their proliferation and apop-
tosis are prognostic of the corresponding oocyte’s 
health. A high incidence of CC apoptosis has 
been correlated with poor oocyte quality as well 
as inferior embryo development  [  18,   19  ] . 
Interestingly, it has recently been shown, that the 
oocyte secreted factors BMP15 and BMP6 act to 
protect the surrounding CCs from apoptosis, by 
establishing a morphogenic paracrine gradient of 
BMPs  [  20  ] .  

   Identi fi cation of Novel Biomarkers 
for Oocyte and Embryo Selection 

 The fact that CCs share the same follicular envi-
ronment as the oocyte and are in close communi-
cation with it has led to the idea that their analysis 
may serve as a surrogate for direct analysis of the 
oocyte itself. In addition, the fact that GCs and 
CCs can easily be collected without compromis-
ing the oocyte makes them attractive targets for 
the development of noninvasive assays for the 
selection of the most competent oocytes and 
embryos. For this reason an increasing number of 
research laboratories are focusing on the exami-
nation of these cells in an attempt to identify 
novel biomarkers of implantation/pregnancy 
potential. Particular attention has been paid to 
transcriptomic analysis of GCs and CCs. Patterns 
of gene expression re fl ect the processes active 
within a cell at a given moment in time, including 
its responses to environmental challenges. The 
analysis of the GC or CC transcriptome may 
therefore provide important information concern-
ing the conditions within the follicle in which the 
oocyte completed maturation. 

 A potentially useful biomarker, providing infor-
mation on the fertilisation ability of oocytes, is the 
ovulatory gene ADAM-metallopeptidase with 
thrombospondin type 1 motifs-1 (ADAMTS-1). A 
null mutation of this gene has been associated with 
impaired follicular and ovulatory processes in a 
mouse animal model  [  21  ] . It was also shown in 
humans that ADAMTS-1 is induced by LH, and 
its GC expression correlated with antral follicular 
growth  [  22  ] . More importantly, it has been reported 

that the expression of ADAMTS-1 in CCs is 
 indicative of the fertilisation capacity of the cor-
responding oocyte  [  22  ] . 

 Assou et al.  [  14  ]  employed a combination of 
microarray and real-time PCR technology is 
order to try and elucidate speci fi c patterns of CC 
gene expression in relation to embryonic mor-
phology (a key viability indicator) and preg-
nancy outcome. A total of three genes were 
identi fi ed as potentially useful biomarkers dur-
ing this study. The up-regulation in CCs of 
BCL2L11 involved in apoptosis and PCK1 
involved in gluconeogenesis and the down-regu-
lation of the transcription factor NFIB were 
associated with the generation of embryos able 
to implant and lead to live births  [  14  ] . 

    Unlike Assou’s study which involved a pre-
liminary gene expression microarray step to 
reveal potential candidate genes, Feuerstein et al. 
 [  1  ]  chose to examine six speci fi c genes in CCs 
removed from preovulatory follicles with the use 
of real-time PCR. These genes were STAR, 
COX2, AREG, SCD1, SCD5 and Cx43 and they 
were selected because some are induced by the 
LH surge, while others have roles in oocyte lipid 
metabolism, or in the regulation of gap junction 
formation, all important processes for appropri-
ate CC function. Data obtained from this study 
showed that  fi ve of the six genes (all except 
Cx43) under investigation increased their expres-
sion once MI was resumed. The transcript levels 
of these genes were also assessed in CCs removed 
from oocytes capable of forming blastocysts and 
compared to CCs taken from oocytes whose 
embryos were considered to be of poor develop-
ment. Results suggested that mRNA transcripts 
of these genes were distributed over a narrower 
range in CCs enclosing oocytes achieving blas-
tocyst development compared with those enclos-
ing oocytes that failed to develop. These results 
provide evidence for a relationship between CC 
gene expression patterns and developmental 
ability  [  1  ] . 

 Another investigation correlating CC gene 
expression with the ability of the corresponding 
oocyte to produce an embryo capable of reaching 
the blastocyst stage and leading to a viable preg-
nancy studied eight genes (SDC4, PTGS2, 
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VCAN, ALCAM, GREM1, TRPM7, CALM2 
and ITPKA) using quantitative real-time PCR 
 [  23  ] . Seven of the examined genes (all apart from 
VCAN) seemed to be capable of predicting an 
embryo’s ability to form a blastocyst of good 
morphology, while expression of VCAN and 
SDC4 in CCs was predictive of pregnancy. This 
research group created speci fi c multivariate mod-
els of gene expression and claimed to be able to 
predict pregnancy with a sensitivity of >70 % and 
a speci fi city of >90 %  [  23  ] . 

 Gebhardt et al.  [  24  ]  followed a similar 
approach in their examination of 13 genes in CC 
samples. The genes selected for analysis are 
involved in regulation of metabolism, signalling 
and extracellular matrix formation. The aim of 
the study was to identify possible expression pat-
terns associated with the oocyte’s ability to lead 
to a live birth, after elective single embryo trans-
fer. A general up-regulation of all 13 genes was 
evident in CCs removed from developmentally 
competent oocytes. In addition, among the 13 
genes, VCAN, PTGS2, GREM1 and PFKP were 
highlighted as having expression pro fi les indica-
tive of good quality oocytes  [  24  ] . 

 All the above-mentioned investigations had 
similar aims, measuring speci fi c mRNA tran-
scripts in GCs or CCs and identifying genes 
whose expression was indicative of oocyte/
embryo quality and viability. However, another 
important aspect of oocyte and embryo compe-
tence, not considered by these studies, is the pres-
ence of chromosome abnormalities (aneuploidy). 
Aneuploidy is extremely common in human 
oocytes and is almost always lethal to the devel-
oping embryo or foetus. The vulnerability to 
chromosome malsegregation increases dramati-
cally with advancing female age, affecting more 
than half of all oocytes from women over 40 
years of age  [  25  ] . Methods for testing oocytes for 
aneuploidy are already well established, based 
upon biopsy of the polar bodies followed by test-
ing using methods such as microarray compara-
tive genomic hybridisation (aCGH). However, 
such methods are labour intensive, expensive and 
somewhat invasive, involving the breach of the 
zona pellucida, the protective envelope covering 
the oocyte. Noninvasive methods for testing 
oocyte aneuploidy are highly desirable. 

 It is possible that the presence of chromo-
some abnormalities in an oocyte could alter sig-
nalling pathways and disrupt intercellular 
communication with the surrounding CCs, caus-
ing changes in their gene expression patterns. It 
is also possible that an oocyte maturing in an 
inappropriate follicular environment (e.g. 
hypoxic, or otherwise poorly resourced) may be 
at increased risk of chromosome malsegregation 
after the resumption of meiosis. A poor microen-
vironment would be very likely to affect not only 
the oocyte but also the somatic cells of the folli-
cle, inevitably inducing changes in their gene 
expression. In order to gain an insight into the 
follicular environment of aneuploid oocytes and 
potentially identify cumulus cell markers of 
oocyte aneuploidy, our group compared the gene 
expression of CCs associated with chromoso-
mally normal and abnormal oocytes. Similar to 
previous investigations of CCs, a combination 
of gene expression microarray analysis and real-
time PCR was employed. Interestingly, we 
observed that CCs enclosing chromosomally 
abnormal oocytes were less transcriptionally 
active. This is reminiscent of some of the studies 
discussed above, in which a general reduction in 
transcript levels in CCs was associated with poor 
outcomes. The data obtained showed that 14 
genes had highly statistically signi fi cant expres-
sion differences ( P  < 0.01) between the CCs of 
normal and aneuploid oocytes, all of which were 
underexpressed in CCs associated with abnor-
mal oocytes. Various biological processes were 
affected, including metabolism, signalling path-
ways, apoptosis and transport. Among these 
genes was SPSB2, the expression of which 
seemed to correlate both with the chromosome 
status of the oocyte and also with its ability to 
lead to a live birth. SPSB2 is involved in protea-
somal degradation. Its down-regulation in the 
CCs of aneuploid oocytes may result in the accu-
mulation of excessive levels of abnormal/redun-
dant proteins. This gene could be a particularly 
useful biomarker, as it may potentially identify 
oocytes free of chromosome errors and of 
 superior quality, able to lead to the establishment 
of a successful pregnancy. The  fi ndings of all 
the above-mentioned studies are summarised in 
Table  1 .   
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   Conclusion: The Development 
of Noninvasive Assays of Oocyte 
Assessment and Embryo Selection 

 At the time of oocyte retrieval the CCs can be 
removed and subjected to analysis. These cells 
have experienced the same environment as the 
oocyte during the critical  fi nal stages of nuclear 
and cytoplasmic maturation. It is likely that a 
footprint of the follicular microenvironment per-
sists in the transcriptome of the CCs, leading to 
the suggestion that it might be possible to de fi ne 
a speci fi c gene expression ‘signature’ indicative 
of a competent oocyte. The development of a 
noninvasive test, based on the assessment of gene 
expression in follicular somatic cells, could prove 
to be very bene fi cial both clinically and 
scienti fi cally. Clinically such a test could lead to 
a signi fi cant increase to IVF success rates. 
Additionally, if oocytes at high risk of chromo-
some abnormality could be identi fi ed, a decrease 
in the incidence of spontaneous pregnancy losses 
and aneuploid syndromes (e.g., Down’s syn-
drome) would be expected. Scienti fi cally, the 
examination of GCs and CCs could provide an 
insight into events taking place in healthy as well 
as sub-optimal follicles. Important biological 
pathways could be highlighted in this way, lead-
ing to an increased understanding of the key 
intrinsic and extrinsic factors in fl uencing oocyte 
development. This could in turn result in improve-
ments in oocyte in vitro maturation protocols and 
the optimization of gonadotrophin dosing during 
IVF cycles, maximising the availability of high 
quality euploid oocytes. 

 Even though the data obtained from various 
different studies are encouraging, a signi fi cant 
amount of work is still necessary before noninva-
sive tests based upon CCs are widely applied. 
One obstacle that must be overcome is the 
de fi nition of how viability is measured. In 
almost all IVF laboratories worldwide morpho-
logical assessment is still the main guide for 
embryo selection. However, morphology is a 
relatively poor guide to viability and provides 
no useful information concerning aneuploidy. 
A better measure of viability would therefore be 
the establishment of a sustained clinical preg-

nancy. Moreover, there is relatively little concor-
dance between the transcriptomic studies of CCs 
carried out to date. Most investigations have 
identi fi ed different candidate genes. This lack of 
uniformity between different studies may simply 
indicate that there are many clinically relevant 
genes expressed by CCs, with different studies 
happening upon different genes. Alternatively it 
may be a consequence of variation in the way that 
viability has been de fi ned in different studies. 
However, it might also be a warning that CC gene 
expression is affected by multiple variables, 
which could be patient-, clinic-, treatment- or 
aetiology-speci fi c. The characterization of a uni-
versally applicable CC-based test for oocyte 
competence may prove to be a challenge, but the 
potential bene fi ts make it a goal well worth 
pursuing.      
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 In the recent past, we have witnessed a sudden 
explosion of information in the biological sci-
ences triggered by the ‘omics’ revolution. A new 
generation scientists, largely unconcerned with 
hypothesis driven-based research, are using a 
range of specialized instruments to generate 
inventories of data on the mRNA, miRNA, pro-
tein, lipid, and carbohydrate composition of cells 
and, in the wake of this information, retrospec-
tively generating concepts about the molecular 
mechanisms that regulate cell function and fate. 
While transcriptomics has certainly led the way, 
the poor correlation between changes in mRNA 
pro fi le and protein abundance has encouraged 
many researchers to look directly at the protein 
composition of cells  [  1  ] . In doing so, we are now 
gaining an understanding of biological systems at 
a rate that would have been unbelievable, even a 
decade ago. The reasons for this sudden change 
can be put down to improvements in equipment 
sensitivity and accuracy, particularly in the  fi eld 
of mass spectrometry. Furthermore, new proto-
cols for undertaking the pre-fractionation of 
speci fi c populations of proteins, according to 
speci fi c post-translational modi fi cations (phos-
phorylation, glycosylation) or cellular localiza-
tion, have allowed scientists to generate 
unprecedented insights into cell biochemistry. 

 In the speci fi c context of proteomics, the 
 technology for undertaking such analyses is chang-
ing at a bewildering pace. As a result, many bio-
logical systems amenable to mass spectrometry are 
being overlooked. Here we shall review some 
recent advances in mass spectrometry and consider 
their application to biological systems with particu-
lar emphasis on the cell biology of spermatozoa. 

   Mass Spectrometers: The 
Technologies Available? 

 The marketplace is  fl ooded with an ever- appealing 
range of mass spectrometers available to research-
ers, with an estimated “new” machine being 
released into the marketplace every 1–4 months. 
Typically, however, such instruments are simply 
incremental improvements of pre-existing plat-
forms, designed to increase sensitivity, resolution, 
or mass accuracy. In terms of proteomics, many 
studies use what is known as a “bottom-up” 
approach. That is, you take a protein mixture of 
interest, digest with an enzyme (usually trypsin), 
and measure the mass of the peptides present 
(MS). If required, a speci fi c peptide can then be 
isolated, fragmented, and the daughter ions mea-
sured (MS/MS) in order to generate a protein 
identi fi cation  [  2,   3  ] . When it comes to the analysis 
of biological systems no less than  fi ve different 
types of mass spectrometer need to be understood 
in terms of their technical  capabilities. The advan-
tages, disadvantages, and speci fi c niches occupied 
by each type of instrument are outlined below.  

    M.  A.   Baker     •     R.  J.   Aitken     (*)
     Discipline of Biological Sciences, Faculty of Science 
and IT ,  University of Newcastle ,   Callaghan ,  NSW ,  Australia    
e-mail:  john.aitken@newcastle.edu.au   

18      Mass Spectrometry, Proteomics, 
and the Study of Sperm Cell Biology       

     Mark   A.   Baker     and    R.   John   Aitken                  



194 M.A. Baker and R.J. Aitken

   Quadrupole Time-of-Flight Mass 
Spectrometer 

 Typically designed to be used with a liquid chro-
matography (LC) front end, the quadrupole time-
of- fl ight (Q-ToF) (and all ToF-like instruments) 
could be considered in terms of a large stop-watch. 
Ions or peptides enter into one end of the instru-
ment and the time it takes to reach the detector is 
related to the mass. The advantages of the Q-ToF 
platform are fourfold. Firstly, apart from Fourier 
transform (FT) instruments, it possesses the great-
est mass accuracy being competent to determine 
2 ppm mass error in both MS and MS/MS-mode. 
Mass accuracy gives greater con fi dence in peptide 
or compound identi fi cation. While other bench-
top instruments can match 2 ppm at the MS level, 
none (beside FT) can do this at the MS/MS level. 
Secondly, the Q-ToF is extremely sensitive at the 
MS level (i.e., will detect very low amounts of 
peptide). This is important when looking at low 
abundance proteins, or samples with a high 
dynamic range (Dynamic range is the term used 
to describe the difference between the most abun-
dant protein in the sample and the least abundant 
protein. In blood, the concentration of the most 
abundant protein, albumin, is 10 12  times higher 
than one of the lowest, interferon). Thirdly, the 
Q-ToF has great resolution; in proteomic terms, it 
can detect higher charged state peptides, (+4, +5, 
+6), which is often necessary to secure the molec-
ular weight of the compound. Finally, the Q-ToF 
has an extremely good mass range. For this rea-
son, the Q-ToF is heavily used for quanti fi cation 
of samples, especially with (i) tags, such as iso-
tope-coded protein labeling (ICPL), (ii) isobaric 
tagging for relative and absolute quanti fi cation 
(iTRAQ), or (iii) enzyme-catalyzed reactions 
leading to  16 O/ 18 O exchange in terminal carboxy-
lic groups conferred by trypsin or other proteases. 
The Q-ToF is also the instrument of choice for 
quantitation at the MS level (label-free MS-based 
and stable isotope labeling by amino acids in cell 
culture or SILAC). The disadvantage of the 
Q-ToF, in terms of proteomics research, is the 
amount of time it takes to perform the MS-scans 
events and the amount of peptide needed. Often 

referred to as the “duty cycle”, in a typical run, 
MS/MS fragmentation can take up to 1–2 s, 
depending on the machine settings. Thus, although 
a higher con fi dence of peptide identi fi cation is 
found on the Q-ToF, fewer proteins are often 
identi fi ed (compared to say an ion-trap instru-
ment), due to the slow duty cycle or relative 
amount of peptide present. 

   Ion-Trap Mass Spectrometer 

 This is often the instrument of choice for proteom-
ics, without doubt the greatest asset being the 
extremely quick duty cycle (~0.3 s) and instrument 
sensitivity in MS/MS-mode. While the Q-ToF 
requires a certain amount of peptide to be present 
before daughter ions will be detected, ion-trap instru-
ments can give fragment ions on parent peptides that 
cannot be detected from the background noise 
(referred to as orphan peptides)  [  4  ] . The sensitivity 
and speed of the ion-trap often outweighs the disad-
vantages associated with the machine, which are the 
mass range (low mass information is very limited), 
the mass accuracy (about 100 ppm in MS and MS/
MS-mode, with the exception of the Orbitrap which 
can achieve around 2 ppm in MS-mode only), and 
resolution (can only detect up to 4+ charge, again 
with the exception of the Orbitrap which can easily 
rival a Q-ToF instrument in MS-mode for resolu-
tion). As such, ion-traps are effective at generating 
protein inventories and are extremely sensitive, but 
cannot but used for quanti fi cation when using tag or 
isobaric-related approaches.  

   MALDI-ToF-ToF Mass Spectrometer 

 In terms of mass measurements, the MALDI-
ToF-ToF sits in between a Q-ToF and an Ion-
Trap. The latest MALDI-ToF-ToF machines 
match the speci fi cations of a Q-ToF in MS-mode, 
but an ion-trap in MS/MS-mode. The MALDI is 
unique among mass spectrometers, in that the 
sample is spotted onto a target plate and a laser is 
used to “plume” the peptides into the machine 
(instead of being sprayed). It should be  appreciated 
that this machine will often detect different pep-
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tides in the same sample compared to Q-ToF or 
Ion-trap instruments, and as such, will generate 
complementary proteomic data  [  5,   6  ] . The 
MALDI can be used for quanti fi cation, but only 
with isobarically labeled peptides. A major 
advantage of the MALDI-ToF-ToF is that sam-
ples can be re-analyzed time and time again.  

   Triple Quadrupole Mass Spectrometer 

 This is the most sensitive mass spectrometer, due to 
the ability of the  fi rst quadrupole to isolate a 
selected mass and decrease the “noise” that would 
be seen in other mass spectrometers. For typical 
applications, however, a researcher must know the 
identity of the peptide they are looking for, before a 
triple-quadrupole mass spectrometer can be used. 
Thus, although biomarker discovery can be per-
formed on any machine, the triple quadrupole is the 
only instrument currently approved for validation. 
The triple quadrupole is also unique in that it can 
detect a mass-offset in real time (other machines do 
this post-hoc). Hence, if researchers are looking for 
phosphorylation or glycosylation changes, a neu-
tral-loss scanning event (loss of the phosphate or 
sugar group) can best be analyzed on a triple qua-
drupole-MS. However, the duty cycle of the triple 
quadrupole is extremely slow and it is therefore not 
used for the creation of lists of proteins.  

   Induction-Coupled Plasma Mass 
Spectrometer 

 In the context of proteomic research, the induc-
tion-coupled plasma mass spectrometer (ICP) is 
primarily used for metal species characterization, 
although technically such instruments can detect 
any cation. These machines can be made 
extremely sensitive (1 part per trillion) and they 
have excellent low mass sensitivity and accuracy. 
As an example relevant to biological systems, 
zinc and iron containing proteins can be identi fi ed, 
however not directly with the ICP. A combination 
of fractionation, SDS-PAGE and ICP, must be 
used in order to correlate the metal-containing 
fractions with the protein of interest.  

   Gas Chromatography 

 Gas chromatography (GC) is often used to look 
into biological samples for compounds with a 
very low mass range, typically metabolites. The 
sensitivity of GC-MS is always increasing, and 
such machines are excellent tools for another 
‘omics’ technology, namely metabolomics. The 
disadvantage of GC-MS is that samples must be 
derivatized (so there is sample handling error) 
and only samples that can be vaporized in an 
oven will be detected. Finally, identi fi cation of 
the compound using a GC is based upon a known 
“pattern” or fragmentation pro fi le of a standard. 
If a standard has never been run, identi fi cation is 
made extremely dif fi cult.  

   Quanti fi cation on a Mass Spectrometer, 
MS or MS/MS 

 One often misunderstood aspect of mass spectrom-
etry is in the area of quanti fi cation. Many researches 
are interested in comparing their pathological and 
normal samples in order to  fi nd consistent differ-
ences. Although this has been done on a large scale 
using mRNA, proteomic comparisons are only just 
beginning to be undertaken. Depending on the pro-
cedure being used, peptides can be compared either 
at the MS (intact, full-length peptides) or the MS/
MS levels (daughter ions). 

   MS Quanti fi cation 
 MS-based quanti fi cation includes label-free 
(MS-based) analysis, SILAC,  16 O/ 18 O exchange, 
and the recently established OxICAT protocol. 
Essentially, the intensity of one full-length pep-
tide is compared to another, either within the 
same run (SILAC,  16 O/ 18 O and OxICAT) or 
between runs (label free). An example of an 
MS-based quanti fi cation is given in Fig.  1 . 
Herein, peptides from a WT and knockout mouse 
have been digested and run through nano- fl ow 
LC with direct injection into a mass spectrometer. 
The black “streaks” are actually a visual repre-
sentation of the peptides achieved by plotting 
their mass:charge ratio ( m / z ;  y -axis) against the 
time they elute ( x -axis). The intensity of the 
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streak is an indication of the abundance of the 
peptide. In the example shown (Fig.  1 ), three 
peptides are present in the left hand side (black 
circle) from a WT mouse, however one peptide is 
clearly missing in the knockout mouse, depicted 
on the right hand side. When biological replicates 
are performed, statistical information can be 
obtained on not just one, but all of the peptides 
detected in the survey scan. A  fi nal run is then 
required in which only those peptides that change 
are “targeted” for MS/MS analysis in order to 
obtain sequence (amino acid) information.   

   MS/MS Quanti fi cation 
 It comes in many forms, including, but not lim-
ited to, iCAT, ITRAQ, and ICPL, but always 
operates on the basic principle that one sample of 
peptide is labeled with a “light” isotope of some 
form, while the second sample is labeled with a 
“heavy” isotope. As an example, iTRAQ reagents 
have a reactive ester moiety, a “balance” group, 
and an isobaric tag. Although up to eight differ-
ent isobaric “tags” can be purchased, every one 
of the tags has an overall mass of 305 Da. This is 
achieved through the balance group, which 
 compensates for the increased masses of the 
 radiolabelled tags. Importantly, however, the 
chemical-isotope should not affect the elution 
pattern observed following LC-chromatography 

 [  7  ] . Samples are labeled (typically using an ester 
or iodoacetamide reactive group) then mixed 
together and analyzed by LC-MS. As peptides 
elute they are either ionized (Q-ToF) or spotted 
(MALDI) for mass spectrometry analysis. 
Isobaric labels are quanti fi ed during MS/MS 
analysis. In the collision cell, the peptide plus the 
tag undergoes fragmentation, which, apart from 
breaking up the peptide itself, causes the “iso-
baric” part of the tag to fragment. Although all 
the tags are equal in total mass, the isobaric part 
has differential mass. This is therefore used as the 
“reported ion”. In the case of iTRAQ, increases 
in 1 Da increments (from 113 to 119 Da, and 
121 Da) have been made. These individual masses 
and their intensities in the MS/MS scan are then 
compared directly with each other and, in the 
process, the samples are quanti fi ed.    

   Proteomics Strategies Used 
in Reproductive Biology 

 Early investigations into sperm proteomics actu-
ally began with studies that documented the 
major proteins phosphorylated within spermato-
zoa using phospho-speci fi c antibodies  [  8  ] . Such 
characterizations included the size and isoelectric 
point of the proteins seen in 2D-gels. The studies 

  Fig. 18.1    Survey scan generated in silico by plotting the 
mass-to-charge ratio of each peptide against its elution pro fi le 
on an MDLC system. Each spot is a peptide and the striated 
pattern re fl ects the presence of numerous peptide isoforms 
varying according to the number of atoms of carbon-13 each 

contains. Adjacent isoforms therefore have a mass difference 
of I neutron.  Left hand panel  demonstrates peptides derived 
from wild type spermatozoa;  right hand side  illustrates the 
same region of the survey scan for a knock-out mouse. Note 
missing peptide in the latter ( circled )       
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performed at that time recognized that certain 
proteins such as axokinin needed to be phospho-
rylated in order for the  fl agella to begin beating 
 [  9  ] . Other identi fi ed proteins soon began to sur-
face, including 21S-dynein, which was shown to 
be present in the sperm tail  [  10  ]  and the heat 
shock protein 70 family members  [  11  ] . This was 
not surprising given the relative abundance of 
both of these proteins. What is not appreciated 
today is that even as late as 2002, characteriza-
tion of proteins within 2D gels was still on the 
basis of the protein size and isoelectric point  [  12  ]  
rather than a mass spec-related identi fi cation. 
The  fi rst truly “global” attempt to identify sperm 
proteins was achieved when 1,000 protein spots 
were shown to be present in ejaculated human 
spermatozoa. Of these, 98 unique proteins were 
identi fi ed by MALDI-ToF-MS  [  13,   14  ] . Despite 
these advances, proteomic mapping and protein 
identi fi cation using 2D gels is hindered by the 
presence of super-abundant proteins that  dominate 
the composition of spermatozoa. In this  context, 
subcellular  fractionation can help focus the pro-
tein analysis, as when 50 proteins were identi fi ed 
in isolated mouse sperm  fl agella using 2D PAGE, 
including glycolytic enzymes that were abundant 
along the sperm tail  [  15  ]  and evidently play a 
major role in the generation of ATP to support 
 fl agellar movement  [  16  ] . In addition to  fl agellar 
proteomics, 2D and 1D gels followed by LC-MS/
MS have been performed on puri fi ed human 
sperm nuclei  [  17  ] . This approach was indeed 
worthwhile and informative, since 52.6 % of the 
404 proteins had not been previously identi fi ed in 
any large scale sperm proteomic analysis  [  2,   18, 
  19  ] , demonstrating the power of this approach. 
Interestingly, while histone isoforms dominated 
the makeup of the sperm nucleus, ribosomal pro-
teins composed the second largest family of 
enzymes present in this organelle  [  17  ] . We have 
argued elsewhere that spermatozoa do not 
undergo nuclear protein synthesis although they 
will produce proteins in their mitochondria  [  20  ] ; 
so it is uncertain as to why sperm cells maintain 
nuclear ribosomal proteins. Furthermore, ribo-
somal proteins are generally localized to the 
cytoplasm. However, immuno fl uorescence stud-
ies have con fi rmed the presence of these proteins 

in the sperm nucleus  [  17  ] , suggesting that either 
ribosomal proteins from spermatozoa contribute 
to embryonic development, or they are simply 
vestiges of the spermatogenic process  [  17  ] . 

   2D Comparative Proteomics: 
Epididymal Maturation 

 The third type of 2D-gel approach, and arguably 
the one that produces the greatest insight into sperm 
function, is to quantify protein changes occurring 
within these transcriptionally silent cells as they 
change their physiological status; for example, as 
they engage the process of epididymal maturation. 
The  fi rst attempt of this kind that included mass 
spectrometry identi fi cation was based on 2D-DIGE 
(Difference in Gel Electrophoresis) and revealed 
several protein changes  [  3  ] . This study implied that 
the metabolic pro fi le of the spermatozoa was alter-
ing  during epididymal maturation with changes to 
enolase, F1 ATPase, and lactate dehydrogenase. 
These results were consistent with existing evi-
dence suggesting metabolic down-regulation dur-
ing epididymal maturation  [  21–  25  ] . However, 
given that only a MALDI-ToF instrument was used 
for identi fi cation purposes in this study, many other 
proteins were not identi fi ed. A follow-up analysis, 
again using DIGE technology, identi fi ed 388 statis-
tically signi fi cant changes when comparing the 
caput and cauda-derived spermatozoa. Of these, 26 
spots were excised and sent for MALDI-ToF-ToF 
sequencing, which identi fi ed 23 proteins. Several 
heat shock family members (HSP 2,5,9), actins, 
equatorial segment protein, A-kinase anchoring 
proteins (AKAP), and metabolic enzymes (aldolase, 
ATPase, NADH-dehydrogenase) were found to 
have changed their relative abundance during 
epididymal maturation  [  26  ] . This study supports 
the notion that epididymal transit appears to involve 
a change in the metabolic status of spermatozoa. 
Many of the proteins identi fi ed, including HSP, 
actin, and equatorial segment protein, are involved 
in a secondary sperm maturation process known as 
capacitation that prepares the sperm for fertiliza-
tion. Thus, epididymal transit may regulate sperm 
metabolism, switching off certain pathways in 
preparation for storage in the cauda, while simulta-
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neously preparing these cells for capacitation. 
Indeed, in a  fi nal study that quanti fi ed differences 
in protein expression from the caput, corpus, and 
cauda rat epididymis using 2D gels, 28 protein dif-
ferences were noted  [  27  ] . Clustering of the proteins 
demonstrated enzymes involved in primary metab-
olism, amino acid metabolism and the antioxidant 
system, among others  [  27  ] . These  fi ndings are con-
sistent with the notion that capacitation is a meta-
bolically active, redox sensitive process that 
involves the reversal of some of changes induced 
during epididymal maturation  [  28  ] .  

   2D Comparative Proteomics: Fertile 
Versus Infertile Men 

 Many infertile men are healthy in every other 
respect and as such could be used as models for 
the development of male contraceptives if we 
understood the etiology of their phenotype. By 
taking 47 sperm samples from infertile patients 
and comparing these with 10 normozoospermic 
donors, 67 spots were found to either increase or 
decrease in intensity, often in a synchronized 
manner  [  29  ] . For example, outer dense  fi ber 2 
(ODF) and cyclin-dependent kinase 5 (Cdk5) 
consistently went up or down in the infertile sam-
ples ( r  = 0.652). Interestingly, ODF appears to be 
a target for Cdk5  [  30  ] . Furthermore, HSPA2 
expression was correlated with DNA damage (as 
measured by TUNEL) and prolactin-induced 
protein  [  29  ] . Notwithstanding certain criticisms 
of this study  [  31  ] , the implications are interest-
ing. It is possible that many infertile males have a 
“common” cause. Such would be the case if, for 
example, the proteasome is deregulated. Not only 
would this lead to fundamental physiological 
outcomes, but a seemingly consistent pattern of 
change in the proteomic composition of sperma-
tozoa in the infertile population. The latest study 
looking at the semen pro fi le of fertile and infer-
tile men found semenogelin II precursor and 
clusterin isoform 1 were not present in the infer-
tile men. However, given the limited number of 
biological replicates used ( n  = 1 fertile,  n  = 3 
infertile), such protein differences would need to 
be validated in independent data sets  [  32  ] . 

 It is beyond the scope of this article to include 
all of the research employing 2D proteomics 
addressing reproductive issues, however others 
have used a 2D-PAGE approach to look for pri-
mary binding proteins to the bull zona pellucida, 
 [  33  ] , proteins involved in the regulation of sperm 
motility  [  34  ] , and the protein composition of 
sperm chromatin  [  35  ] .  

   Use of LC-MS/MS to Study Mammalian 
Spermatozoa 

 Compared to 2D technology, greater and, at 
times, complementary coverage of the sperm 
proteome was achieved when newer technolo-
gies, including 2D-liquid chromatography 
directly coupled to an ion-trap mass spectrome-
ter, were employed  [  19  ] . The  fi rst published study 
of this kind occurred when pooled human sperm 
ejaculates were puri fi ed using Percoll gradients, 
then subjected to 1 % triton X-100 solubilization 
 [  19  ] , SDS-PAGE, and LC-MS/MS analysis. Over 
1,000 proteins were documented, which is an 
accomplishment now repeated for spermatozoa 
from the mouse  [  36  ] , rat  [  2  ] , bull  [  37  ] , and fruit 
 fl y  [  38  ] . We have performed an analysis of the 
“common” proteins present within these species 
(common being found in at least two species) 
 [  31  ]  and could show that no less than 18 different 
kinases were found in most, if not all of the 
proteomes. 

 One remarkable facet was the identi fi cation 
of different isoforms of Protein kinase A (PKA) 
present within sperm cells. PKA has been 
reported to play a role in many aspects of sperm 
function  [  39–  45  ] . Several PKA knockout mice 
have been produced, with intriguing results. 
The enzyme itself is a tetramer, consisting of 
both regulatory and catalytic subunits. Targeted 
deletion of the sperm regulatory subunit II a  
(rII a ) delocalized PKA in mouse spermatozoa, 
but did not affect motility or fertility  [  46,   47  ] . 
However, haplo-insuf fi ciency of PKArI a  gave 
rise to fertility defects in male mice and men 
 [  48  ] , suggesting that the latter is important and 
can act in a redundant role if PKArII a  is miss-
ing  [  41  ] . Genetic approaches to abolish the 
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PKAc a  gene (and thereby remove both the 
PKAc a 1 and PKAc a II catalytic subunits) led 
to reduced sperm cell motility and consequent 
infertility  [  39  ] . To clarify individual roles, 
speci fi c deletion of PKAc a  I  I  isoform produced 
spermatozoa that could not undergo either 
hyperactivation or the normal pattern of protein 
tyrosine phosphorylation seen during capacita-
tion  [  49  ] . Despite these advances, proteomic 
studies suggest more work needs to be done on 
PKA isoforms in spermatozoa. For example, a 
non-redundant peptide hit (i.e., a peptide that 
only matches to one isoform) was found for the 
catalytic subunit of PKA b  in spermatozoa  [  50  ] , 
suggesting that this isoform may also play a 
key role in sperm metabolism. Given the evi-
dent importance of kinases such as PKA in the 
regulation of sperm function, several reports 
have focused on describing the phosphorylation 
changes that occur during epididymal transit 
and capacitation. 

   Epididymal Transit 
 By exploiting the ability of titanium dioxide to 
bind negatively charged compounds, we have 
examined 1 % triton X-100 soluble sperm pro-
teins that were enriched for their phosphopeptide 
content. In total, 77 peptide changes were found 
as spermatozoa traversed the rat epididymis  [  51  ] . 
Of these, eight peptides presented with an abso-
lute change (i.e. the entire protein was lost), 
which included some abundant proteins like tes-
tis lipid binding proteins, heat shock protein 90- a  
ornithine decarboxylase antizyme 3 (OAZ3), and 
retinol dehydrogenase. Many of these changes 
were rati fi ed through orthogonal approaches, 
including Western blot analysis. From this analy-
sis, it appears that polyamine regulation under-
goes substantial changes during epididymal 
transit since we found that total loss of OAZ3 
during epididymal maturation coincided with the 
observation that caudal epididymal sperm cells 
possess no OAZ3 activity  [  52  ] . OAZ3 is an inhib-
itor of ornithine decarboxylase (ODC); however, 
the precise role of ODC and, by extension, 
polyamines in sperm maturation is not clear. Why 
is this inhibitor no longer needed in the caudal 
epididymal cells? Clearly our understanding of 

polyamines is still in its infancy, since only 
recently was it reported that OAZ3 may also be 
regulated (inhibited) by another enzyme termed 
Antizyme Inhibitor 2  [  53  ] . Interestingly, this 
enzyme has restricted tissue expression, being 
present only in the testis and the brain  [  54  ] . 
Furthermore, the highest expression of antizyme 
inhibitor 2 (which also functions to inhibit ODC) 
was found in haploid germ cells, the same as 
OAZ3. In light of the aforementioned data, it 
would be interesting to look at polyamine regula-
tion in infertile males.  

   Capacitation 
 Capacitation begins upon ejaculation when sper-
matozoa enter the female reproductive tract. This 
transition results in an immediate in fl ux of calcium 
and bicarbonate, which then stimulates soluble 
adenylyl cyclase (sAC) activity, leading to a rise in 
intracellular cAMP. This initial increase in cAMP 
appears to initiate forward progressive motility 
 [  55,   56  ]  and allows the spermatozoa to ascend the 
female reproductive tract to the site of fertilization 
in the ampullae of the Fallopian tubes. During 
their ascent of the female tract, spermatozoa expe-
rience a second rise in cAMP levels, which, via 
PKA, generates a global increase in tyrosine phos-
phorylation  [  57  ] . In support of this general scheme, 
deletion of the sperm-speci fi c PKAC a II generates 
an infertility phenotype associated with clear dis-
ruption of the tyrosine phosphorylation cascade 
responsible for promoting sperm capacitation  [  49  ] . 
PKA, being a serine/threonine kinase, cannot, of 
its own accord, play a direct role in the stimulation 
of tyrosine phosphorylation. This pathway must 
therefore involve an intermediate kinase(s) that, 
once activated by PKA, orchestrates the complex 
array of tyrosine phosphorylations associated with 
the induction of sperm capacitation  [  58  ] . 
Interestingly, one such candidate is pp60c-src 
(c-Src), the activity of which is stimulated by PKA 
 [  59  ] . Downstream targets known to become 
tyrosine phosphorylated in the spermatozoa of 
various species include A-kinase anchoring pro-
teins (AKAP) 3 and 4, axoneme-associated pro-
tein, calcium binding protein 56  [  60  ] , heat shock 
protein 90  [  61  ] , endoplasmin and heat shock pro-
tein 60  [  62  ]  sp32  [  63  ] , and glycerol-3-phosphate 
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dehydrogenase. Nevertheless, it appears that the 
majority of tyrosine phosphorylated proteins have 
yet to be clearly identi fi ed. 

 Attempts to achieve this objective have 
focused on either phosphorylated proteins iso-
lated using immobilized metal ion af fi nity chro-
matography  [  64  ]  or, speci fi cally, tyrosine 
phosphorylated proteins, excised from 2D gels 
 [  65  ] . In the case of the former, 55 unique in vivo 
phosphorylation sites were identi fi ed, corre-
sponding to 42 different phosphopeptides. Many 
of the identi fi ed proteins have roles in capacita-
tion, including AKAP4 and hexokinase. One 
interesting  fi nding was the phosphorylation of 
dynein axonemal intermediate chain 1  [  64  ] . 
Capacitated cells are often de fi ned by their abil-
ity to undergo a change in their  fl agella beat fre-
quency, in a process known as hyperactivation 
 [  66,   67  ] . However, the molecular mechanisms 
underpinning hyperactivation are yet to be estab-
lished. Protein phosphorylation is clearly central 
to this process since, as previously mentioned, 
the PKA a  I I knockout mice cannot exhibit either 
tyrosine phosphorylation or hyperactivation  [  49  ] . 
It is tempting to speculate therefore that the 
dynein intermediate chain may be involved, at 
least in part, in the hyperactivation process. 

 Our own studies using titanium dioxide (as 
opposed to IMAC [(Immobilized Metal Ion 
Af fi nity Chromatography]) to isolate phospho-
peptides have contributed to the literature on the 
role of protein phosphorylation in the regulation 
of sperm function. In one study  [  68  ]  we found 15 
differentially phosphorylated proteins during 
capacitation and, in the process, con fi rmed the 
same phosphorylated dynein intermediate chain 
serine residue that was found in the Platt et al. 
 [  64  ]  study. In addition, we saw changes never 
previously reported, including phosphorylation 
of the sperm-egg fusion protein Izumo1  [  69  ] . The 
 Izumo1  knockout mouse is infertile due to a fail-
ure of the spermatozoa to fuse with the egg  [  69  ] . 
Interestingly, although many of the pups die at 
birth, a small number of mice that lack testis-
speci fi c kinase 6 ( TSSK6)  do survive to reproduc-
tive age. The spermatozoa from these mice fail to 
re-localize Izumo1 to its site of action in the 
equatorial segment during the acrosome reaction 

and are therefore infertile  [  70  ] . These results 
raise the possibility that this kinase is involved in 
orchestrating the phosphorylation of Izumo1 dur-
ing capacitation that control its subcellular relo-
cation during acrosomal exocytosis  [  70  ] . 
Although still in their infancy, it is evident that 
proteomic studies are making signi fi cant contri-
butions to our understanding of many fundamen-
tal aspects of sperm biology in addition to 
sperm-oocyte fusion. Recent examples of such 
studies include proteomic analyses of sperm–
zona recognition and sperm capacitation 
 [  71–  74  ] .    

   Conclusions 

 Advances in mass spectrometry are revolution-
izing biological sciences. It is our belief that 
over the next decade a systems-biology ‘omics’ 
revolution will come to dominate our thinking. 
As a result of this revolution we shall be able to 
provide detailed insights into the composition 
and structure of speci fi ed cells and biological 
 fl uids in different physiological and pathologi-
cal states. This information will be invaluable 
in its own right as a source of biomarkers for 
diagnostic purposes and will, in addition, facili-
tate our understanding of some of the biochem-
ical pathways associated with normal and 
abnormal cell function. In the microcosm of 
andrology, the application of ‘omics’ technolo-
gies will not only facilitate our understanding 
of how sperm biology is regulated, but also help 
us to resolve the defects that underpin male 
infertility and provide insights into possible 
approaches to male contraception. Never before 
have we had such sophistication at the call of 
researchers determined to resolve the molecular 
mechanisms regulating sperm function.      
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 The selection of the most competent embryo(s) 
for transfer is a crucial component of assisted 
reproductive technologies (ART). Currently, 
detailed morphological assessment is used to pre-
dict the embryos with the highest implantation 
potential  [  1,   2  ] . Though this method is relatively 
successful in improving pregnancy rates and 
reducing multiple gestations, morphology has 
limitations, with more than 70 % of in vitro fertil-
ization (IVF) embryos failing to implant. This 
failure is likely due to both our inability to select 
the most competent embryo(s) present as well as 
the absence of developmentally competent 
embryos in an IVF cohort. Hence, the  fi eld of 
human ART would bene fi t from more accurate 
and quantitative methods of embryo viability 
determination. The ability to select the most via-
ble embryo in a cohort could allow for routine 
single embryo transfer, while maintaining or 
improving pregnancy rates  [  3  ] . 

 The recent developments in omics technolo-
gies (genomics, transcriptomics, proteomics, and 
metabolomics), including improvements in plat-
form sensitivity, has enabled us to investigate 
new approaches other then morphology to 
improve embryo viability selection. Assessment 
of the embryonic proteome can provide a snap-
shot of cellular physiology and function. In addi-
tion, analysis of the embryonic secretome 

(proteins that are produced and secreted by the 
developing embryo) would represent a noninva-
sive approach to embryo assessment  [  4  ] . De fi ning 
and characterizing the embryonic secretome will 
also expand our knowledge of early embryogen-
esis and advance our understanding of the embry-
onic role during implantation. 

   Proteomic Analysis of Embryo 
Viability in ART 

 The human proteome is complex and dynamic, 
with over one million proteins constantly chang-
ing through both internal and external interac-
tions and stimuli. The proteome represents all the 
proteins translated from a cell’s gene expression 
products that are responsible for cellular func-
tion. Studies investigating gene expression do not 
always predict protein presence or abundance 
due to mechanisms that degrade mRNA tran-
scripts prior to translation. Consequently, in order 
to fully understand cellular function and compre-
hend biological processes an investigation of the 
proteome is vital. Knowledge of the human 
embryonic proteome is very limited even despite 
recent advances in proteomic technologies. The 
main hurdles include limited template, low pro-
tein concentration, de fi cient platform sensitivity, 
and limited protein database information. Of par-
ticular interest to researchers trying to identify 
proteins involved in speci fi c disease states is the 
secretome, de fi ned as those proteins produced 
by cells and secreted at any given time  [  5,   6  ] . 
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In ART, the secretome includes those proteins 
that are produced by embryos and secreted into 
the surrounding culture medium. Proteomic 
assessment of secreted embryonic proteins would 
represent a noninvasive method of embryo selec-
tion. Identifying noninvasive biomarkers that re fl ect 
developmental competence and embryo viability 
may improve ART outcome  [  7  ] . To date, this has 
proven to be a challenging task, but holds promise 
with recent developments of increased sensitivity 
for both targeted and proteomic pro fi ling 
approaches. 

   Targeted Single Protein and Molecular 
Analysis 

 Early studies of the human embryonic secretome 
involved targeted analysis of individual proteins 
or molecules. The soluble factor, 1-o-alkyl-2-
acetyl-sn-glycero-3-phosphocholine (PAF), was 
one of the  fi rst molecules to be identi fi ed in the 
human embryonic secretome  [  8  ] . PAF is produced 
and secreted by mammalian embryos during pre-
implantation development and has been shown to 
act as a survival factor in an autocrine fashion. 
The release of PAF also in fl uences a range of 
maternal physiology alterations including platelet 
activation and maternal immune function  [  8  ] . 

 While studying the interaction between the 
embryo and endometrial epithelial cells (EEC), 
Leptin, a 16 kDa small pleotrophic peptide was 
observed in blastocyst-conditioned medium  [  9  ] . 
Competent human blastocysts were shown to 
secrete higher leptin concentrations into the sur-
rounding medium than arrested embryos. Leptin 
has been hypothesized to initiate and establish a 
molecular dialogue with leptin receptors in the 
maternal endometrium during the window of 
implantation  [  10  ] . Another reciprocal embryo–
endometrial interaction that could transform the 
local uterine environment, impacting both embryo 
development and the implantation process, is 
HOXA10. HOXA10 is expressed by epithelial 
endometrial cells and its regulation is modulated 
by an unknown soluble molecule secreted by 
human blastocysts  [  11  ] . 

 Human leukocyte antigen G (HLA-G) has 
been hypothesized to play a role at the maternal 

embryonic interface during implantation. HLA-G 
is produced by human oocytes and embryos at 
both the mRNA and protein level and has also 
been detected in embryo spent culture media 
 [  12–  14  ] . The presence of soluble HLA-G (sHLA-
G) in embryo spent culture media has been 
reported in several publications to be associated 
with successful pregnancy outcome. It has been 
suggested that in conjunction with current mor-
phological embryo assessment, sHLA-G repre-
sents a noninvasive marker for prediction of 
embryo quality and implantation success  [  15  ] . 
These results however have not been absolute 
with pregnancies established from sHLA-G neg-
ative embryos and studies revealing undetectable 
levels of sHLA-G in embryo spent culture media 
 [  15–  17  ] . 

 In a multicenter study, a wide range of sHLA-
G concentrations were observed in embryo spent 
culture media across different ART clinics. 
Indeed, a signi fi cant association between sHLA-
G-positive embryo spent culture media and 
successful implantation was only established in 
one of the three clinics involved in the study 
 [  18  ] . Another recent study was unable to detect 
any association between sHLA-G expression 
and implantation rates, but concluded that mis-
carriage rates were signi fi cantly lower when 
embryos were selected based on a graduated 
embryo morphology score and sHLA-G levels 
vs. the morphology score alone  [  19  ] . However, 
no correlation was observed between the con-
centration of sHLA-G in embryo spent culture 
media and either embryo morphology  [  20  ] , or 
chromosome aneuploidy by FISH for up to 11 
chromosomes (8, 9, 13, 15, 16, 17, 18, 21, 22, X, 
and Y)  [  21  ] . 

 There are numerous factors that could in fl uence 
the presence of sHLA-G in embryo spent culture 
media including the culture system itself, the 
extent of cumulus removal, single vs. group 
embryo culture, media composition, microdrop 
volume, and the day of media collection  [  15,   16  ] . 
Another explanation for the lack of reproducibility 
and association observed to date could be the lack 
of sensitivity of the current sandwich ELISA 
assays used for most sHLA-G analysis. It would 
appear that a more sensitive (picogram level) and 
reproducible quantitative method for analysis is 
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required in order to determine the signi fi cance of 
sHLA-G in relation to embryo development and 
implantation outcome  [  16  ] .  

   Protein Pro fi ling of the Embryonic 
Secretome 

 The targeted secretome studies described above 
have been focused on only a single protein or 
molecule; however, it would be reasonable to 
assume that more than one factor would be 
required to predict developmental competence 
and/or implantation potential considering the 
multifactorial nature of embryonic development. 
With the recent advances in proteomic technolo-
gies including increased sensitivity, it has become 
possible for more extended investigations of the 
proteins and molecules produced and secreted by 
the human embryos. 

 Mass Spectrometry (MS) has rapidly become 
an important technology in proteomics research. 
Searching for reliable and reproducible changes 
in protein expression have revealed underlying 
molecular mechanisms of physiological pro-
cesses and disease states  [  22  ] . MS incorporates 
an ion source for production of a charged species 
in the gas phase, coupled to an analyzer, which 
can separate ions by their mass-to-charge ( m/z ) 
ratio. A variety of ionization methods exist 
including electrospray ionization (ESI), matrix-
attenuated laser desorption/ionization (MALDI) 
and surface-enhanced laser desorption/ionization 
(SELDI). Common analyzers include time-of-
 fl ight (TOF) and ion trap analyzers, which can 
occur in tandem for peptide sequencing. Strict 
quality control is a crucial prerequisite for reli-
able and reproducible proteomic data including, 
running samples in replicates, routinely perform-
ing internal and external calibrations and includ-
ing suitable control samples with every run  [  23  ] . 
Additionally, tight protocols need to be followed 
for sample collection, storage and handling, due 
to the dynamic and sensitive nature of the human 
proteome. 

 SELDI-TOF MS, with speci fi c surface af fi nity 
protein chips, was developed for fast, cost-effec-
tive, high-throughput application of small sample 
volumes ( m L range) and enabled sensitivity to be 

in the picomole to femtomole range, crucial for use 
in oncoproteomics when there is limited biologi-
cal material  [  24  ] . Using SELDI, Katz-Jaffe et al. 
 [  25  ]  were the  fi rst to successfully analyze the 
protein pro fi le of individual human embryos. 
The authors observed distinctive protein secre-
tome signatures every 24 h during preimplanta-
tion development, from the time of fertilization 
to the blastocyst stage. Maternal proteins were 
observed during the  fi rst 24 h of development 
and unique embryonic proteins were observed 
in the human embryonic secretome after the 
activation of the embryonic genome post day 3. 
A clear association was observed between protein 
expression pro fi les and morphology, with degen-
erating embryos exhibiting signi fi cant up-regula-
tion of several potential biomarkers that might be 
involved in apoptotic and growth-inhibiting 
pathways. 

 In addition, an 8.5 kDa protein was observed to 
be increased in expression in the secretome of 
developing blastocysts when compared to the 
secretome of degenerating embryos, potentially 
indicating an association between this protein and 
developmental competence. Protein identi fi cation 
using tandem MS and peptide sequencing indi-
cated that the best candidate for this 8.5 kDa 
protein was ubiquitin, a component of the ubiq-
uitin-dependent proteosome system that is involved 
in a number of physiological processes including 
proliferation and apoptosis. Recently, secreted 
ubiquitin has been shown to be up-regulated in 
body  fl uids in certain disease states and this accu-
mulation provides evidence for an increased pro-
tein turnover  [  26,   27  ] . Ubiquitin has also been 
implicated to play a crucial role during mamma-
lian implantation by controlling the activities and 
turnover of key signaling molecules  [  28  ] . 

 Protein microarrays have also been investi-
gated in the characterization of the embryonic 
secretome. In a retrospective study by Dominguez 
et al. in 2008, protein microarrays that contained 
120 targets were used to compare pooled condi-
tioned media from implanted versus non-
implanted blastocyst following single embryo 
transfer  [  29  ] . An increased expression of the sol-
uble TNF receptor 1 and IL-10, and the decreased 
expression of MSP-alpha, SCF, CXCL13, 
TRAILR3, and MIP-1beta were observed in the 
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embryo-conditioned media compared to control 
media  [  29  ] . Upon comparison of conditioned 
media of implanted blastocysts compared to non-
implanted blastocysts, no proteins were signi fi cantly 
increased and two proteins were signi fi cantly 
decreased, CXCL13 and GM-CSF. The authors 
hypothesized that the decrease in CXCL13 and 
GM-CSF indicated consumption of these pro-
teins by the human blastocyst. Indeed, GM-CSF 
has been shown to promote embryo development 
and implantation when present in both human 
and murine blastocyst culture media  [  30  ] . 

 A follow-up study by the same group compar-
ing protein secretome pro fi les between the EEC 
co-culture system and sequential microdrop cul-
ture media also revealed differential protein 
secretome pro fi les  [  31  ] . Several molecules were 
increased in the EEC co-culture pro fi le including 
Interleukin-6 (IL-6), PLGF, and BCL (CXCL13), 
while other proteins were decreased such as FGF-
4, IL-12p40, VEGF, and uPAR. IL-6 displayed 
the highest protein concentration in the EEC co-
culture system, and upon assessment of the 
sequential culture media secretome using an IL-6 
ELISA assay, viable blastocysts displayed an 
increased uptake of IL-6 compared to blastocysts 
that failed to result in a pregnancy, thereby sug-
gesting a potential role for IL-6 in blastocyst 
development and implantation  [  31  ] . 

 Two-dimensional (2D) gel electrophoresis and 
tandem MS have also been utilized to identify 
proteins in spent culture media from human pre-
implantation embryos. Using 2D-gel electro-
phoreses in combination with ELISA analysis of 
spent culture media, Apolipoprotein A1 (ApoA1) 
was identi fi ed in the embryonic secretome with 
increased levels associated with blastocysts of 
higher morphological grade  [  32  ] . The presence 
of ApoA1 mRNA was also con fi rmed to be 
expressed in blastocysts but not early cleavage 
stage embryos suggesting that ApoA1 is a part of 
the embryonic transcriptome and secretome  [  32  ] . 
However, in relation to IVF outcome, no associa-
tion was observed with ApoA1 levels in the 
embryonic secretome. 

 Chromosome aneuploidies, de fi ned as the gain 
or loss of an entire chromosome, is responsible 

for up to 70 % of spontaneous miscarriage in 
human reproduction. Current methods used to 
screen for chromosome aneuploidy in embryos 
involve biopsy procedures which are invasive 
and could compromise subsequent development. 
A noninvasive method for aneuploidy screening 
would be a signi fi cant addition to embryo selec-
tion methods. Using SELDI-TOF MS, protein 
pro fi les of embryo spent culture media from indi-
vidual blastocysts relative to their chromosomal 
constitution were investigated  [  4  ] . Discrimination 
between euploid (correct number of chromo-
somes) and aneuploid chromosomal constitutions 
was observed in the secretome of individual blas-
tocysts  [  4  ] . A novel set of nine differentially 
expressed biomarkers classi fi ed a euploid blasto-
cyst from an aneuploid blastocyst with statistical 
signi fi cance and reproducibility. 

 Further investigation of the blastocyst protein 
secretome in relation to chromosome aneuploidy 
was performed using an LC-MS/MS platform. 
The protein pro fi le of a euploid blastocyst secre-
tome was again notably different from the protein 
pro fi le of the aneuploidy blastocyst secretome. 
Nine novel candidate biomarkers characteristi-
cally classi fi ed chromosome aneuploidy in a 
cohort of transferable-quality blastocysts. 
Lipocalin-1 was identi fi ed as the  fi rst potential 
biomarker for noninvasive aneuploidy screening 
 [  33  ] . The increased expression of Lipocalin-1 
was con fi rmed using an ELISA assay that exam-
ined both pooled and individual embryo spent 
culture media. Lipocalin-1 has a large variety of 
ligands and is overproduced under conditions of 
stress, infection, and in fl ammation. The increased 
secretion of Lipocalin-1 from an aneuploid blas-
tocyst could represent an overall compromised 
state of the embryo itself that re fl ects the aneu-
ploid chromosome complement. 

 Ongoing research by this group is focused on 
further validation of identi fi ed biomarkers to reli-
ably discriminate between euploid and aneuploid 
blastocysts including a blinded prospective study 
(Fig.  1 ). The ability to noninvasively assay for 
embryonic developmental competence that 
includes euploidy would represent a powerful 
selection tool in ART.    
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   Summary 

 Proteomic analysis is a promising technology for 
the development of noninvasive methods for 
embryo selection in the  fi eld of ART. Taking into 
account the complexity and diversity of the human 
embryo, the challenge ahead still includes the reli-
able and reproducible identi fi cation of proteins 
associated with embryo viability and IVF success. 
However once identi fi ed, immunodetection using 
ELISA or radioimmunoassay will allow for sensi-
tivity, high throughput, and cost-effectiveness for 
application in an IVF clinical setting. To date, no 
omics platform, including proteomics, has proven 
to be of true clinical predictive value or been 
examined in prospective randomized control tri-
als to be better than current morphology-based 
selection methods. However, the combination of a 
quantitative noninvasive assay alongside mor-
phology assessment could represent the greatest 
improvement in embryo selection techniques and 
could lead to routine single embryo transfers with 
healthy singleton deliveries.      
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 Regulation of energy production is fundamental 
to the survival and propagation of any cell type. 
What makes the preimplantation mammalian 
embryo so fascinating to study is the fact that the 
embryo undergoes major changes in its physiol-
ogy and gene expression pro fi les during develop-
ment. As the fertilised oocyte develops and 
differentiates into the blastocyst, embryonic 
genes are successively turned on (with the con-
comitant destruction of maternally derived 
mRNAs). Subsequently there is a growing energy 
demand as mitoses and biosynthesis increase 
post-embryonic-genome activation and as the 
blastocoel subsequently forms (through the activ-
ity of Na/K ATPase in the trophectoderm). 
Concomitantly, there are major changes in the 
regulation and relative activities of energy gener-
ating pathways. Of clinical interest is the fact that 
should an embryo at any stage of development 
have substantially altered energy production, i.e. 
if the  fl ux of a speci fi c nutrient through a meta-
bolic pathway alters to a signi fi cant degree, even 
for a brief period, then this is associated with 
signi fi cantly impaired development in culture 
and reduction of viability post-transfer. Clearly it 
is in our interest to understand how the preim-
plantation embryo regulates its energy produc-
tion, and to develop culture systems that best 
support an ‘optimal’ metabolism. Furthermore, it 

is evident that analysis of embryo metabolism is 
an appropriate means of assessing embryonic 
health and predicting subsequent viability. The 
task ahead is to determine the optimal range of 
metabolic functions that re fl ect viability at suc-
cessive stages of embryo development. 

   Changes in Metabolism 
with Development 

 The fertilised oocyte exhibits low utilisation of 
oxygen  [  1  ]  and has a limited capacity to utilise 
glucose as an energy source  [  2  ] . In fact, glyco-
lytic activity is restricted in the fertilised oocyte 
and early embryo by the allosteric regulation of 
phosphofructokinase (PFK) due to a high 
ATP:ADP ratio  [  3  ] . High ratio of these nucle-
otides is a consequence of the low energy 
demands at these stages, re fl ecting the dormant 
status of the oocyte from which it was derived. 
Consequently, in the absence of amino acids, the 
early embryo generates its energy from low lev-
els of oxidation of pyruvate (fertilised oocyte) 
and lactate (from the 2-cell stage onwards), 
derived directly from oviduct  fl uid (and the 
cumulus cells in the case of the oocyte  [  4–  6  ] ) 
(Fig.  1 ). However, the early embryo can also uti-
lise the malate-aspartate shuttle, and in the pres-
ence of speci fi c amino acids, e.g. aspartate, the 
embryo can utilise lactate as an energy source 
through the conversion of lactate to pyruvate  [  7  ] . 
In the immediate post-fertilisation period of 
mouse zygotes, there is an absolute requirement 
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for oxidative metabolism of pyruvate to support 
the completion of the second meiotic division 
and subsequent development  [  8  ] .  

 With an increase in cell divisions and biosyn-
thesis following the activation of the embry-
onic genome, the formation of a transporting 

epithelium when the morula is formed, and 
 subsequent creation of the blastocyst, the need 
for cellular energy increases dramatically. 
Consequently there is a decline in the ATP:ADP 
ratio (and a dramatic increase in AMP levels) as 
ATP is readily consumed, thereby alleviating 
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  Fig. 20.1    Metabolism of the pronucleate oocyte and 
cleavage stage embryo. Prior to compaction the embryo 
has a metabolism based around low levels of oxidation of 
pyruvate, lactate and speci fi c amino acids. The ovulated 
oocyte is surrounded by and is directly connected to 
cumulus cells, which actively produce pyruvate and lac-
tate from glucose  [  4,   6  ] . This creates a high concentration 
of pyruvate and lactate and a low concentration of glucose 
around the fertilised oocyte. Upon dispersal of the cumu-
lus cells, the human zygote and cleavage stage embryo 
still  fi nd themselves in a relatively high concentration of 
pyruvate (0.32 mM) and lactate (10.5 mM), and low levels 
of glucose (0.5 mM)  [  6  ] . Signi fi cantly, the relative abun-
dance of nutrients affects the metabolism of the embryo. 
For example, the ratio of pyruvate:lactate in the surround-
ing environment directly affects the ratio of NADH:NAD +  
in the embryo, which in turn controls the redox state of the 
cells and hence the  fl ux of nutrients through speci fi c 
energy generating pathways  [  85  ] . Lactate dehydrogenase 
comprises ~5 % of the total protein of the mouse oocyte 
 [  86  ] . The oocyte, pronucleate oocyte and all stages of 
development to the blastocyst exhibit LDH isoform I  [  87  ] , 
which then changes to predominantly isoform V at the 

late blastocyst stage upon outgrowth  [  88  ] . Isoform I 
favours the formation of pyruvate, and is typically found 
in heart tissue. Isoform V favours lactate formation, and is 
typically found in muscle tissues. This switch in isoforms 
is consistent with the changes in patterns of energy metab-
olism as the embryo develops, but cannot explain the 
signi fi cant production of lactate by the blastocyst (see 
Fig.  2 ). The early embryo is characterised by a high 
ATP:ADP level  [  3  ] , which in turn allosterically inhibits 
PFK, thereby limiting the  fl ux of glucose through the 
glycolytic pathway. Amino acids  fi ll several niches in 
embryo physiology, such as the use of glycine as buffer of 
intracellular pH (pHi). Several amino acids are also 
utilised as energy sources by the early embryo such as 
glutamine and aspartate. Aspartate can be utilised through 
the malate-aspartate shuttle  [  7  ] , the signi fi cance of which 
during embryo development we are only beginning to 
understand.  The thickness of the lines represents the rela-
tive  fl ux of metabolites through the pathway. PFK  phos-
phofructokinase;  PK  pyruvate kinase;  LDH  lactate 
dehydrogenase;  PDC  pyruvate dehydrogenase complex; 
 PPP  pentose phosphate pathway;  OAA  oxaloacetate;  pHi  
intracellular pH       
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inhibition on PFK and facilitating the  fl ux of glu-
cose through glycolysis. However, the overall 
regulation of carbon  fl ux through glycolysis is 
also regulated at a number of sites (Fig.  2 ).  

 Interestingly, although the blastocyst exhibits 
a much higher oxygen consumption than the 
cleavage stage embryo  [  9–  11  ] , the late stage 
embryo does not oxidise all of the glucose con-
sumed, but rather converts approximately 50 % 
(somewhat species-dependent) of glucose carbon 
to lactate, this even in the presence of adequate 
oxygen for complete oxidation of the glucose. 
This latter metabolic phenomenon is referred to 
as ‘aerobic glycolysis’ (not to be confused with 
anaerobic glycolysis found in tissues such as 
muscle when oxygen is limited). Aerobic glyco-
lysis is a trait found in cancers and rapidly divid-
ing cells, a phenomenon also known as the 
Warburg effect  [  12,   13  ]  (Fig.  2 ).  

   What Is the Role of Aerobic Glycolysis/
Warburg Effect in the Blastocyst? 

 In the blastocyst of primates and rodents, high 
levels of aerobic glycolysis, have been interpreted 
as the embryos adaptation to its imminent inva-
sion of the endometrium, which remains avascu-
lar for a period of up to 12 h, and will therefore be 
relatively anoxic  [  14,   15  ] . During the initial 
stages of blastocysts invasion, glycolysis will 
plausibly be the predominant means of generat-
ing energy. However, this may not be the sole 
explanation for the high levels of glycolysis 
observed in blastocysts of domestic animals, as 
they do not ‘implant’ for a further week. An alter-
native explanation for the rather idiosyncratic 
metabolism of the blastocyst was proposed by 
Gardner in 1998  [  16  ] . A high level of aerobic 
glycolysis is a common characteristic of prolifer-
ating cells and tumours, with which the mamma-
lian blastocyst shares several traits  [  17–  19  ] . As 
well as being used to generate energy for increased 
mitoses and blastocoel expansion, high levels of 
glucose utilisation will be required for the syn-
thesis of triacylglycerols and phospholipids and 
as a precursor for complex sugars of mucopoly-
saccharides and glycoproteins. Glucose metabo-

lised by the pentose phosphate pathway (PPP) 
will generate ribose moieties required for nucleic 
acid synthesis and the NADPH and carbon skel-
etons required for the biosynthesis of lipids and 
other complex molecules  [  18,   20  ] . NADPH is 
also required for pathways of one carbon metabo-
lism, which are vital for the methylation of vari-
ous intracellular substrates, including DNA. It is 
now well appreciated that embryos undergo dra-
matic changes in the epigenetic modi fi cations of 
their genomes including DNA methylation dur-
ing preimplantation development  [  21  ] . NADPH 
is also required for the reduction of intracellular 
glutathione, an important antioxidant for the 
embryo  [  22  ] . Interestingly, although the absolute 
amount of glucose metabolised through the PPP 
increases with development  [  23  ] , the percentage 
of the total glucose consumed which is metabo-
lised through this pathway appears to be lowest at 
the blastocyst stage  [  24  ] . This again raises the 
question as to why such high levels of aerobic 
glycolysis are required? It is plausible that high 
levels of aerobic glycolysis, such as that observed 
in the mammalian blastocyst, will ensure that 
there is suf fi cient substrate and cytosolic ATP 
available for biosynthetic pathways, such as the 
synthesis of nucleic acids, proteins and new 
membranes, at the required times during cellular 
proliferation  [  25,   26  ] . This in turn suggests that 
there are times within the cell cycle when the 
PPP is more active than others (Fig.  2 ). Analysis 
of embryo energy metabolism with respect to cell 
cycle has not been thoroughly analysed, but it is 
speculated that at speci fi c times during the cell 
cycle there will be increased energy demands, 
particularly during cytokinesis. 

 A further explanation for the high levels of 
aerobic glycolysis by the blastocyst could lie in 
the activity of mitochondrial shuttles in the oxi-
dation of hydrogen equivalents formed through 
glycolysis. The malate-aspartate is one such shut-
tle that allows cytosolic NADH to be exchanged 
for NAD +  that is derived from the mitochondrion. 
Once within the mitochondrion, the NADH can 
be more ef fi ciently converted to ATP through 
oxidative phosphorylation. Interestingly, the 
malate-aspartate (NADH) shuttle of different 
tumours can contribute between 20 and 80 % of 
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  Fig. 20.2    Metabolism of the blastocyst. After compac-
tion the embryo exhibits greatly increased oxygen con-
sumption  [  1,   9,   10  ]  and an increased capacity to use 
glucose as an energy source. The increase in oxygen con-
sumption plausibly re fl ects the considerable energy 
required for the formation and maintenance of the blasto-
coel, while the increase in glucose utilisation re fl ects an 
increased demand for biosynthetic precursors  [  16  ] . 
Consequently, there is a reduction in the ATP:ADP ratio 
 [  3  ] , and a concomitant increase in AMP, which will have 
a positive allosteric effect on PFK, thereby facilitating a 
higher  fl ux of glucose through glycolysis. Rather than 
oxidise the glucose consumed, the blastocyst exhibits 
high levels of aerobic glycolysis  [  5  ] . Although this may 
appear energetically unfavourable, it does ensure that the 
biosynthetic arm of the pentose phosphate pathway has 
maximum substrate availability at all times. Activity of 
the pentose pathway will ensure that reducing equiva-
lents are available for biosynthesis and ensure production 
of glutathione (reduced), a key intracellular antioxidant. 
In order for high levels of glycolysis to proceed the blas-
tomeres need to regenerate cytosolic NAD + . This can be 
achieved through the generation of lactate from pyruvate. 
A second means of generating cytosolic NAD +  is through 
the activity of the malate-aspartate shuttle. Although it is 
evident that blastocysts do use aerobic glycolysis, it is 
proposed that the signi fi cant increase in oxygen utilisa-
tion at this stage of development could be largely attrib-
uted to the activity of the malate-aspartate shuttle and the 

resulting demand for oxygen to convert intramitochon-
drial NADH to ATP. Indeed many tumours that exhibit 
aerobic glycolysis also have high levels of the malate-
aspartate shuttle  [  28  ] . Furthermore, inhibition of this 
shuttle has dire consequences for subsequent fetal devel-
opment  [  21,   89  ] . A further key regulatory enzyme in 
glycolysis is pyruvate kinase (PK). In proliferating cells 
and in cancer cells, a speci fi c isoform is present, PKM2 
 [  90,   91  ] . This particular isoform of PK has been shown to 
promote aerobic glycolysis and anabolic metabolism 
 [  92  ] , and recently has been identi fi ed in the mammalian 
blastocyst  [  93  ] . Further work is warranted on establish-
ing the regulation of PKM2 in the embryo, with speci fi c 
reference to its control by exogenous factors and signal-
ling pathways involved. The pyruvate dehydrogenase 
complex catalyses the irreversible conversion or pyruvate 
to acetyl Co-A, and consequently functionally linking 
glycolysis to the activity of the oxidative TCA cycle. The 
activity of this enzyme complex is tightly regulated 
through three main mechanisms; (1) phosphorylation/
dephosphorylation, (2) the redox state (NAD + :NADH, 
ATP:ADP and the acetylCoA:CoA ratios) and (3) tran-
scriptional regulation. However, relatively little is known 
about the regulation of this complex in mammalian 
embryos during the preimplantation period. Citrate, 
formed from either mitochondrial metabolism, or pro-
vided in the culture medium, could serve as a precursor 
in lipid synthesis, required for membrane generation 
associated with proliferation. As the embryo develops, it
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the total respiratory rate  [  27,   28  ] . As the 
 mammalian blastocyst has a high respiratory 
quotient  [  1  ]  combined with high levels of lactate 
production  [  5  ] , it is plausible that glycolysis is 
used to derive ATP oxidatively through the 
malate-aspartate shuttle. In support of this it has 
recently been demonstrated that in the mouse 
preimplantation embryo malate-aspartate shuttle 
activity is essential for the regulation of metabo-
lism during the preimplantation period  [  7  ] . 
Furthermore, if the activity of the shuttle is inhib-
ited in the blastocyst, then subsequent implanta-
tion and fetal development are signi fi cantly 
reduced  [  29  ] . Such data further highlight the 
signi fi cance of maintenance of embryonic metab-
olism to subsequent viability and normality.  

   Comparison of Metabolic Activities of 
Embryos Developed In Vitro 
Compared to In Vivo 

 One advantage of working with an animal model, 
such as the mouse, is the ability to access and 
analyse embryos developed in vivo, thereby 
being able to determine how similar, or other-
wise, embryos are when maintained in vitro. If a 
mouse blastocyst is collected from the uterus and 
its metabolism quantitated immediately, it is 
observed that just less than 50 % of glucose con-
sumed will be released into the surrounding 
medium as lactate  [  5  ] . It has been established that 
when developed in simple culture conditions (i.e. 
a culture medium lacking amino acids and vita-
mins, and with only glucose, pyruvate and lactate 

as energy sources, which is typical of the early 
human embryo culture media such as HTF  [  30  ] ), 
resultant blastocysts exhibit a signi fi cant increase 
in lactate production  [  5,   31  ]  and a concomitant 
reduction in carbohydrate oxidation  [  32  ] , which 
has been documented to be associated with a 
signi fi cant loss of viability  [  33  ] . Lane and 
Gardner  [  34  ]  demonstrated that placing a mouse 
blastocyst that had developed in vivo and col-
lected directly from the uterus, into a simple cul-
ture medium induced aberrant metabolism within 
just 3 h of incubation. They went on to show that 
collecting mouse blastocysts in the presence of 
amino acids and vitamins greatly reduced this 
metabolic trauma. Furthermore, when in vivo 
developed blastocysts were incubated for just 6 h 
in a simple medium prior to transfer, they exhib-
ited a signi fi cant reduction in implantation rate 
and subsequent fetal development. In contrast, 
blastocysts incubated in the presence of amino 
acids and vitamins for the 6 h period were not 
signi fi cantly compromised post-transfer. 

 Key points arising from the aforementioned 
study are: that culture-induced metabolic stress, 
i.e. incubation in a medium lacking amino acids 
and vitamins, resulted in a  rapid  loss of metabolic 
regulation, and that secondly, this metabolic per-
turbation not only reduced implantation but also 
impacted fetal development, culminating in 
lighter foetuses. So an incubation of just a few 
hours in a stressful environment can induce meta-
bolic changes that have downstream effects lead-
ing to compromised fetal development. Hence, 
several studies have used this model to develop 
culture conditions which ensure that embryos 

Fig. 20.2 (continued) exhibits a growing number of 
receptors for speci fi c growth factors  [  94  ] . Given that 
growth factor signalling can reorganise metabolic  fl uxes 
independently of traditional allosteric means, it will be 
important to determine how exogenous factors affect key 
metabolic processes within the embryo. Analysis of blas-
tocyst metabolism is a measurement of the relative activ-
ity of two cell types, the trophectoderm and inner cell 
mass (ICM). In the mouse blastocyst it has been deter-
mined that whereas the trophectoderm converts around 
half of the glucose consumed to lactate, the ICM is almost 
exclusively glycolytic  [  95  ] . It is not know what the rela-
tive activities of the two cell types are in the human blas-

tocyst, but given that human embryonic stem cells are 
dependent upon a high glycolytic activity  [  96  ] , it would be 
prudent to assume that the human ICM also exhibits low 
levels of glucose oxidation. Although the number of tro-
phectoderm cells far outnumbers those of the ICM, it 
remains important to consider these cell-speci fi c differ-
ences when analysing metabolic data.  The thickness of the 
lines represents the relative  fl ux of metabolites through the 
pathway. PFK  phosphofructokinase;  PK  pyruvate kinase; 
 LDH  lactate dehydrogenase;  PDC  pyruvate dehydroge-
nase complex;  ACL  acetyl-citrate lyase;  OAA  oxaloace-
tate;  PPP  pentose phosphate pathway;  OAA  oxaloacetate; 
 GSH  reduced glutathione. From    97    with permission       
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in vitro exhibit a metabolic pro fi le similar to 
those embryos developed in vivo  [  35  ] . These data 
 fi rmly establish that quantifying embryo metabo-
lism is an appropriate physiological parameter to 
relate to subsequent viability after transfer. 
Furthermore, the above study was performed on 
in vivo developed blastocysts, and it has been 
shown that embryos post-compaction are far 
more resilient to environmental stress than the 
cleavage stage embryo. Consequently, exposing 
cleavage stage embryos to stress, i.e. prior to 
compaction, may have even greater downstream 
effects  [  36,   37  ] .  

   Relationship Between Carbohydrate 
Metabolism and Embryo Viability 

 As discussed, substantial perturbations in the 
relative activity of pathways involved in interme-
diary metabolism culminate in compromised 
embryo development in culture and a reduction 
of viability post-transfer. Data from such studies 
have been invaluable in the development of mod-
ern culture systems that support normal meta-
bolic function in the developing embryo, thereby 
promoting the development of viable human 
embryos  [  38  ] . A relationship between carbohy-
drate utilisation by embryos and resultant viabil-
ity has been established both in animal models 
 [  33,   39,   40  ]  and the human  [  41,   42  ]  (reviewed in 
detail in Chap.   23    ). Post-compaction glucose 
consumption is positively correlated with subse-
quent viability. Furthermore, should the metabo-
lism of glucose by the blastocyst differ from that 
expected, i.e. excessive glycolytic activity, then it 
has been established that viability is signi fi cantly 
compromised in the mouse model. These data 
support the hypothesis that it is not only the rate 
at which a nutrient is consumed that re fl ects 
developmental potential but also the metabolic 
fate of the nutrient measured. Of further interest 
is the observation that female embryos are meta-
bolically more active than males  [  41,   43  ] . This 
 fi nding is consistent with the observed differ-
ences in gene expression pro fi les  [  44,   45  ] , and 
subsequent proteome  [  46  ] , between male and 
female embryos.  

   Beyond the Carbohydrate Triad: 
Analysis of Amino Acid Utilisation 

 Alternative energy sources for cells, other than 
those present in typical embryo culture media 
(i.e. glucose, pyruvate and lactate) include free 
fatty acids (FFA) and amino acids. Although FFA 
may have a role in the development embryos of 
certain species (typically those with a high endog-
enous lipid content, such as the cow and pig), and 
their uptake by human embryos has been quanti-
tated  [  47  ] , further work is required to understand 
how FFA impact the metabolism of the embryo. 
Consequently they will not be discussed further 
here. However, it would be prudent to watch 
developments in this area, especially with regard 
to the role of FFA metabolism in oocyte matura-
tion  [  48  ] . The bene fi cial effects of amino acids on 
embryos in culture have been demonstrated for 
several years. Amino acids are abundant in ovi-
duct and uterine  fl uids  [  49,   50  ]  and are important 
regulators of embryonic function. As well as their 
documented effects as biosynthetic precursors 
 [  51  ] , buffers of intracellular pH in the embryo 
 [  52  ] , antioxidants  [  53  ]  and in signalling and dif-
ferentiation  [  54–  56  ] , amino acids also serve as 
energy sources  [  23  ] . Furthermore, our under-
standing of how embryo energy metabolism is 
regulated has changed recently with the determi-
nation that the malate-aspartate shuttle is involved 
in the control of carbohydrate metabolism  [  7  ] . A 
paradigm held for over 40 years was that the fer-
tilised oocyte had an absolute requirement for 
pyruvate  [  2  ] . However, recent analysis of embryo 
physiology has revealed that lactate and aspartate 
can substitute for pyruvate at the 1-cell stage, the 
two nutrients presumably generating suf fi cient 
energy through the malate-aspartate shuttle to 
support development. 

 The relationship between amino acid utilisation 
and embryo development and viability has been 
analysed by Leese and colleagues  [  57–  59  ] , and 
reviewed in detail by Houghton (Chap.   24    ). Using 
HPLC to quantitate amino acids in embryo culture 
medium, it was observed that a different pattern of 
amino acid utilisation existed between embryos 
that went on to form a blastocyst  compared to 

http://dx.doi.org/10.1007/978-1-4614-6651-2_23
http://dx.doi.org/10.1007/978-1-4614-6651-2_24
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those embryos that failed to develop in vitro. It 
was observed that leucine was taken up from the 
culture medium more by embryos which went on 
to develop  [  57  ] . The pro fi les of the amino acids 
alanine, arginine, asparagine, glutamine and 
methionine utilisation also correlated with blas-
tocyst formation, although no relationship 
between amino acid utilisation and blastocyst 
quality or viability was established. Subsequently, 
Brison et al.  [  58  ]  reported that changes in con-
centration of amino acids in the spent medium of 
human zygotes cultured for 24 h to the 2-cell 
stage in an embryo culture medium containing a 
mixture of amino acids, using HPLC. It was 
found that asparagine, glycine and leucine were 
all signi fi cantly associated with clinical preg-
nancy and live birth. Furthermore, and consistent 
with the data on glucose consumption, there 
appears to be gender differences with regard to 
amino acid utilisation  [  59,   60  ] , consistent with 
differences in the proteomes of male and female 
embryos  [  43  ] . 

 An important point to note is that all of the 
studies analysing the utilisation of amino acids 
by human embryos have been performed in the 
presence of 20 % oxygen, the signi fi cance of 
which is just now being realised and is discussed 
below.  

   Impact of the Culture Environment 
on Embryonic Metabolism 

 The relative concentrations of nutrients present in 
culture media directly affects embryo metabo-
lism  [  61  ] . However, other factors of the culture 
system such as medium pH  [  62  ]  and the concen-
tration of oxygen used in the incubator can impact 
metabolic function. Historically, atmospheric 
oxygen (~20 %) has been in tissue culture, and 
human IVF laboratories subsequently adopted 
this level of oxygen for embryo culture. However, 
the physiological concentration of oxygen within 
the female reproductive tract has been reported to 
be below 10 %  [  63–  65  ] . Consistent with such 
data, embryo development in all mammals stud-
ied to date is signi fi cantly improved by culture in 
an oxygen concentration of 5–7 %, compared to 

20 %  [  66–  69  ] , with a high oxygen concentration 
having its most detrimental effects at the cleav-
age stages  [  70  ] . Similar data sets are now being 
documented for the human embryo  [  71–  74  ] . 

 A signi fi cant body of work has been amassed 
on the effects of oxygen concentration on mam-
malian embryo development. It transpires that 
atmospheric oxygen has a signi fi cant negative 
impact on blastocyst gene expression  [  36,   75  ] , 
the embryonic proteome  [  76  ]  and more recently 
it has been established that oxygen concentration 
has a signi fi cant impact on embryo metabolism, 
impacting the utilisation of both carbohydrates 
and amino acids  [  77  ]  (Fig.  3 ). Of interest the 
effects of oxygen on metabolism were stage-
speci fi c. During the cleavage stages, 20 % oxy-
gen was associated with an overall increase in 
amino acid turn over and pyruvate uptake by 
embryos. In contrast, post-compaction 20 % oxy-
gen was associated with a decrease in amino acid 
turnover and glucose uptake. Given that it has 
been established that glucose uptake by the 
embryo post-compaction is positively correlated 
with viability, such  fi ndings are consistent with 
reports of lower pregnancy rates following cul-
ture in 20 % oxygen, i.e. the decrease in glucose 
utilisation in the presence of 20 % oxygen is 
related to the reduction in viability. Given the 
documented harm atmospheric oxygen imparts 
on the developing embryo and its physiology, its 
continued use in human IVF can no longer be 
condoned.   

   What Are the Accepted Patterns 
of Metabolic Activity? Quietness 
Revisited 

 A novel hypothesis proposed by Leese  [  78  ]  sug-
gested that those embryos with a less active, or a 
‘quiet’ metabolism are those that go on to give 
rise to pregnancies. Data to support this hypoth-
esis have been obtained from different species 
and reviewed recently  [  79  ] . In essence it was pro-
posed that embryos with a low metabolic activity 
re fl ected a less stressed physiology, and conse-
quently those embryos classi fi ed as viable would 
be those that had low nutrient uptake and turn 
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over  [  79  ] . However, a growing number of recent 
studies have generated data that do not provide 
support for this hypothesis  [  33,   41,   80,   81  ] , rather 
they indicate that viability is associated with 
increased metabolic activity. So how can this 
apparent paradox be resolved? An analysis of the 
studies upon which the ‘quiet hypothesis’ was 
built reveals that a common factor among them is 
the use of 20 % oxygen, either for embryo culture 
and analysis, or during the actual analysis of 
metabolism. Given the documented negative 
impact of 20 % oxygen on embryonic gene 
expression, proteome and metabolism described 
above, the signi fi cance of the ‘quiet hypothesis’ 
for embryos cultured under physiological oxygen 
conditions must be carefully reviewed and stud-
ies performed to determine what is the optimal 
nutrient utilisation pro fi le under physiological 
conditions. 

 We know that when mammalian embryos are 
stressed, especially by 20 % oxygen, their meta-
bolic pro fi le changes signi fi cantly  [  77  ] . Data to 
date  [  79  ]  indicate that those embryos cultured in 
20 % oxygen which are able to develop do have a 
lower turnover of nutrients. One explanation for 
this  fi nding may be related to the inability of 
unhealthy or developmentally compromised 
embryos to tolerate oxidative stress. Suboptimal 
embryos may have lower endowments of antioxi-
dants or less robust systems for responding to 
oxidising agents and consequently may have to 
resort to other energetically consuming mecha-
nisms to preserve their redox status. In this con-
text, the quiet embryo hypothesis would pertain 
more to the embryo’s ability to respond to oxida-
tive stress than to its innate metabolic character-
istics under physiologic conditions. Studies 
evaluating the metabolism of the same embryos 

  Fig. 20.3    Effect of oxygen concentration on amino acid 
utilisation by mouse post-compaction embryos from day 
4 to 5. Five per cent oxygen,  open box  and 20 % oxygen, 
 grey box  (25 replicates per treatment, groups of 3,  n  = 75 
embryos). The line across the box is the median uptake or 
release. There were signi fi cant differences in the utilisa-
tion of asparagine, glutamate, tryptophan and lysine 
( P  < 0.05), with greater signi fi cance for utilisation of thre-
onine, tyrosine, methionine, valine, isoleucine, leucine 
and phenylalanine ( P  < 0.01), between the two oxygen 

concentrations. Consumption for each of these amino 
acids was greater at 5 % oxygen than atmospheric oxy-
gen, and overall amino acid utilisation was higher at 5 % 
compared to 20 % ( P  < 0.05). Notches represent the 
con fi dence interval of the median, and the depth of the 
box represents the interquartile range (50 % of the data), 
whiskers represent the 5 and 95 % quartiles.  Asterisks  
indicate signi fi cant differences from embryos cultured in 
5 % oxygen (* P  < 0.05, ** P  < 0.01) (From    77    with 
permission)       
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in both low and high oxygen conditions could test 
this hypothesis. Thus far, little attention has been 
devoted to the development and application of 
stress tests, i.e., exposing embryos to safe, well-
controlled stresses and monitoring their responses, 
to evaluate embryonic health and developmental 
potential. There are certainly many clinical situa-
tions in which stress tests are used to diagnose 
disease or disease susceptibility such as exercise 
stress tests for cardiac disease and glucose toler-
ance tests for gestational diabetes. The challenge 
for the development of an embryonic stress test is 
to ensure that the stressor does not cause lasting 
harm. As mentioned previously, exposure to high 
oxygen tension is not an acceptable stressor based 
on our understanding of the short- and long-term 
effects of this exposure. 

 It is evident that when a 5 % oxygen concen-
tration is used during culture, the metabolism of 
embryos on day 4 and 5 at the morula and blasto-
cyst stages, is signi fi cantly higher in those 
embryos that give rise to pregnancies, compared 
to those embryos that fail to develop post-trans-
fer. Such data, therefore, do not support the ‘quiet 
hypothesis’ for embryos beyond the 8-cell stage. 
In contrast, the data obtained for day 4 and 5 
human embryos and their subsequent pregnancy 
outcome, were collected under low oxygen con-
ditions. These data that reveal those embryos 
with the  more active  metabolism give rise to 
pregnancies. Interestingly, recent data on oxygen 
consumption by cleavage stage human embryos 
indicates that at the cleavage stage viability is 
associated with an increased oxygen consump-
tion rate, re fl ecting an increase in respiration rate 
 [  81  ] . At present, we do not know if there is a 
value that is too high to be consistent with viabil-
ity, although it is most plausible. There will likely 
be upper and lower values of metabolic normal-
ity, outside which embryo will show a decline in 
viability. Given that there is an overall increase in 
most metabolic activities as the preimplantation 
embryo proceeds through development, it would 
seem more likely for compromised embryos to 
have lower rather than higher metabolic activities 
relative to their healthy cohorts. Furthermore, as 
glucose uptake  [  41,   43  ]  and amino acid utilisa-
tion  [  59  ]  are related to the sex of embryo, such 

data need to be factored in to further hypotheses 
on embryo metabolism and optimal rates of met-
abolic activity for embryo selection.  

   Conclusions 

 Some 30 years after Renard et al. showed a rela-
tionship between glucose uptake by day 10 cow 
blastocysts and subsequent pregnancy outcome 
 [  39  ] , data sets relating the patterns of nutrient 
utilisation by the human embryo with pregnancy 
outcome, are growing  [  41,   58,   59  ] . Further analy-
sis of human embryo physiology will assist in 
establishing the metabolic algorithms for embryo 
selection. Growing data indicate that stage-
speci fi c and sex-speci fi c differences in metabo-
lism exist during the preimplantation period. 
Understanding the nature of these differences, 
the impact of culture conditions (such as medium 
composition and the concentration of oxygen 
used) has important implications for embryo 
selection. As development proceeds, there is an 
increase in asynchrony amongst embryos of a 
cohort and this will be manifest as an increased 
variation in nutrient utilisation (Fig.  4 ). 
Consequently it is predicted that differences in 

  Fig. 20.4    Distribution of metabolic activity with respect 
to preimplantation embryo development. As development 
proceeds, asynchrony between embryos and metabolic 
activity increase. Consequently, it may be easier to iden-
tify a viable embryo within a cohort later in development       
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embryo metabolism will be more readily detected 
with increasing developmental stage.  

 It is also evident that changes in metabolic 
activity not only affect subsequent implantation 
potential, but have downstream effects through to 
fetal development and beyond. Given that pertur-
bations in metabolic activity are linked to epige-
netic regulation of cell function  [  82  ] , assessment 
of a viable metabolism should facilitate the cre-
ation of conditions that support the genetic stabil-
ity and epigenetic integrity of the embryo. 

 Whereas the technologies for such work cur-
rently resides in a handful of laboratories around 
the world, the rapid developments in laboratory-
on-a-chip technologies may well ensure that the 
assays required will be able to be housed in 
micro fl uidic devices and subsequently such anal-
yses will be readily available to the general IVF 
community  [  83,   84  ] .      

  Acknowledgments   The author is indebted to Dr Mark 
Johnson for his comments on the manuscript.  

   References 

    1.    Trimarchi JR, Liu L, Porter fi eld DM, Smith PJ, Keefe 
DL. Oxidative phosphorylation-dependent and -inde-
pendent oxygen consumption by individual preim-
plantation mouse embryos. Biol Reprod. 2000;62:
1866–74.  

    2.    Biggers JD, Whittingham DG, Donahue RP. The pat-
tern of energy metabolism in the mouse oocyte and 
zygote. Proc Natl Acad Sci USA. 1967;58:560–7.  

    3.    Leese HJ, Biggers JD, Mroz EA, Lechene C. 
Nucleotides in a single mammalian ovum or preim-
plantation embryo. Anal Biochem. 1984;140:443–8.  

    4.    Leese HJ, Barton AM. Production of pyruvate by iso-
lated mouse cumulus cells. J Exp Zool. 1985;234:
231–6.  

    5.    Gardner DK, Leese HJ. Concentrations of nutrients in 
mouse oviduct  fl uid and their effects on embryo devel-
opment and metabolism in vitro. J Reprod Fertil. 
1990;88:361–8.  

    6.    Gardner DK, Lane M, Calderon I, Leeton J. 
Environment of the preimplantation human embryo 
in vivo: metabolite analysis of oviduct and uterine 
 fl uids and metabolism of cumulus cells. Fertil Steril. 
1996;65:349–53.  

    7.    Lane M, Gardner DK. Mitochondrial malate-aspartate 
shuttle regulates mouse embryo nutrient consump-
tion. J Biol Chem. 2005;280:18361–7.  

    8.    Johnson MT, Freeman EA, Gardner DK, Hunt PA. 
Oxidative metabolism of pyruvate is required for 

 meiotic maturation of murine oocytes in vivo. Biol 
Reprod. 2007;77:2–8.  

    9.    Mills RM, Brinster RL. Oxygen consumption of pre-
implantation mouse embryos. Exp Cell Res. 1967;47:
337–44.  

    10.    Thompson JG, Partridge RJ, Houghton FD, Cox CI, 
Leese HJ. Oxygen uptake and carbohydrate metabo-
lism by in vitro derived bovine embryos. J Reprod 
Fertil. 1996;106:299–306.  

    11.    Houghton FD, Sheth B, Moran B, Leese HJ, Fleming 
TP. Expression and activity of hexokinase in the early 
mouse embryo. Mol Hum Reprod. 1996;2:793–8.  

    12.    Vander Heiden MG, Cantley LC, Thompson CB. 
Understanding the Warburg effect: the metabolic 
requirements of cell proliferation. Science. 2009;324:
1029–33.  

    13.    Warburg O. On the origin of cancer cells. Science. 
1956;123:309–14.  

    14.    Rogers PAW, Murphy CR, Gannon BJ. Absence of 
capillaries in the endometrium surrounding the 
implanting rat blastocyst. Micron. 1982;13:373–4.  

    15.    Rogers PA, Murphy CR, Rogers AW, Gannon BJ. 
Capillary patency and permeability in the endome-
trium surrounding the implanting rat blastocyst. Int J 
Microcirc Clin Exp. 1983;2:241–9.  

    16.    Gardner DK. Embryo Development and culture tech-
niques. In: Clark J, editor. Animal breeding: technol-
ogy for the 21st century. London: Harwood Academic; 
1998. p. 13–46.  

    17.    Hume DA, Weidemann MJ. Role and regulation of 
glucose metabolism in proliferating cells. J Natl 
Cancer Inst. 1979;62:3–8.  

    18.    Morgan MJ, Faik P. Carbohydrate metabolism in cul-
tured animal cells. Biosci Rep. 1981;1:669–86.  

    19.    Mandel LJ. Energy metabolism of cellular activation, 
growth, and transformation. Curr Top Membr Transp. 
1986;27:261–91.  

    20.    Reitzer LJ, Wice BM, Kennell D. The pentose cycle. 
Control and essential function in HeLa cell nucleic 
acid synthesis. J Biol Chem. 1980;255:5616–26.  

    21.    Shi L, Wu J. Epigenetic regulation in mammalian pre-
implantation embryo development. Reprod Biol 
Endocrinol. 2009;7:59.  

    22.    Rieger D. Relationships between energy metabolism 
and development of early mammalian embryos. 
Theriogenology. 1992;37:75–93.  

    23.    Rieger D, Loskutoff NM, Betteridge KJ. 
Developmentally related changes in the uptake and 
metabolism of glucose, glutamine and pyruvate by 
cattle embryos produced in vitro. Reprod Fertil Dev. 
1992;4:547–57.  

    24.    Rieger D, Guay P. Measurement of the metabolism of 
energy substrates in individual bovine blastocysts. J 
Reprod Fertil. 1988;83:585–91.  

    25.    Newsholme EA, Crabtree B, Ardawi MS. The role of 
high rates of glycolysis and glutamine utilization in 
rapidly dividing cells. Biosci Rep. 1985;5:393–400.  

    26.    Newsholme EA. Application of metabolic-control 
logic to the requirements for cell division. Biochem 
Soc Trans. 1990;18:78–80.  



22120 Metabolism of the Viable Human Embryo

    27.    Greenhouse WV, Lehninger AL. Occurrence of the 
malate-aspartate shuttle in various tumor types. 
Cancer Res. 1976;36:1392–6.  

    28.    Greenhouse WV, Lehninger AL. Magnitude of malate-
aspartate reduced nicotinamide adenine dinucleotide 
shuttle activity in intact respiring tumor cells. Cancer 
Res. 1977;37:4173–81.  

    29.    Mitchell M, Cashman KS, Gardner DK, Thompson 
JG, Lane M. Disruption of mitochondrial malate-
aspartate shuttle activity in mouse blastocysts impairs 
viability and fetal growth. Biol Reprod. 2009;80:
295–301.  

    30.    Quinn P, Kerin JF, Warnes GM. Improved pregnancy 
rate in human in vitro fertilization with the use of a 
medium based on the composition of human tubal 
 fl uid. Fertil Steril. 1985;44:493–8.  

    31.    Gardner DK, Sakkas D. Mouse embryo cleavage, 
metabolism and viability: role of medium composi-
tion. Hum Reprod. 1993;8:288–95.  

    32.    Menke TM, McLaren A. Mouse blastocysts grown 
in vivo and in vitro: carbon dioxide production and 
trophoblast outgrowth. J Reprod Fertil. 1970;23:
117–27.  

    33.    Lane M, Gardner DK. Selection of viable mouse blas-
tocysts prior to transfer using a metabolic criterion. 
Hum Reprod. 1996;11:1975–8.  

    34.    Lane M, Gardner DK. Amino acids and vitamins pre-
vent culture-induced metabolic perturbations and 
associated loss of viability of mouse blastocysts. Hum 
Reprod. 1998;13:991–7.  

    35.    Gardner D, Lane M. Towards a single embryo trans-
fer. Reprod Biomed Online. 2003;6:470–81.  

    36.    Gardner DK, Lane M. Ex vivo early embryo develop-
ment and effects on gene expression and imprinting. 
Reprod Fertil Dev. 2005;17:361.  

    37.    Lane M, Gardner DK. Understanding cellular disrup-
tions during early embryo development that perturb 
viability and fetal development. Reprod Fertil Dev. 
2005;17:371–8.  

    38.    Gardner DK, Lane M. Culture and selection of viable 
blastocysts: a feasible proposition for human IVF? 
Hum Reprod Update. 1997;3:367–82.  

    39.    Renard JP, Menezo Y, Heyman Y. Alternative tests to 
assess viability of bovine embryos. Theriogenology. 
1982;17:106.  

    40.    Gardner DK, Leese HJ. Assessment of embryo viabil-
ity prior to transfer by the noninvasive measurement 
of glucose uptake. J Exp Zool. 1987;242:103–5.  

    41.    Gardner DK, Wale PL, Collins R, Lane M. Glucose 
consumption of single post-compaction human 
embryos is predictive of embryo sex and live birth 
outcome. Hum Reprod. 2011;26:1981–6.  

    42.    Conaghan J, Hardy K, Handyside AH, Winston RM, 
Leese HJ. Selection criteria for human embryo trans-
fer: a comparison of pyruvate uptake and morphol-
ogy. J Assist Reprod Genet. 1993;10:21–30.  

    43.    Gardner DK, Larman MG, Thouas GA. Sex-related 
physiology of the preimplantation embryo. Mol Hum 
Reprod. 2010;16:539–47.  

    44.    Kobayashi S, Isotani A, Mise N, Yamamoto M, 
Fujihara Y, Kaseda K, et al. Comparison of gene 
expression in male and female mouse blastocysts 
revealed imprinting of the X-linked gene, Rhox5/
Pem, at preimplantation stages. Curr Biol. 2006;16:
166–72.  

    45.    Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, 
Gutierrez-Adan A. Sex determines the expression 
level of one third of the actively expressed genes in 
bovine blastocysts. Proc Natl Acad Sci USA. 2010;
107:3394–9.  

    46.    Epstein CJ, Smith S, Travis B, Tucker G. Both X 
chromosomes function before visible X-chromosome 
inactivation in female mouse embryos. Nature. 1978;
274:500–3.  

    47.    Haggarty P, Wood M, Ferguson E, Hoad G, 
Srikantharajah A, Milne E, et al. Fatty acid metabo-
lism in human preimplantation embryos. Hum Reprod. 
2006;21:766–73.  

    48.    Dunning KR, Cashman K, Russell DL, Thompson JG, 
Norman RJ, Robker RL. Beta-oxidation is essential 
for mouse oocyte developmental competence and 
early embryo development. Biol Reprod. 2010;83:
909–18.  

    49.    Casslen BG. Free amino acids in human uterine  fl uid. 
Possible role of high taurine concentration. J Reprod 
Med. 1987;32:181–4.  

    50.    Harris SE, Gopichandran N, Picton HM, Leese HJ, 
Orsi NM. Nutrient concentrations in murine follicular 
 fl uid and the female reproductive tract. Theriogenology. 
2005;64:992–1006.  

    51.    Crosby IM, Gandol fi  F, Moor RM. Control of protein 
synthesis during early cleavage of sheep embryos. 
J Reprod Fertil. 1988;82:769–75.  

    52.    Edwards LJ, Williams DA, Gardner DK. Intracellular 
pH of the mouse preimplantation embryo: amino 
acids act as buffers of intracellular pH. Hum Reprod. 
1998;13:3441–8.  

    53.    Liu Z, Foote RH. Development of bovine embryos in 
KSOM with added superoxide dismutase and taurine 
and with  fi ve and twenty percent O2. Biol Reprod. 
1995;53:786–90.  

    54.    Martin PM, Sutherland AE. Exogenous amino acids 
regulate trophectoderm differentiation in the mouse 
blastocyst through an mTOR-dependent pathway. 
Dev Biol. 2001;240:182–93.  

    55.    Martin PM, Sutherland AE, Van Winkle LJ. Amino 
acid transport regulates blastocyst implantation. Biol 
Reprod. 2003;69:1101–8.  

    56.    Lane M, Gardner DK. Differential regulation of 
mouse embryo development and viability by amino 
acids. J Reprod Fertil. 1997;109:153–64.  

    57.    Houghton FD, Hawkhead JA, Humpherson PG, Hogg 
JE, Balen AH, Rutherford AJ, et al. Non-invasive 
amino acid turnover predicts human embryo develop-
mental capacity. Hum Reprod. 2002;17:999–1005.  

    58.    Brison DR, Houghton FD, Falconer D, Roberts SA, 
Hawkhead J, Humpherson PG, et al. Identi fi cation of 
viable embryos in IVF by non-invasive measurement 



222 D.K. Gardner

of amino acid turnover. Hum Reprod. 2004;19:
2319–24.  

    59.    Picton HM, Elder K, Houghton FD, Hawkhead JA, 
Rutherford AJ, Hogg JE, et al. Association between 
amino acid turnover and chromosome aneuploidy 
during human preimplantation embryo development 
in vitro. Mol Hum Reprod. 2010;16:557–69.  

    60.    Sturmey RG, Bermejo-Alvarez P, Gutierrez-Adan A, 
Rizos D, Leese HJ, Lonergan P. Amino acid metabo-
lism of bovine blastocysts: a biomarker of sex and 
viability. Mol Reprod Dev. 2010;77:285–96.  

    61.    Gardner DK. Changes in requirements and utilization 
of nutrients during mammalian preimplantation 
embryo development and their signi fi cance in embryo 
culture. Theriogenology. 1998;49:83–102.  

    62.    Edwards LJ, Williams DA, Gardner DK. Intracellular 
pH of the preimplantation mouse embryo: effects of 
extracellular pH and weak acids. Mol Reprod Dev. 
1998;50:434–42.  

    63.    Mastroianni Jr L, Jones R. Oxygen tension within the 
rabbit fallopian tube. J Reprod Fertil. 1965;147:
99–102.  

    64.    Ross RN, Graves CN. O 
2
  levels in female rabbit repro-

ductive tract. J Anim Sci. 1974;39:994.  
    65.    Fischer B, Bavister BD. Oxygen tension in the ovi-

duct and uterus of rhesus monkeys, hamsters and rab-
bits. J Reprod Fertil. 1993;99:673–9.  

    66.    Quinn P, Harlow GM. The effect of oxygen on the 
development of preimplantation mouse embryos 
in vitro. J Exp Zool. 1978;206:73–80.  

    67.    Harlow GM, Quinn P. Foetal and placenta growth in 
the mouse after pre-implantation development in vitro 
under oxygen concentrations of 5 and 20%. Aust J 
Biol Sci. 1979;32:363–9.  

    68.    Thompson JG, Simpson AC, Pugh PA, Donnelly PE, 
Tervit HR. Effect of oxygen concentration on in-vitro 
development of preimplantation sheep and cattle 
embryos. J Reprod Fertil. 1990;89:573–8.  

    69.    Batt PA, Gardner DK, Cameron AW. Oxygen concen-
tration and protein source affect the development of 
preimplantation goat embryos in vitro. Reprod Fertil 
Dev. 1991;3:601–7.  

    70.    Wale PL, Gardner DK. Time-lapse analysis of mouse 
embryo development in oxygen gradients. Reprod 
Biomed Online. 2010;21:402–10.  

    71.    Kovacic B, Vlaisavljevic V. In fl uence of atmospheric 
versus reduced oxygen concentration on development of 
human blastocysts in vitro: a prospective study on sib-
ling oocytes. Reprod Biomed Online. 2008;17:229–36.  

    72.    Kovacic B, Sajko MC, Vlaisavljevic V. A prospective, 
randomized trial on the effect of atmospheric versus 
reduced oxygen concentration on the outcome of 
intracytoplasmic sperm injection cycles. Fertil Steril. 
2010;94:511–9.  

    73.    Waldenstrom U, Engstrom AB, Hellberg D, Nilsson 
S. Low-oxygen compared with high-oxygen atmo-
sphere in blastocyst culture, a prospective randomized 
study. Fertil Steril. 2009;91:2461–5.  

    74.    Meintjes M, Chantilis SJ, Douglas JD, Rodriguez AJ, 
Guerami AR, Bookout DM, et al. A controlled 
 randomized trial evaluating the effect of lowered 

incubator oxygen tension on live births in a predomi-
nantly blastocyst transfer program. Hum Reprod. 
2009;24:300–7.  

    75.   Rinaudo PF, Giritharan G, Talbi S, Dobson AT, 
Schultz RM. Effects of oxygen tension on gene 
expression in preimplantation mouse embryos. Fertil 
Steril. 2006; 86(4 Suppl):1252–65.  

    76.    Katz-Jaffe MG, Linck DW, Schoolcraft WB, Gardner 
DK. A proteomic analysis of mammalian preimplan-
tation embryonic development. Reproduction. 2005;
130:899–905.  

    77.    Wale PL, Gardner DK. Oxygen regulates amino acid 
turnover and carbohydrate uptake during the preim-
plantation period of mouse embryo development. Biol 
Reprod. 2012;87:24, 1–8.  

    78.    Leese HJ. Quiet please, do not disturb: a hypothesis of 
embryo metabolism and viability. Bioessays. 2002; 
24:845–9.  

    79.    Leese HJ, Baumann CG, Brison DR, McEvoy TG, 
Sturmey RG. Metabolism of the viable mammalian 
embryo: quietness revisited. Mol Hum Reprod. 2008;
14:667–72.  

    80.    Ingerslev HJ, Hindkjaer J, Kirkegaard K. Effect of 
oxygen concentration on human embryo development 
evaluated by time-lapse monitoring. Hum Reprod. 
2012;27:ii22–4.  

    81.    Meseguer M, Tejera A, Herrero J, de los Santos M, 
Viloria T, Remohi J, et al. Oxygen consumption 
increases during cytokinesis in implanting human 
embryos; a time-lapse and microsensor combined 
analysis. Hum Reprod. 2012;27:ii22–4.  

    82.    Donohoe DR, Bultman SJ. Metaboloepigenetics: 
interrelationships between energy metabolism and 
epigenetic control of gene expression. J Cell Physiol. 
2012;227:3169–77.  

    83.    Urbanski JP, Johnson MT, Craig DD, Potter DL, 
Gardner DK, Thorsen T. Noninvasive metabolic 
pro fi ling using micro fl uidics for analysis of single pre-
implantation embryos. Anal Chem. 2008;80:6500–7.  

    84.    Heo YS, Cabrera LM, Bormann CL, Smith GD, 
Takayama S. Real time culture and analysis of 
embryo metabolism using a micro fl uidic device with 
deformation based actuation. Lab Chip. 2012;12:
2240–6.  

    85.    Lane M, Gardner DK. Lactate regulates pyruvate 
uptake and metabolism in the preimplantation mouse 
embryo. Biol Reprod. 2000;62:16–22.  

    86.    Brinster RL. Lactate dehydrogenase activity in the 
preimplanted mouse embryo. Biochim Biophys Acta. 
1965;110:439–41.  

    87.    Auerbach S, Brinster RL. Lactate dehydrogenase 
isozymes in the early mouse embryo. Exp Cell Res. 
1967;46:89–92.  

    88.    Gibbons J, Hewitt E, Gardner DK. Effects of oxygen 
tension on the establishment and lactate dehydroge-
nase activity of murine embryonic stem cells. Cloning 
Stem Cells. 2006;8:117–22.  

    89.    Wake fi eld SL, Lane M, Mitchell M. Impaired mito-
chondrial function in the preimplantation embryo per-
turbs fetal and placental development in the mouse. 
Biol Reprod. 2011;84:572–80.  



22320 Metabolism of the Viable Human Embryo

    90.    Mazurek S. Pyruvate kinase type M2: a key regulator 
of the metabolic budget system in tumor cells. Int J 
Biochem Cell Biol. 2011;43:969–80.  

    91.    Vander Heiden MG, Lunt SY, Dayton TL, Fiske 
BP, Israelsen WJ, Mattaini KR, et al. Metabolic 
pathway alterations that support cell proliferation. 
Cold Spring Harb Symp Quant Biol. 2011;76:
325–34.  

    92.    Christofk HR, Vander Heiden MG, Harris MH, 
Ramanathan A, Gerszten RE, Wei R, et al. The M2 
splice isoform of pyruvate kinase is important for can-
cer metabolism and tumour growth. Nature. 2008;452:
230–3.  

    93.    Redel BK, Brown AN, Spate LD, Whitworth KM, 
Green JA, Prather RS. Glycolysis in preimplantation 

development is partially controlled by the Warburg 
effect. Mol Reprod Dev. 2012;79:262–71.  

    94.    Hardy K, Spanos S. Growth factor expression and 
function in the human and mouse preimplantation 
embryo. J Endocrinol. 2002;172:221–36.  

    95.    Hewitson LC, Leese HJ. Energy metabolism of the 
trophectoderm and inner cell mass of the mouse blas-
tocyst. J Exp Zool. 1993;267:337–43.  

    96.    Abu Dawud R, Schreiber K, Schomburg D, Adjaye J. 
Human embryonic stem cells and embryonal carci-
noma cells have overlapping and distinct metabolic 
signatures. PLoS One. 2012;7:e39896.  

    97.    Gardner DK, Wale PL. Analysis of metabolism to 
select viable human embryos for transfer. Fertil Steril. 
2013;99:1062–72.      



225D.K. Gardner et al. (eds.), Human Gametes and Preimplantation Embryos: Assessment and Diagnosis,
DOI 10.1007/978-1-4614-6651-2_21, © Springer Science+Business Media New York 2013

 Women experience age-related decline in 
 reproductive function even while other physio-
logical systems continue to function at near peak 
capacity  [  1  ] . Fecundity declines beginning about 
15 years before menopause and the last concep-
tion typically occurs about 10 years before meno-
pause, even though thousands of primary oocytes 
remain within the ovary. Reproductive aging in 
women decreases the chances of conception, 
increases miscarriage and aneuploidy rates, and 
increases variability in fecundity among woman 
of the same chronological age. Fertility treat-
ments that depend on the woman’s own oocytes 
provide decreasing ef fi cacy with reproductive 
aging, and donation of oocytes from younger to 
older women completely abrogates the effects of 
aging on reproduction, demonstrating the central 
role of the oocyte in reproductive aging. 

 Accurate prediction of oocyte quality, i.e., the 
capacity to produce a viable, normal offspring, is 
one of the most urgent priorities in infertility 
research today. Maternal age provides the best 
available predictor of oocyte quality, but as 
women age, the variability of oocyte quality 
among women of the same age increases, so mea-
sures of biological aging are needed. The local-
ization of biological aging to a single cell, the 

oocyte, provides a unique opportunity to test 
hypotheses derived from model organisms about 
the cellular origins of aging. Moreover, the wide-
spread use of ART by women of various ages 
provides a unique opportunity to apply newly 
available methods of noninvasive analysis of sin-
gle cells to a pressing clinical problem. 

   Mitochondria, Free Radicals, 
and the Pathophysiology of Aging 

 A number of pathobiological processes have been 
reported to underlie cellular aging and one of the 
most compelling involves disruption of respira-
tion via mitochondrial dysfunction and associ-
ated free radical production  [  1,   2  ] . Mitochondria 
contain their own chromosomes and are transmit-
ted exclusively through the female germ line. 
Indeed, oocytes are highly enriched in mitochon-
dria compared to other cells in the body. 
Mitochondrial function has been linked to aging 
in many long lived, post-mitotic cell types. The 
mitochondrial genome is highly susceptible to 
free radicals and genotoxic damage. Mitochondria 
DNA (mtDNA) lacks nucleosomes and the DNA 
damage repair pathways that protect against oxi-
dative stress over the course of an organism’s life 
span  [  1  ] . MtDNA is localized within the organ-
elle that primarily produces free radicals, which 
in turn promotes DNA mutations, exacerbates 
free radical production, and generates more 
mtDNA damage, creating a vicious cycle culmi-
nating in cell senescence and death. 
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 Accumulation of mtDNA damage during the 
prolonged prophase I arrest of the oocytes pro-
vides a compelling explanation for age-related 
changes in the oocyte. Indeed, mtDNA mutations 
in oocytes and follicular cells increase with age 
 [  2,   5  ] . Advancing age reduces the capacity mito-
chondria to produce ATP  [  3  ]  and the quality of 
preimplantation embryos is related to the ATP 
content  [  4  ] . The mtDNA in eggs of older women 
express the most common age-related deletion, a 
5 kb deletion  fl anked by direct repeats  [  5  ] . In an 
attempt to model mitochondrial dysfunction in 
human embryos, chemically induced mitochon-
drial dysfunction  [  6  ]  resulted in decreased ATP 
production, increased reactive oxygen, and gross 
chromosome misalignment on the meiotic spin-
dle, culminating in cell death. Other studies have 
described a relationship between oocyte function 
and mtDNA content. Oocytes with lower total 
mtDNA content demonstrate poor development 
 [  7  ] , and women with lower mtDNA copy number 
have lower ovarian reserve  [  8  ] . Depletion of 
mitochondria organelle numbers through selec-
tive knockout of essential genes in mice, such as 
 Tfam , fail to affect ovarian reserve though they 
dramatically affect the ability to produce compe-
tent pregnancies  [  9  ] . 

 The bottleneck theory of mtDNA inheritance 
suggests that primordial follicles contain a lim-
ited number of copies of mtDNA that expand to 
populate a new organism. As the germ cell passes 
from oogonia to oocyte, mtDNA copy number 
increases from 200 to hundreds of thousands 
 [  10  ] . Theoretically, limiting inheritance initially 
to a few copies with later expansion would allow 
oogenesis to select for high-quality mtDNA  [  11  ] . 
The consequence of selection for normal mito-
chondria would be deselection of abnormal mito-
chondria, cell death of germ cells, and infertility 
in the mother if no viable germ cells remain. 
While mtDNA pathology as a cause of reproduc-
tive aging is an attractive theory, a recent study 
suggests that selection of mitochondria in pri-
mordial follicles occurs randomly  [  12  ] , allowing 
equal opportunity for transmission of mutant and 
normal mtDNA to subsequent generations. 
Moreover, women who harbor germ line mtDNA 
mutations and deliver offspring with severe 

mtDNA diseases appear to have normal fertility, 
arguing for a complex role of mtDNA in age-
related oocyte dysfunction  [  13 – 15  ] .  

   Oxygen Consumption by Oocytes and 
Preimplantation Embryos 

 Mitochondrial DNA can be damaged by oxida-
tive stress, a wide variety of mtDNA rearrange-
ments appear in oocytes from infertile women 
 [  16,   17  ]  and the heteroplasmy of oocyte mtDNA 
challenges limits the ability of molecular genetic 
approaches to predict mitochondrial function 
noninvasively in individual oocytes and embryos. 
Measurements of oxygen consumption from 
oocytes and embryos, on the other hand, could 
provide a more direct and noninvasive assay of 
mitochondrial function. 

 The  fi rst oxygen measurements were taken 
from groups of mammalian oocytes and embryos 
over 70 years ago  [  18,   19  ] . A Cartesian diver 
technique showed groups of blastocysts con-
sumed more oxygen than groups of cleavage-
stage embryos. Changing the concentration of 
metabolic substrates in culture medium altered 
the amount of oxygen consumed by embryos 
 [  18–  23  ] . Later studies employed microspectro-
photometry to analyze spectral shifts in extra-
cellular oxyhemoglobin resulting from oxygen 
consumption by embryos  [  24–  26  ] . Stationary 
solid-state oxygen electrodes also have been 
employed to measure oxygen consumption from 
groups of embryos as well as from individual 
embryos. Overstrom et al.  [  27  ]  and Magnusson 
et al.  [  24  ]  independently employed spectropho-
tometry to show that embryos with higher rates 
of oxygen consumption developed to blasto-
cysts at higher rates than those with lower oxy-
gen consumption. Benos and Balaban  [  28  ]  
employed oxygen electrodes to demonstrate that 
50–70 % of the oxygen consumed by blasto-
cysts derived from oxidative phosphorylation 
(OXPHOS) to generate ATP for the plasma 
membrane Na/K-ATPase, and Manes and Lai 
 [  29  ]  demonstrated that a signi fi cant part of the 
total oxygen consumed by embryos was not uti-
lized by mitochondrial OXPHOS, but rather by 
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OXPHOS-independent oxygenases. Houghton 
et al.  [  30  ]  used an ultra fl uorescence technique to 
measure oxygen consumption in individual 
embryos and to study the association between 
metabolites secreted into culture media and 
consumption of oxygen by preimplantation 
embryos. 

 We applied a novel self-referencing oxygen 
sensor to assess oxygen consumption by individ-
ual oocytes and embryos. The self-referencing 
oxygen electrode  [  31,   32  ]  provides noninvasive 
measurements of oxygen  fl ux across the mem-
branes of individual cells by measuring differ-
ences in the concentration of oxygen dissolved in 
the culture media at two locations, close and far 
from the cell, then uses Fick’s Law to calculate 
 fl ux. The self-referencing principle underlying 
this technology provides exquisite sensitivity and 
speci fi city. By moving the oxygen sensor between 
two positions, about 10  m m apart, the sensor 
serves as its own control, thus minimizing drift 
and other sources of electrophysiologic noise, 
which otherwise become problematic when deal-
ing with the low signal-to-noise ratio of single 
cells. One excursion of the senor’s oscillation 
measures oxygen concentration near the cell 
while the other excursion of the sensor’s oscilla-
tion measures oxygen concentration at a position 
about 10  m m from the cell. Knowing the diffu-
sion constant of oxygen in water, Fick’s Law can 
be solved to calculate  fl ux of oxygen into the 
embryo. This technique has been used to mea-
sure oxygen consumption from a variety of cell 
types  [  33  ] , including oocytes and preimplanta-
tion embryos  [  34  ] . 

 Our system used a Zeiss Axiovert 100 TV 
inverted microscope (Carl Zeiss, Inc., Thornwood, 
NY) equipped with a modi fi ed stage plate and com-
puter-controlled micromanipulators (BioCurrents 
Research Center, MBL, Woods Hole, MA)  [  31–  34  ] . 
The microscope rested on a Kinetic Systems 
Vibraplane vibration-resistant table (Boston, MA) 
enclosed in a stainless steel, insulated chamber. The 
temperature of the chamber and its contents, includ-
ing the microscope and manipulators, was main-
tained at a constant 37 °C by a thermostat-controlled 
heater, purchased from an automobile supply store. 
We conducted physiological measurements in 4 mL 

of HEPES-buffered KSOM (HKSOM) containing 
reduced NaHCO 

3
  (4 mM) and elevated HEPES 

(14 mM) with no oil overlay and at atmospheric gas 
pressures. Recordings were obtained from embryos 
in plastic Petri dishes with a coverglass bottom 
(MatTek Corp., Ashland, MA) that enabled stabili-
zation of the embryos on the dish, but also were 
easy to manipulate the embryo after completion of 
the study. Typically, we studied a set of four to six 
embryos in each dish, and obtained at least three 
independent recordings from each embryo over 
several minutes. We observed that mouse embryos 
exposed to these conditions developed to blasto-
cysts and live pups at rates similar to control 
embryos not exposed to measurements of oxygen 
consumption. In the absence of intentional pertur-
bations, the oxygen gradients around embryos 
measured by the self-referencing oxygen electrode 
remained stable throughout experimental measure-
ment periods lasting over 1 h. 

 Oxygen-sensitive electrodes with a tip diame-
ter of 2–4  m m were purchased from Diamond 
General Corp. (Ann Arbor, MI)  [  33,   34  ] . A sil-
ver/silver chloride reference electrode completed 
the electrical circuit in solution via a 3 mol L −1  
KCl/3 % agar bridge. All electrodes were cali-
brated both in saturated oxygen (high range) and 
saturated nitrogen solutions (low range). During 
recordings, the electrode was oscillated in a 
square wave parallel to the electrode axis over a 
distance of 10  m m with a frequency of 0.3 Hz. 
Initially, the near position of this oscillation was 
1.5–2.5  m m from the zona pellucida or plasma 
membrane in cases where the zona pellucida was 
removed by brief pronase (0.5 % in HKSOM) 
digestion. Mathematical modeling of the gradi-
ents around embryos, however, suggested that 
more reliable signals could be obtained at a dis-
tance of 6  m m away from embryos. Accordingly, 
all subsequent recordings were obtained at this 
distance. The hardware and software controlling 
electrode movements, signal ampli fi cation, and 
data acquisition were designed and constructed 
by the BioCurrents Research Center at the Marine 
Biological Laboratory, Woods Hole, MA (  www.
mbl.edu/BioCurrents     [case sensitive])  [  31–  34  ] . 
The lower limit of detection, with a signal-to-
noise ratio of 3, was approximately a 0.01  m M 

http://www.mbl.edu/BioCurrents
http://www.mbl.edu/BioCurrents
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difference in oxygen concentration between the 
two excursion points, and the oxygen signals 
were greater than ten times this lower detection 
limit. We also captured digital images of embryos 
using a Cohu analog video camera (Cambridge 
Research Instruments, Cambridge, MA) and a 
personal computer running Metamorph Software 
(Universal Imaging Corp., West Chester, PA). 

 The self-referencing oxygen electrode mea-
sures oxygen consumption noninvasively, so it 
can be used in conjunction with other single-cell 
techniques, such as polarized light and Nomarski 
differential interference light microscopy, poly-
merase chain reaction (PCR) of mtDNA deletions 
 [  17  ] , metabolite-uptake/lactate-secretion assays 
 [  35–  37  ] , mitochondria redistribution dynamics 
 [  38  ] , preimplantation genetic diagnosis  [  39,   40  ] , 
in vivo protein dynamic studies using green-
 fl uorescent protein (GFP)  [  41  ] , and  fl uorescence 
resonance energy transfer (FRET)  [  42  ] . The abil-
ity of self-referencing oxygen electrode tech-
nique to measure subtle changes in oxygen 
consumption from individual embryos also makes 
it more sensitive to detect changes that otherwise 
might be hidden in the variation endogenous to 
groups of asynchronous embryos and may even-
tually provide a diagnostic tool for assessing the 
level of mitochondria dysfunction and develop-
mental potential of individual embryos. 

 We used this method to investigate the effects 
of a number of experimental interventions on 
oxygen consumption by oocytes and preimplan-
tation mouse embryos. We treated oocytes and 
preimplantation mouse embryos with mitochon-
drial toxins, various metabolic substrates in the 
culture media, and cell death-inducing agents 
known to collapse the mitochondrial membrane 
potential  [  35  ] . mtDNA rearrangements had not 
yet been reported in wild-type or genetically 
engineered mouse oocytes, so we could not test 
our original hypothesis, that mtDNA mutations 
could be detected noninvasively by preimplanta-
tion mouse embryos using oxygen consumption. 
Instead we employed pharmacological agents to 
perturb OXPHOS in mouse embryos. This 
allowed us to study the contributions of mito-
chondrial OXPHOS-dependent and OXPHOS-

independent processes to total oxygen 
consumption of individual oocytes and preim-
plantation mouse embryos. 

 To study the effects of perturbing mitochon-
drial function on oxygen  fl ux, we added concen-
trated solutions of the experimental compounds 
calculated to yield the  fi nal desired concentra-
tions: 1  m M FCCP, 1  m M antimycin A, 1 mM 
sodium cyanide, 0.01 % solvent. To disrupt mito-
chondria and induce cell death, we pretreated 
embryos with diamide for 3 h  [  43  ] . To investigate 
the in fl uence of metabolic substrates such as 
pyruvate on oxygen consumption, we studied 
embryos incubated overnight in pyruvate-free 
KSOM and compared them to controls cultured 
overnight in pyruvate-containing KSOM. 

 Embryos came from female B6C3F1 mice 
(6 weeks old) superovulated by standard meth-
ods using PMSG and hCG, and mated individu-
ally. Zygotes (~30/animal) enclosed in cumulus 
masses were released from the ampullae into 
HKSOM supplemented with 0.03 % hyaluroni-
dase. Cumulus cells were gently removed from 
one-cell embryos by pipetting. Cumulus-free 
one-cell embryos were washed in HKSOM 
three times and then in pre-equilibrated modi fi ed 
KSOM three times. Modi fi ed KSOM used for 
in vitro culture was supplemented with nones-
sential amino acids (1 mL of 100× stock/100 mL 
medium) and 2.5 mM HEPES. Embryos were 
pooled, randomly distributed, and cultured in 
50- m L droplets (7–16 embryos/drop) under 
mineral oil at 37 °C in a humidi fi ed atmosphere 
of 7 % CO 

2
  in air. These methods provided a 

high yield of development to blastocysts 
(>90 %) and after transfer they developed to 
term at the same rate whether exposed to oxy-
gen measurements or not.  

   Oxygen Flux from Individual 
Preimplantation Mouse Embryos 

 The concentration of dissolved oxygen in the 
medium surrounding individual mouse embryos 
could be measured reliably and remained stable 
during experimental recordings, which lasted up 
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to 1 h. The concentration of dissolved oxygen in 
the culture medium near the one-cell embryos 
was reduced by 0.33 ± 0.07  m M relative to that of 
the rest of the culture media (0.21 mM), such that 
a gradient of depleted dissolved oxygen sur-
rounded each embryo (Fig.  1a ). The concentra-
tion of oxygen in the medium was less depleted 
at increasing distances from embryos, but a gra-
dient in the concentration of dissolved oxygen 
concentration could be measured at distances of 
over 10  m m away from the embryo (Fig.  2 ).   

 The oxygen gradient changed across preim-
plantation embryo development. The oxygen gra-
dient around two-cell embryos (−0.43 ± 0.10  m M, 
 n  = 22) compared to media surrounding one-cell 
embryos (−0.33 ± 0.07  m M,  n  = 8) (Fig.  1b ). 

 The variable cell size of blastomeres across 
preimplantation development provides a poten-
tial confounder in these experiments. The radius 
of blastomeres in two-cell embryos (26.9 ± 0.6  m m; 
 n  = 22) is less than the radius of one-cell embryos 
(37.3 ± 0.7  m m;  n  = 16). The position of the oxy-
gen sensor relative to the geometric center of the 

specimen, therefore, differs among embryos at 
different developmental stages. To adjust for 
these geometric differences at different stages of 
preimplantation embryo development, we derived 
a mathematical function to control for these geo-
metric differences (Fig.  2b ). The only assumption 
intrinsic to this function was that oxygen con-
sumption would be relatively homogeneous 
around each embryo. Actual measurements from 
different locations around embryos con fi rmed 
this assumption. 

 We obtained a series of 120 measurements at 
various distances (>6  m m) from nine blastocysts, 
and a standard curve was generated with the 
function: 

        (1)  

where  x  is the distance from the electrode tip to 
the geometric center of the cell as determined 
from images of embryos taken at an equatorial 
focal plane (Fig.  2b ). Scaling to a common radius 
of 40  m m occurred by ( 2 ).

− ×= + × ( 0.028 x)f 0.015 0.461 e

        (2)   − × − ×Δ = Δ + × × + ×( 0.028 x) ( 0.028 40)
2 2scaled [O ] (measured [O ] / [0.015 0.461 e ]) [0.015 0.461 e ]

 We validated this set of equations in more than 
a dozen subsequent experiments on over 80 
embryos at various developmental stages, with 
and without removal of zona pellucidae, and in 
each case the data  fi t this function. We found that 
one-, two-, and four-cell embryos exhibited simi-
lar levels of oxygen gradients, about 0.3  m M. 
Oxygen gradients around blastocysts, in contrast, 
were about two times greater than those sur-
rounding cleavage-stage embryos, 0.6 ± 0.1  m M 
(Fig.  1b ). 

 To calculate oxygen consumption by each 
individual embryos, Fick’s law was used to cal-
culate  fl ux = oxygen diffusion coef fi cient × ( D [O 

2
 ]/

probe excursion)  [  31–  34  ] . Oxygen consumption 
by individual cleavage-stage embryos was 
7.7 pmol O 

2
  cm −2  h −1  (or 0.1 nL embryo −1  h −1 ) and 

by individual blastocysts was 15.8 pmol O 
2
  

cm −2  h −1  (or 0.3 nL embryo −1  h −1 ). 

 Oxygen gradients among embryos showed 
normal distribution with a median (±95 % 
con fi dence intervals) of 0.31 ± 0.03  m M and range 
of 0.27–0.41  m M (Fig.  3 ). Ninety percent of two-
cell embryos reached the blastocyst stage of devel-
opment. We did not observe a correlation between 
oxygen consumption and the probability of reach-
ing blastocyst, but almost all the mouse embryos 
reached blastocyst, so the experimental paradigm 
was not optimal for answering this question.   

   Contribution of OXPHOS to Oxygen 
Consumption 

 Oxygen consumption could result from OXPHOS 
and/or oxygen consumption by OXPHOS-
independent oxygenases within embryos. To 
determine the relative contributions of OXPHOS 
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  Fig. 21.1    Using a Whalen-type oxygen electrode in self-
referencing mode, a gradient of dissolved oxygen could 
be measured around individual embryos. ( a ) The gradient 
of depleted oxygen extended tens of microns into the 
medium away from one-cell embryos ( n  = 7). The closest 
probe position (0) was 0.25–0.75  m m away from the zona 
pellucida surface. Each point is the mean ± standard devia-
tion of >25 samples taken during a 3–5-min period of self-
referencing with the electrode position nearest to the 
embryo plotted. ( Inset ) Image of a mouse one-cell embryo 
and juxtaposed oxygen electrode. ( b ) Different develop-
mental stages depleted the surrounding medium of oxy-
gen to different extents ( n  = 7–22 for each group). The 
concentration of oxygen in the medium nearest embryos 

became more depleted relative to the bulk medium 
(0.21 mM) as development progressed. Scaling of the data 
to account for variations in embryo size (see text) demon-
strated that the medium surrounding blastocysts was twice 
as depleted of oxygen as that surrounding cleavage-stage 
embryos, suggesting at least a twofold increase in oxygen 
consumption by blastocysts. Data are presented as the 
change in dissolved oxygen concentration near embryos 
relative to that of the bulk medium (background = 0.21 mM) 
(From Trimarchi JR, Liu L, Porter fi eld DM, Smith PJ, 
Keefe DL. Oxidative phosphorylation-dependent and 
-independent oxygen consumption by individual preim-
plantation mouse embryos. Biol Reprod. 2000 
Jun;62(6):1866–74, with permission)       

 



23121 Analysis of Respiration as an Indicator of Oocyte and Embryo Developmental Potential

and non-OXPHOS oxygen consumption, we 
measured oxygen consumption before and after 
exposure to various pharmacological agents 
known to perturb OXPHOS. FCCP increases 
oxygen consumption by uncoupling the proton 
gradient from OXPHOS and sodium cyanide and 
antimycin A reduce mitochondrial oxygen con-
sumption by blocking OXPHOS electron  fl ow 
 [  43  ] . We found that FCCP (1  m M) increased oxy-
gen consumption (Fig.  4a, b ) by 89.2 ± 31.2 % 
compared to pre-FCCP treatment. The effect of 

FCCP on oxygen consumption in blastocysts was 
more modest compared to its effect on cleavage 
stage embryos, showing a 49.5 ± 25.9 % increase 
in oxygen consumption compared to pre-FCCP 
treatment.  

 Cyanide (1 mM) and antimycin A (1  m M) 
decreased oxygen consumption by embryos 
(Fig.  4a, b ), with 77 % of oxygen consumption 
by cleavage-stage embryos cyanide/antimycin 
A resistant. Oxygen consumption by cleavage 
stage embryos was 60–70 % less sensitive to 
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  Fig. 21.2    Quanti fi cation of oxygen consumption by 
embryos that varied in size required a mathematical scal-
ing function. ( a ) Embryos of different developmental 
stages exhibit signi fi cantly different radii. (A1) One-cell 
embryo, zona pellucida intact. (A2) One-cell embryo, 
zona pellucida remove. (A3) Blastocysts, zona pellucida 
intact. (A4) Blastocysts, zona pellucida removed. Removal 
of the zona did not alter the embryo morphology or the 
surrounding oxygen gradients. Dark point in A2–A4 was 
the oxygen-selective electrode. ( b ) A mathematical func-
tion was determined that allowed oxygen gradients sur-
rounding embryos of different sizes to be adjusted 

geometrically and quantitatively compared. A series of 
120 measurements were obtained at various distances 
(>6  m M) from nine blastocysts that ranged in radii from 
32 to 62  m m, and a standard curve was  fi tted with the 
equation noted. Data presented as the change in dissolved 
oxygen concentration near embryos relative to that of the 
bulk medium (background = 0.2102 mM). Each point is 
the mean ± standard deviation of >25 samples taken dur-
ing a 3–5-min period of self-referencing with the elec-
trode position nearest to the embryo plotted as the distance 
from geometric center of the embryo. ( Inset ) Oxygen 
electrode at various distances from a blastocyst       
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 cyanide and antimycin A compared to blastocysts, 
suggesting higher rates of OXPHOS-related oxy-
gen consumption in blastocysts (Fig.  4b ). 
Interestingly, the level of OXPHOS-independent 
oxygen consumption remained relatively con-
stant across preimplantation embryo develop-
ment, while mitochondrial OXPHOS-dependent 
oxygen consumption doubled from the cleavage- 
to blastocyst stages of development (Fig.  4c ).  

   Pyruvate Concentration in the Culture 
Media Modulates Oxygen 
Consumption by the Embryo 

 Culturing embryos overnight from the late one-
cell to the two-cell stage in pyruvate-free KSOM 
(pyruvate-free embryos) reduced oxygen con-
sumption compared to control embryos cultured 
overnight in pyruvate-containing media (0.2 mM) 
(Fig.  5 ). This difference in the degree of oxygen 
consumption was partially masked by the smaller 
size of pyruvate-free embryos, which allowed 

positioning of the electrode closer to the center of 
pyruvate-free embryos, thereby artifactually 
increasing the signal (Fig.  5a ). After controlling 
for embryo size, oxygen consumption around 
embryos cultured in pyruvate-free media was 
26 % less than those cultured in media containing 
pyruvate.   

   Diamide Oxidation Modulates Oxygen 
Consumption 

 Diamide, a glutathione oxidizing agent, induces 
cell death in mammalian embryos  [  35  ] . Exposure 
to diamide (50  m M) for 3 h signi fi cantly reduced 
oxygen consumption. After controlling for size 
differences among embryos, diamide treatment 
of one-cell embryos decreased oxygen consump-
tion by 32 % (0.12 ± 0.02  m M vs. 0.18 ± 0.01  m M, 
 P  < 0.005). 

 In summary, the self-referencing oxygen elec-
trode technique can measure oxygen consump-
tion by individual oocytes and preimplantation 

−2.0 −1.5 −0.5 0.0 0.5 1.0 1.5 2.0 2.5−1.0−2.5

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 c
um

ul
at

iv
e 

di
st

rib
ut

io
n

Normalized change in [O2]

change in [O2] near embryos

Normal distribution function

  Fig. 21.3    Oxygen-gradient measurements from a popu-
lation of 22 two-cell embryos exhibited a normal distribu-
tion as evident by an overlap between the standard error 
bars for the normalized change in oxygen concentration 
surrounding each embryo and the 95 % con fi dence inter-
vals of a normal distribution function ( gray lines ) in a 
Kolmogorov-Smirnov plot. There appeared to be no obvi-

ous correlation between the magnitude of the oxygen gra-
dient around an embryo and its developmental competence 
(see text) (From Trimarchi JR, Liu L, Porter fi eld DM, 
Smith PJ, Keefe DL. Oxidative phosphorylation-depen-
dent and -independent oxygen consumption by individual 
preimplantation mouse embryos. Biol Reprod. 2000 
Jun;62(6):1866–74, with permission)       
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  Fig. 21.4    Mitochondrial toxins modulated the oxygen 
consumed by embryos. ( a ) The FCCP (1  m M) rapidly 
increased and cyanide (1 mM) quickly decreased the oxy-
gen consumed by an individual blastocyst as evident by 
alterations in the dissolved oxygen concentration in the 
surrounding medium relative to that of the bulk medium. 
Each point is the mean ± standard deviation of >25 sam-
ples taken during a 3–5-min period of self-referencing and 
plotted at the median sample time. ( b ) The FCCP (1  m M) 
increased oxygen consumption by cleavage-stage embryos 
and blastocysts. Cyanide (1 mM) and antimycin A (1  m M) 
greatly decreased oxygen consumption by blastocysts but 
only modestly decreased oxygen consumption by cleav-
age-stage embryos (single factor ANOVA, cyanide, 
 P  < 0.03; antimycin A,  P   0.01). Mean ± standard devia-
tion;  n  = 22 FCCP-treated embryos with more than 4 
embryos in each group,  n  = 15 cyanide-treated embryos 
with more than 4 embryos in each group  n  = 16 antimycin 
A-treated embryos with more than 6 embryos in each 

group. ( c ) Calculations of the contribution of OXPHOS-
dependent and OXPHOS-independent oxygen consump-
tion, based upon FCCP, cyanide, and antimycin A data. 
The majority of oxygen consumed by cleavage-stage 
embryos was not utilized by OXPHOS (OXPHOS-
independent oxygen consumption), whereas the majority 
of oxygen consumed by blastocysts was utilized by 
OXPHOS (OXPHOS-dependent oxygen consumption). 
The OXPHOS-independent oxygen consumption remains 
relatively constant throughout development, while 
OXPHOS in blastocysts consumed six times more oxygen 
than did OXPHOS of cleavage-stage embryos. Data are 
presented as the change in the dissolved oxygen concen-
tration near embryos relative to that of the bulk medium 
(background = 0.21 mM) (From Trimarchi JR, Liu L, 
Porter fi eld DM, Smith PJ, Keefe DL. Oxidative phospho-
rylation-dependent and -independent oxygen consump-
tion by individual preimplantation mouse embryos. Biol 
Reprod. 2000 Jun;62(6):1866–74, with permission)       
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embryos. This gradient can be measured even as 
far as 50  m m from the embryo surface. Embryos 
group cultured in microdrops, therefore, presum-
ably could in fl uence the concentration of oxygen 
for their neighboring embryos. This physiologi-
cal interaction between embryos in culture may 
account, in part, for the enhanced development of 
embryos cultured in groups vs. individually 
 [  44,   45  ] . Blastocysts consume two to four times 
more oxygen than cleavage-stage embryos 
 [  20–  23,   30,   46  ] . The proportion of total oxygen 
consumed by OXPHOS-dependent and 
OXPHOS-independent processes changes across 
preimplantation development  [  21,   23,   30,   46–  48  ] , 
with the bulk (70 %) of oxygen consumed by 
blastocysts fueling OXPHOS, as evidenced by its 
cyanide-sensitivity  [  21,   28  ] . This  fi nding is con-
sistent with changes in the morphology of mito-
chondria reported in blastocysts. Benos and 

Balaban  [  28  ]  estimated that 50–70 % of oxygen 
consumed by blastocysts was used by mitochon-
dria to generate ATP for the Na/K-ATPase. Only 
20–30 % of oxygen consumed by cleavage-stage 
embryos is OXPHOS-dependent, suggesting that 
OXPHOS-independent oxygenases contribute 
signi fi cantly to their oxygen consumption. 
OXPHOS-independent oxygen consumption by 
blastocysts contributes to surface H 

2
 O 

2
  produc-

tion  [  49  ]  and H 
2
 O 

2
 -producing oxygenases  [  29  ] . 

Because cleavage-stage embryos produce only 
limited amounts of H 

2
 O 

2
   [  38  ]  the two mixed, 

multifunctional oxidase systems functioning in 
cleavage-stage embryos  [  50,   51  ]  could contribute 
to the OXPHOS-independent oxygen consump-
tion at this developmental stage. The OXPHOS-
dependent/OXPHOS-independent ratio of 
30 %/70 % in cleavage-stage embryos and 
70 %/30 % in blastocysts is consistent with prior 
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  Fig. 21.5    Late one-cell embryos cultured overnight in 
pyruvate-free medium, cleaved to two cells but consumed 
less oxygen than did control embryos cultured in medium 
containing 0.2 mM pyruvate. Data are presented as the 
change in dissolved oxygen concentration near embryos 
relative to that of the bulk medium (background = 0.21 mM). 
( a ) Unscaled data illustrating the relationship between, 
treatment, embryo size, and change in oxygen concentra-
tion of the medium near embryos. Each point is the 
mean ± standard deviation of >25 samples taken during a 
3–5-min period of self-referencing with the electrode 
position nearest to the embryo plotted as the distance from 
the embryo center. Measurements were taken 6  m m away 

from the surface of embryos from which the zona had 
been removed ( n  = 11 pyruvate-free embryos, 13 control 
embryos). Pyruvate-free embryos were smaller and con-
sumed less oxygen than did control embryos. ( b ) Scaling 
of data from A using the mathematical function described 
in the text demonstrated that control embryos depleted the 
surrounding medium of 26 % more oxygen than did 
embryos cultured overnight in pyruvate-free medium 
(mean ± standard deviation;  P <<0.005) (From Trimarchi 
JR, Liu L, Porter fi eld DM, Smith PJ, Keefe DL. Oxidative 
phosphorylation-dependent and -independent oxygen con-
sumption by individual preimplantation mouse embryos. 
Biol Reprod. 2000 Jun;62(6):1866–74, with permission)       
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investigations using different methods to mea-
sure oxygen consumption  [  47,   48  ]  and with stud-
ies of oxygen consumption by somatic cells  [  52, 
  53  ] . Our observations of OXPHOS-independent 
oxygen consumption during early development 
and OXPHOS-dependent oxygen consumption 
in the blastocyst are consistent with morphologi-
cal changes of mitochondria across preimplanta-
tion embryo development. Mitochondria in 
oocytes and early embryos have reduced cristae 
and blastocytes have swollen cristae  [  54–  59  ] . 
The number of mitochondria and copies of 
mtDNA  [  56–  61  ] , and the concentration of 
OXPHOS enzymes also increase in blastocysts 
 [  62,   63  ] . Total ATP content and ATP/ADP+ P 
ratio decrease in blastocysts, which would be 
expected to stimulate OXPHOS  [  47,   64,   65  ] . 
Metabolic substrate preferences also change 
across development  [  30,   36,   37,   46–  48,   66,   67  ] . 
At the two-cell stage, when mitochondria are 
condensed, and total ATP content, as well as the 
ATP/ADP ratio high, pyruvate provides the pre-
ferred energy substrate, lactate secretion is low, 
total oxygen consumption is low, and OXPHOS-
independent mechanisms account for the major-
ity of oxygen consumption. By blastocyst stage 
mitochondria exhibit extensive cristae, high con-
centrations of OXPHOS enzymes, and low total 
ATP content and ATP/ADP ratio. These stimu-
late aerobic glycolysis and OXPHOS-dependent 
mechanisms that increase lactate secretion and 
oxygen consumption.  

   Oxygen Consumption to Predict 
Embryo Outcome 

 Magnusson et al.  [  24  ]  suggested that human 
blastocysts consuming more oxygen developed 
to blastocysts at higher rates than those consum-
ing less oxygen. Overstrom et al.  [  27  ]  con fi rmed 
this result in bovine blastocysts. Studying 
healthy mouse embryos cultured in the robust 
culture media KSOM, we could not  fi nd a 
signi fi cant association between oxygen con-
sumption and embryo development, but nearly 
all the embryos developed to blastocyst. 
Consistent with the  fi ndings of Magnusson et al. 

and Overstrom et al., we demonstrated that 
healthy control one-cell embryos and blastocysts 
consumed more oxygen than those undergoing 
cell death. Since the early phases of cell death 
are associated with changes in mitochondria  [  35, 
  68,   69  ] , and changes in oxygen consumption 
were detectable only 3 h after treatment with an 
agent (diamide) known to induce death of 
embryos  [  35  ] , these results suggest that changes 
in oxygen consumption might be indicative of 
disruptions in mitochondria and a decline in 
developmental competence. 

 Various modi fi cations of the self-referencing 
oxygen sensor have demonstrated the ability to 
predict embryo fate in preclinical and clinical set-
tings. A modi fi cation of the self-referencing 
probe concept, which measures the oxygen gradi-
ents of embryos placed inside glass capillaries 
rather than in bulk media, found that the respira-
tion rates of individual bovine embryos provided 
information that was complementary to embryo 
morphology  [  70  ] . Later studies on bovine 
embryos established that the method did not 
appear to disrupt embryo viability, that in vitro 
produced bovine embryos had higher respiration 
rates than in vivo produced bovine embryos  [  71  ] , 
and that the sex of the embryo did not in fl uence 
its respiration  [  72  ] . Oxygen consumption by 
embryos appears to be affected by ovarian stimu-
lation regimens. A self-referencing oxygen sen-
sor demonstrated decreased oxygen consumption 
in vitri fi ed blastocysts after warming compared 
to control blastocysts  [  73,   74  ] . In summary, while 
much work remains, the self-referencing oxygen 
sensor holds promise to provide a noninvasive 
physiologic assay of embryo viability  [  75  ] .      
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 The use of descriptors such as  health ,  potential , 
and  viability  when applied to human oocytes and 
preimplantation stage embryos is intended to 
provide the observer of their performance in vitro 
some meaningful indication as to developmental 
competence. As a descriptor for development, 
competence implies an ability to predict with 
some measure of certainty both fertilizability and 
the ability of the fertilized oocyte to progress nor-
mally through the preimplantation stages. For the 
embryo, competence is typically used to gauge 
the likelihood of implantation and possibly, the 
likelihood of subsequent gestation to birth. 
Because certain elements of embryo competence 
are already largely determined in oocyte (e.g., 
occurrence of aneuploidy), there are few overt 
biological or physiological characteristics that 
can realistically distinguish between the “health” 
of an oocyte and the competence of the resulting 
embryo. However, meiotically mature human 
oocytes (metaphase II, MII) routinely obtained 
for in vitro fertilization (IVF) after controlled 
ovarian hyperstimulation and ovulation induction 
do exhibit certain cytoplasmic characteristics 
detectable by light microscopy that have been 
correlated with developmental competence  [  1–  3  ] . 
Indeed, for the oocyte considerable efforts have 
been devoted to characterizing oocyte morphol-
ogy with respect to competence  [  4  ] , and for the 

embryo, both static and morphokinetic (time-
lapse) imaging of performance will likely pro-
duce standard set of time- and stage-related 
morphological markers of competence  [  5  ]  associ-
ated with a speci fi c pattern of gene expression  [  6  ] . 

 The characterization of morphological cues to 
create a uniform scheme for competence evalua-
tion has two purposes: (1) to standardize assess-
ments between observers and IVF programs by 
the use of a common “language” and (2) to pro-
vide biologically based criteria for selection 
where the number of oocytes that can be insemi-
nated or embryos transferred is limited by local 
convention or is mandated by law. One of the 
positive features of a morphokinetic/perfor-
mance-based paradigm is that characteristics and 
features can be added, removed, or modi fi ed as 
outcome  fi ndings demonstrate predictive 
strengths or limitations for each. The weakness 
inherent in this type of competence evaluation is 
that it is empirical by nature, and in the absence 
of quantitative biometric algorithms, even a com-
mon language can be largely subjective. Although 
there have been some attempts to introduce objec-
tive parameters, such as determinations of blasto-
mere and nuclear volumes and shapes, similar 
biometrics designed to measure cytoplasmic loss 
to cytoplasts that were spontaneously extruded 
(fragments) have not entered routine use in the 
IVF laboratory. This is evidenced by subjective 
estimates of cytoplasmic loss listed in percentile 
form as for example, <10 %, <40 %, or >50 %, 
when performance  fi ndings from embryo culture 
are described in the literature or reported to 
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national IVF registries. Where empirical schemes 
truly fail, regardless of the criteria or characteris-
tics used, is their inability to suggest which oocyte 
or embryo to select when they are all literally 
morphologically equivalent. It is common in 
clinical IVF that after insemination of such 
oocytes, or transfer of two embryos between days 
2 and 5 with equivalent stage-appropriate appear-
ance and performance characteristics, no implan-
tation is indicted by a rise in circulating levels of 
human chorionic gonadotropin (hCG), or if a 
positive hCG occurs, the pregnancy is a single-
ton. While there is a relatively moderate-to-high 
probability, depending upon maternal age and 
fertility history, that some MII oocytes will be 
aneuploid at insemination, chromosomal defects 
cannot account for similar failures when embryos 
with positive morphological and performance 
characteristics (the so-called high grade) are 
shown to be euploid by preimplantation genetic 
diagnosis. Likewise, while poor or inadequate 
“uterine receptivity” is a known factor that can 
compromise postimplantation embryogenesis 
owing to speci fi c molecular and cellular defects 
in endometrial structure and function  [  7  ] , a nor-
mal singleton birth would seem to preclude this 
as a factor in the developmental failure of the 
other embryo. 

   Introduction of Objective Criteria for 
Competence Selection in Clinical IVF 

 The questionable reliability of subjective assess-
ments and the need for higher levels of con fi dence 
for selection have been the primary driving forces 
behind alternative methods to assess oocyte and 
embryo developmental “health.” For such assess-
ment schemes to be widely applicable in routine 
clinical IVF practice, the following conditions 
would seem self-evident, regardless of methodol-
ogy: (1) noninvasive, in the sense that it poses no 
risk of an iatrogenic contribution to failure; (2) 
objective, with respect to the provision quantita-
tive values that have a biological basis; (3) largely 
operator-independent, but able to be used to assist 
to the operator with a  fi nal selection if weighted 
towards objective criteria; (4) ease of adoption and 

use in the IVF laboratory, i.e., highly specialized 
analytical methods, equipment and expertise are 
kept to a minimum, if possible. The  fi nal and 
most important criterion of all is that of outcome. 
Whatever “alternative” to a strictly empirically 
based method of selection is used, the percent of 
normal births/treatment cycle must be clearly 
demonstrated to be signi fi cantly superior to 
successful outcomes obtained with the same 
experienced IVF laboratory personnel who were 
involved in selection by morphological criteria 
alone. Under this circumstance, the fourth caveat 
noted above is unnecessary, and if outcome results 
are found to be consistently higher that previously 
under the same conditions of oocyte retrieval, 
fertilization, and embryo culture, the added 
expense for selection that is objectively based 
should be considered justi fi able. 

 In clinical practice, biochemical analysis of 
culture medium in which early embryogenesis is 
occurring is truly noninvasive and can be com-
pletely operator-independent. A simultaneous 
morphokinetic sequence of performance during 
in vitro culture imaged by time-lapse could be of 
bene fi t if used to distinguish between embryos in 
which objective/analytical criteria for selection 
were essentially identical. Selection of oocytes 
for insemination presents a different set of 
requirements. First, there is value for morphol-
ogy, if only to eliminate immature oocytes and 
those with cytoplasmic defects known to com-
promise competence  [  1–  3  ] . However, these 
oocytes must be denuded of all surrounding 
somatic cells, which can be an iatrogenic factor 
in fertilization failure by conventional IVF, thus 
requiring invasive insemination by ICSI. Second, 
whatever oocyte biochemical parameters are 
being measured, if they are to re fl ect oocyte com-
petence directly, the somatic cumulus and coro-
nal cells will still have to be removed. At present, 
most research efforts that have focused on the 
identi fi cation of potential competence biomark-
ers by noninvasive means have analyzed the 
medium in which human oocytes and preimplan-
tation stage embryos were cultured. The biological 
basis of this approach is a relatively simple one, 
namely, that the presence of an oocyte or embryo 
will effect changes in medium composition and 
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their quantitation may re fl ect normal cellular 
activities that can be correlated with outcome and 
therefore, competence markers detectable at the 
earliest stages of development. In practice, ana-
lytical methods considered useful in competence 
assessments are designed to measure different 
aspects of cellular metabolism that may be detected 
by rates of depletion or uptake of medium con-
stituents, the presence of molecules secreted into 
culture medium, and the synthesis or turnover of 
bioactive molecules, which would include secreted 
small polypeptides and proteins.  

   Mitochondria as Biomarker 
of Developmental Health 

 Recently, the notion that mitochondria could be a 
signi fi cant factor in the developmental compe-
tence of human oocytes and embryos has received 
considerable interest, especially with respect to 
their fundamental role in supporting cellular bio-
energetics  [  8–  12  ] . Indeed, the notion that a bio-
energetic de fi ciency in the human oocyte could 
be a primary cause of compromised developmen-
tal competence has led to parallel avenues of 
investigation including the following: (1) analy-
sis of oxygen consumption as an indicator of 
mitochondrial activity  [  13,   14  ] ; (2) measurements 
of pyruvate and glucose uptake  [  15,   16  ] ; (3) 
determinations of what is a net cytoplasmic ATP 
content for the mature oocyte that is consistent 
with competence  [  17–  19  ] ; (4) detection of puta-
tive molecular signatures of metabolites in cul-
ture medium by Raman spectroscopy or proton 
nuclear magnetic resonance that may indicate 
levels of mitochondrial metabolism  [  20–  22  ] ; (5) 
the possibility that competence may be restored 
to normalcy by “therapeutic” mitochondrial 
donation  [  23  ] ; and (6) that dietary supplementa-
tion, including the use of certain polyunsaturated 
fatty acids, may bene fi t “mitochondrial health” 
by enhancing their functions, including bioener-
getic performance  [  24,   25  ] . Each of these investi-
gational paths is based on the single premise that 
mitochondrial health and ATP production are 
directly related, and directly determine oocyte 
and preimplantation embryo competence; this 

implies the existence of threshold bioenergetic 
levels that determine whether or not an oocyte 
undergoes normal preovulatory maturation, is 
fertilization competent, and can develop through 
the preimplantation stages with suf fi cient ATP 
to support energy-requiring processes during 
cleavage, cavitation, blastocyst formation, expan-
sion, and hatching. The intent of this review is to 
examine what is known about mitochondrial 
function during early mammalian development, 
whether the assumption that mitochondria are a 
proximal cause of early developmental failure is 
credible, and whether it is possible to reliably 
assess mitochondrial activity noninvasively as 
metric of competence. 

 All mitochondria in the mammal are mater-
nally inherited from a relative handful present in 
the primordial germ cell  [  26  ] . Mitochondrial rep-
lication occurs during the growth phase and 
reaches a terminal complement size when the 
oocyte is fully grown (germinal vesicle stage) 
and usually competent to reinitiate meiosis, 
which had been arrested at prophase I (from the 
fetal stages). The origin of an expanded maternal 
complement from such a small number of pro-
genitors is the basis of metabolic (OXPHS) dis-
eases if a pathogenic mutation in mitochondrial 
DNA (mtDNA) that affects certain functions, 
such as ATP production, is differentially expressed 
(mutant load) between oocytes  [  27,   28  ] , resulting 
in varying degrees of phenotypic expression 
(severity of clinical symptoms) in affected indi-
viduals. The usual familiarity clinical and basic 
researchers have with mitochondria is in the con-
text of their being termed the “powerhouse of a 
cell” that supplies the energy required to drive 
biological processes. Less familiar to most are 
their roles in calcium and redox signaling  [  29–  32  ] , 
signal transduction  [  33  ] , apoptosis and cell cycle 
regulation  [  34  ] ,  b -oxidation  [  35  ] , steroidogenesis 
 [  36  ]  and more recently, possible roles in tumor 
suppression  [  37  ] . 

 The archetypical photographic image of mito-
chondria is commonly one of an electron micro-
graph taken from a differentiated cell showing 
fully developed, highly elongated organelles with 
numerous well-de fi ned cristae traversing a matrix 
of low electron density. This is the impression 
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most have of this organelle, because it is the usual 
representation of their  fi ne structure presented in 
biology textbooks. Some of the micrographs 
still used for illustrative purposes are from the 
original  fi ne structural studies of Sjostrand  [  38  ]  
and Palade  [  39,   40  ]  in the early 1950s! In the 
same respect, the notion that mitochondrial struc-
ture and function are indicators of the health or 
age of somatic cells, and that changes in structure 
parallel cellular pathogenesis, has been a central 
element in studies of cellular aging, cancer, 
degenerative neuromuscular and metabolic dis-
eases for decades  [  41–  46  ] . 

 Given the fundamental contribution of mito-
chondria to normal cell function and the known 
pathophysiological consequences of mitochon-
drial dysfunction, a similar role in the establish-
ment of developmental competence for the human 
oocyte and preimplantation stage embryo is not 
too surprising. When it is also considered that 
mitochondrial replication ( fi ssion) does not begin 
until well after implantation  [  47  ] , the presence of 
a numerically suboptimal complement, or a dys-
functional subpopulation, could have a signi fi cant 
impact on competence if stage-speci fi c energy 
supply and demand are not in balance. In part, 
this explains the current emphasis on mitochon-
dria as a principle determinant of human oocyte 
and embryo competence, and interest in whether 
noninvasive methods exist or could be developed 
to assess mitochondrial “health” at the oocyte or 
early preimplantation stages for purposes of 
selection. In order to address these possibilities, 
important differences between mitochondria in 
differentiated cells and those common to mam-
malian oocytes and early embryos, including the 
human, need to be considered.  

   The State of Mitochondrial 
Development in Mature Oocytes and 
Early Embryos 

 The classic view of a mitochondrion noted above 
bears little resemblance to their  fi ne structure in 
the mature human oocyte and newly fertilized egg 
 [  48  ] . Similar to their counterparts in other mam-
mals (e.g., mouse, rabbit  [  49,   50  ] ), mitochondria 

in MII human oocytes are small (~1  m m in 
diameter  [  26  ] ), spherical to slightly oblong, 
 contain a large, electron dense matrix with no 
well-de fi ned internal membranous architecture 
that normally de fi nes the interior compartment. 
Indeed, the relatively few detectable cristae are 
truncated and located near the outer mitochon-
drial membrane, rarely penetrating the dense 
matrix to any signi fi cant degree. Because of this 
organization, mitochondria at these stages are 
referred to “undeveloped,” but that does not 
mean they are metabolically inactive  [  51,   52  ]  or 
that signs of dysfunction evident at the  fi ne struc-
tural level in fully developed organelles are not 
evident in oocyte mitochondria. One of the  fi rst 
detailed studies relating the structure and bio-
chemistry of mitochondria in oocytes of women 
of advanced reproductive age was undertaken by 
Muller-Hocker et al.  [  53  ] , who reported increased 
mitochondrial volume (swelling) and changes in 
 fi ne structure indicative of reduced respiratory 
function were common features associated with 
advanced age. Despite the varied mitochondrial 
functions and activities noted above to have 
essential roles in normal cell function, their role 
in ATP production is generally considered the 
primary factor responsible for early develop-
mental failure in the human. In this context, a 
cytoplasmic bioenergetic de fi cit has been sug-
gested as the cause of certain cytoplasmic 
defects, chromosomal aneuploidies, and failed 
fertilization for the human oocyte, and for the 
preimplantation embryo, chromosomal mosa-
icism and developmental arrest  [  17,   18,   54–  60  ] . 
If a reduced capacity to generate ATP is related 
to mitochondrial swelling and other structural 
defects, a bioenergetic de fi cit may indeed be a 
causative factor in the age-related decline in fer-
tility and fecundity that occurs with advancing 
maternal age  [  53  ] . 

 The ATP requirements of the oocyte and newly 
fertilized egg are supplied by mitochondria that 
while structurally undeveloped are nevertheless 
metabolically active, as demonstrated by the 
kinetics of cytoplasmic ATP turnover under con-
ditions that inhibit electron transport or oxidative 
phosphorylation  [  61  ] . To meet demands for the 
oocyte or early embryo as a whole, an intrinsically 
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low ATP output for each mitochondrion is likely 
compensated for by the size of the mitochondrial 
complement, the progenitor population for the 
next generation, prior to their postimplantation 
replication. It is here where mitochondrial activ-
ity, cytoplasmic bioenergetics, and developmen-
tal competence converge to become an active 
area of investigation with respect to human oocyte 
and embryo developmental ability. The most 
obvious and practical question for clinical IVF is: 
if mitochondrial “health” could be assessed non-
invasively, would it serve as a reliable biomarker 
of competence for oocyte and embryo selection?  

   What Is the Normal Mitochondrial 
Complement of a Mature Human 
Oocyte: Mitochondrial Mass vs. 
MtDNA Copy Number? 

 The numerical size of the mitochondrial comple-
ment in a MII human oocyte and whether certain 
threshold levels exist that can be clearly associ-
ated with competence and fundamental cell bio-
logical and fundamental cell biological issues 
remain to be resolved. For example, could a bio-
energetic de fi cit be associated with a suboptimal 
population that resulted from a defect in mito-
chondrial replication during the growth phase of 
oogenesis? Most studies that have asked these 
questions have assumed that each oocyte mito-
chondrion contains a single genomic copy and 
that mtDNA copy and organelle numbers (mito-
chondrial mass) are largely equivalent; some early 
reports related low mtDNA copy numbers to the 
normality of preovulatory maturation in vivo, fer-
tilizability and early development in vitro  [  57,   62  ] . 
Yet other studies using similar PCR methodolo-
gies showed mtDNA contents for mature (MII) 
oocytes differing by several orders of magnitude, 
from the low thousands to high hundreds of thou-
sands to over one million copies  [  18,   52,   59,   63–  67  ] . 
If based on size alone, the sea urchin oocyte and 
human MII oocyte are both about 100  m m in diam-
eter, and early morphometric analyses indicated a 
mitochondrial complement in the sea urchin of 
about 150,000 organelles  [  68  ] . It would seem 
unlikely that fully grow human oocytes have mito-

chondrial numbers close to one million organelles, 
and studies designed to estimate this number, 
report a complement size that is at least an order 
of magnitude lower  [  69  ] , suggesting that mito-
chondrial mass and mtDNA copy number are not 
synonymous. Indeed, threshold values reported to 
be associated with normal competence are dif fi cult 
to reconcile with each other as what one study 
may describe as an mtDNA threshold for compe-
tence can be signi fi cantly different from another 
that with the same methodology, has reached a 
similar conclusion but at a much higher mtDNA 
value  [  18,   59  ] . It would appear that the notion of 
one mtDNA copy/organelle may need to be revis-
ited, and that additional determinations of thresh-
old organelle numbers for competence in the 
human oocyte and early embryo are warranted. It 
may well be that a mtDNA copy number around 
100K is a reasonable consensus  fi gure for compe-
tence, as suggested by some  [  69  ] , but whether this 
translates to a mitochondrial population at MII of 
20,000 or 100,000 organelles remains to be deter-
mined  [  70  ] . 

 The relationship between mtDNA copy num-
ber and ATP generation in structurally undevel-
oped oocyte mitochondria is presumably similar 
to the one identi fi ed for differentiated cells, where 
respiratory rates and mtDNA copy number are 
associated  [  52,   71  ] . However, this association 
may be more complicated in the oocyte than in 
the somatic cell. In several species, a signi fi cant 
burst of mtDNA synthesis occurs during preovu-
latory meiotic maturation, i.e., in the fully grown 
oocyte immediately preceding ovulation  [  72  ] . 
However, these authors reported that during the 
early cleavage stages, most of these new copies 
were degraded and mtDNA content returned to 
near previous levels. A transient increase in 
mtDNA in the oocyte may allow higher levels of 
ATP generation to support of energy-intensive 
activities during the terminal stages of oogenesis, 
fertilization, and early cleavage. Why nearly 
80 % of the mtDNA copies are apparently 
degraded prior to morulation and cavitation, 
which are presumably high-energy demanding 
processes, is unclear  [  72  ] . Perhaps the beginning of 
a structural transformation from an undeveloped 
to more developed form is associated with a 
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 progressive upregulation of respiratory capacity 
and ATP output/organelle such that demand and 
supply are in balance  [  12,   50  ] . Whether this is a 
realistic explanation for stage-speci fi c mtDNA 
kinetics, or whether a similar transient expansion 
of mtDNA occurs in the maturing human oocyte, 
is unknown. However, if the health of an oocyte 
or nascent embryos is to be assessed on mito-
chondrial properties and activities (e.g., levels of 
 b -oxidation, superoxide generation), these are 
the types of basic cell biological questions that 
will need to be answered and de fi ned with respect 
to “normal” stage-speci fi c mtDNA and organelle 
numbers and ATP supply and demand. In this 
regard, we are currently investigating different 
analytical methods for their ability to accurately 
measure and correlate mitochondrial mass and 
mitochondrial activity in mature human oocytes 
and preimplantation embryos  [  73  ] .  

   Mitochondria and Free Calcium 
Homeostasis 

 The regulatory relationship between mitochon-
drial activity and ambient free calcium levels is 
another aspect of mitochondrial bioenergetics 
found in differentiated cells that also applies to 
the oocyte and early embryo, despite their struc-
turally undeveloped forms  [  12,   74  ] . Recently, 
Van Blerkom  [  52,   75  ]  reported that unusually 
high net cytoplasmic ATP contents occurred in 
some MII human oocytes and could be correlated 
with defects in the regulation of intracellular free 
calcium. The elevated ATP content did not appear 
to result from a mitochondrial mass (organelle 
complement) that was higher than normal, but 
rather from levels of intracellular free calcium 
measured after calcium ionophore activation that 
were signi fi cantly higher than normally recorded 
for the  fi rst  calcium-transient maxima detected 
either after fertilization, or in normal ionophore-
activated human oocytes  [  74  ] . Also atypical was 
the  fi nding that high intracellular free calcium 
levels persisted for signi fi cantly longer than usual 
after activation or fertilization. The origin of this 
atypical bioenergetic state was suggested to result 
from a defect in the organization of the smooth 

surfaced endoplasmic reticulum (sER) from 
which free calcium was released en mass from 
highly condensed, rather than dispersed cister-
nae. In somatic cells, the release of calcium from 
sER elements in proximity to mitochondria regu-
lates levels of ATP production  [  76  ]  and by means 
of both calcium-induced calcium-release (CIRC 
 [  77  ] ) and the mitochondrial CIRC signaling 
pathways (mCIRC  [  52,   78  ] ); mitochondrial ATP 
generation can be up-or down-regulated. 
Dumollard et al.  [  79  ]  showed that mitochondrial 
activity in mouse oocytes was regulated by free 
calcium released from sER elements in proximity 
to these organelles. For the human, small clusters 
of mitochondria surrounded by cisternae of the 
sER has been suggested to be a normal feature of 
the subplasmalemmal cytoplasm in the mature 
oocyte  [  51  ] . These authors suggested that ATP 
production by subplasmalemmal mitochondria 
may be upregulated by proximity to sER clusters 
and that an elevated bioenergetic capacity may be 
needed to support various oolemmal functions 
(e.g., transport, signaling, endo- and exocytosis). 
By means of regulating mitochondrial activity 
through modulation of free calcium levels, ATP 
supply and demand can be balanced focally and 
without changing mitochondrial activity in the 
entire cytoplasm, or where a higher bioenergetic 
state was not needed. In the absence of focal reg-
ulation, a global increase in mitochondrial activ-
ity could be associated with unwanted increases 
in superoxide generation  [  79  ] , which if beyond 
the endogenous capacity of the oocyte to detoxify 
this oxygen-free radical, has the potential to 
induce damaging effects on cell structure and 
function. 

 Assessing mitochondrial “health” as a mea-
sure of oocyte or embryo competence by direct 
quanti fi cation of ATP or mtDNA content is obvi-
ously not a viable method as cell lysis is required. 
Quanti fi cation of superoxide levels may provide 
an indication of mitochondrial activity that could 
be related to mitochondrial health, as described 
below. However, lysis of oocytes or embryos for 
the  fi rst two mitochondrial parameters noted 
above could be clinically helpful if used retro-
spectively, i.e., as part of a diagnostic scheme to 
examine possible etiologies of total  fertilization 
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or preimplantation developmental failure in a 
cohort. In the same respect, failure analysis 
using direct assessments of mitochondrial 
mass by quantitative  fl uorescent analysis with 
mitochondria-speci fi c probes could show 
whether developmentally signi fi cant differences 
existed between oocytes, assuming that a stan-
dard curve of relative  fl uorescent intensity (RFI) 
and mitochondrial mass could be generated  [  73  ] . 
For selective purposes for fertilization or 
embryo transfer, use of most currently available 
mitochondria-speci fi c  fl uorescent probes is 
 problematic. While a particular probe or stain 
may not be cytotoxic or cause defects in cell 
function when associated with mitochondria, this 
can change when the  fl uorophore is excited by 
ultraviolet illumination, and depending upon 
probe, concentration, duration of illumination, 
and the relative intensity of  fl uorescence, mito-
chondrial damage and disruption can have lethal 
developmental effects that are essentially imme-
diate (Van Blerkom, unpublished) or manifest 
during the pre- or early postimplantation implan-
tation stages  [  80  ] . 

 Another factor to be considered in assessment 
schemes that contemplate the use of mitochon-
dria as a biomarker of oocyte and embryo devel-
opmental health, is that they can be 
disproportionately inherited (segregated) during 
the  fi rst and subsequent cleavage divisions of the 
human embryo  [  81  ] . The resulting cells have dif-
ferent ATP contents and RFI reported by 
mitochondria-speci fi c probes. One potentially 
clinically useful aspect of this  fi nding is that it 
may be possible to relate mitochondrial mass 
with a bioenergetic state for each blastomere dur-
ing early cleavage, as noted above. The differ-
ences observed in ATP content and RFI for 
embryos in which blastomeres were examined 
individually were related to the intact embryo 
with regard to normal or abnormal performance 
characteristics during cleavage to the 12-cell 
stage. Where mitochondrial segregation between 
blastomeres was relatively uniform at the 2- and 
4-cell stages, development to the 12-cell stage was 
normal with respect to stage and time-appropriate 
cell divisions. In instances where disproportion-
ate segregation occurred, blastomeres with a 

signi fi cantly lower RFI than their siblings either 
arrested cell division, divided more slowly or in 
the extreme; where RFI and ATP content values 
(measured in similar cells) were quite low, blas-
tomeres underwent abrupt lysis. What these 
studies showed was that total ATP measured for a 
cleavage stage embryo can be misleading as far 
as relating mitochondrial health to competence 
is concerned. Total ATP levels for embryos show-
ing disproportionate inheritance were within nor-
mal ranges for cleavage stage embryos, which 
could indicate healthy organelles; how they are 
numerically distributed among blastomeres, how-
ever, can have variable developmental conse-
quences that differentially affect the developmental 
“health” of each cell within the embryo  [  81  ] . The 
results also suggest threshold levels exist for ATP 
and mitochondrial mass that can be related to the 
competence of individual blastomeres. However, 
ATP analysis required cell lysis so any estimates 
of bioenergetic status based on mitochondrial 
RFI would require the derivation of standard 
curve of blastomere-speci fi c RFI for each potential 
probe (e.g., rhodamine 123, MitoTracker family), 
a standard staining time and concentration, fol-
lowed by blastomere lysis for ATP quanti fi cation 
by chemiluminescent methods  [  17  ] . 

 In this experimental context, relative mito-
chondrial  fl uorescence determined in the living 
state can be related to quantitative measurements 
of ATP content after lysis. In unpublished studies 
by this author, the mitochondrial mass for indi-
vidual blastomeres in 2- and 4-cell human 
embryos could be estimated based on the cell-
speci fi c intensities of mitochondrial  fl uorescence 
measured with different  fl uorescent probes  [  73  ]  
and correlated with bioenergetic state by quanti-
tative ATP measurements in the corresponding 
lysed blastomeres  [  17  ] . However, as is often the 
case in translating experimental  fi ndings into 
clinically applicable and acceptable methods, the 
process of quantifying mitochondrial RFI in 
oocytes or early embryos intended for IVF or 
transfer can have adverse downstream conse-
quences likely related to subtle damage to mito-
chondrial membranes during the duration of 
 fl uorophore excitation required to obtain mean-
ingful quantitative values by scanning laser 



246 J. Van Blerkom

 confocal microscopy. In these instances, cleav-
age continued for 1 or 2 divisions and then ceased. 
Fine structural analysis showed delayed altera-
tions in mitochondrial  fi ne structure, such as 
vacuolation within the matrix and distended or 
fragmented cristae, which are also characteristics 
of mitochondria in differentiated cells undergo-
ing pathological changes related to disease or 
acute exposure to toxic agents. 

 The advantage of direct microscopic observa-
tion and quantitation of mitochondrial 
 fl uorescence is the ability to image individual 
cells as well as the entire embryo. Thus, subtle 
differences between oocytes and embryos or 
within embryos (i.e., blastomeres) with respect to 
mitochondrial mass should translate to estimates 
of bioenergetic status and competence. However, 
imaging by traditional  fl uorescent microscopy 
(e.g., epi fl uorescence or scanning laser confocal) 
with current probes is associated with a risk of 
iatrogenic damage that could compromise subse-
quent cell function and embryo competence, as 
noted above. Additional studies in which dif-
ferent reporters are tested for their ability to 
 accurately quantify mitochondrial RFI, or advan-
tage is taken of nonlethal mitochondrial 
auto fl uorescence  [  82  ] , or live cell measurements 
of cytosolic metabolites that re fl ect mitochondrial 
activity  [  83  ] , offer novel possibilities to correlate 
mitochondrial health and bioenergetic status for 
use as biomarkers of competence for selection in 
clinical IVF. As discussed below, colorimetric 
measurements of enzymatic reactions or bioac-
tivities that are ATP-driven may provide an indi-
rect indication of cytoplasmic bioenergetics and 
may be useful for assessing relative mitochon-
drial activity levels. However, it is worthwhile 
mentioning that all current methods that attempt 
to relate mitochondrial function in human oocytes 
or early embryos with competence, whether by 
rates or levels of oxygen uptake, metabolite 
depletion, or by biochemical alterations detect-
able in culture medium (the so-called molecular 
signatures detected by Raman spectroscopy), are 
ultimately associating competence with some 
metabolic activity that has a mitochondrial com-
ponent. However, it should be emphasized that 
these assessments are made for intact embryos, 

and that blastomere-speci fi c differences related 
to mitochondrial activity or bioenergetic status 
would go undetected. It may well be that sponta-
neously occurring differences in mitochondrial 
content that arise between blastomeres during 
cleavage are not only commonplace in clinical 
IVF, but ultimately have a greater in fl uence on 
developmental competence than apparent differ-
ences in mtDNA copy number between oocytes. 
It is in this context that future efforts related to 
mitochondrial health by quantifying stage-
speci fi c activity levels or functions may be better 
directed for competence assessments.  

   Spatial Compartmentalization 
of Mitochondrial Activity in Oocytes 
and Preimplantation Stage Embryos: 
Potential Biomarkers of Competence 

 Van Blerkom and Davis  [  84  ]  introduced the 
notion that mitochondria in the mature oocyte 
and nascent embryo may functionally compart-
mentalized whereby activity in the subplas-
malemmal cytoplasm was different from levels in 
more interior regions. These authors suggested 
that mitochondria in proximity to the oocyte sur-
face may have a higher inner mitochondrial mem-
brane potential ( D  Y m) than those more distant 
and as a result, higher levels of ATP generation 
 [  52  ] . Further studies  [  85  ]  indicated that high 
potential in the subplasmalemmal domain likely 
occurs at the terminal stages of preovulatory mat-
uration, while for the newly fertilized egg and 
early embryo, high potential in this region is con-
stitutive. It is not until the blastocyst stage, and 
for the trophectoderm speci fi cally, that intracel-
lular distinctions between high and low potential 
mitochondria no longer exist; virtually all tro-
phectodermal mitochondria are high potential 
whereas  D  Y m, re fl ective of mitochondrial bioen-
ergetic activity in the inner cell mass is lower 
 [  86  ] , which is consistent with quantitative mea-
surements of ATP generation in the inner cell 
mass showing lower levels of ATP production 
than in trophectoderm  [  87  ] . 

 In the context of location-dependent mito-
chondrial activity as a possible determinant of 
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human oocyte and competence, potentiometric 
probes can provide useful spatial and metabolic 
information that may enable competent oocytes 
and embryos to be distinguished from those that 
are more likely to be developmentally compro-
mised. For example, normal appearing human 
MII oocytes found to be unpenetrated after con-
ventional IVF often showed scant or undetect-
able high potential mitochondria in the 
subplasmalemmal cytoplasm  [  51,   88  ] . Wilding 
et al.  [  89  ]  observed abnormal distributions of 
high  D  Y m in cytoplasmic mitochondrial aggre-
gates and correlated these atypical formations 
with high frequencies of chromosomal aneu-
ploidies and catastrophic mosaicisms in human 
IVF. In this study, the presence of distinct clus-
ters of high potential mitochondria were 
observed in the cytoplasm, whereas others, using 
the same potentiometric  fl uorescence probe 
(JC1), found high potential forms localized to 
the subplasmalemmal cytoplasm  [  23,   51,   74, 
  90  ] . In this regard, Aw  [  91  ]  showed that mito-
chondrial clustering could upregulate  D  Y m 
within the cluster by virtue of a reduced ambient 
pHi resulting from ATP hydrolysis, which 
increases the magnitude of the chemi-osmotic 
gradient across the inner mitochondria mem-
brane that establishes  D  Y m.    Whether subtle dif-
ferences in reactive oxygen species (ROS) 
generation or redox state could have local 
in fl uence on signal transduction pathways that 
are ROS- or redox-dependent  [  52,   92  ] , or on 
ROS-induced mitochondrial ROS release path-
ways  [  93  ]  remain to be investigated as possible 
determinants of developmental competence that 
have a mitochondrial association. 

 In our studies, we have found that current 
mitochondria-speci fi c potentiometric probes such 
as JC1, which can report relative activity levels, 
are highly useful in assessing mitochondrial 
“health” after the fact; that is, in oocytes that 
failed to mature, fertilize, or develop normally 
after penetration  [  51,   88  ] . However, for proactive 
use in selection, they would have to be shown to 
be nontoxic and developmentally benign in 
stained oocytes and embryos with or without 
excitation. It is unlikely that current methods 
and probes used to report different aspects of 

mitochondrial physiology, activity (e.g.,  D  Y m), 
or mass, would be clinically acceptable for selec-
tion prior to fertilization or transfer, but they 
could be a useful diagnostic in determining 
whether mitochondria had a role in failed IVF 
cycles, as noted above. However, continued stud-
ies are warranted, because the “right” probe could 
offer a direct indication of mitochondrial “health” 
if the  fi ndings can be quantitated and correlated 
with other omic parameters, such as oxygen or 
substrate utilization, molecular signatures in cul-
ture medium, embryo performance in vitro, and 
outcome after transfer. The right probe of course 
needs to be one where its detection does not have 
adverse or lethal downstream effects on embryo-
genesis, as has been shown to occur with the 
 fl uorescent probes currently used to study mito-
chondria during early mammalian development. 
In this regard, the following section presents 
other approaches to assess mitochondrial health 
that have come from the animal industry or from 
new research  fi ndings relevant to mitochondrial 
physiology.  

   Novel Biomarkers of Mitochondrial 
Function and Cellular Bioenergetic 
Status: Potential Applications in 
Clinical IVF 

   Superoxide Flashes 

 More speculative in terms of possible methods 
to assess mitochondrial function and activity is 
the recent detection of the so-called superoxide 
 fl ashes that result from the spontaneous open-
ings of the mitochondrial transition pore com-
plex that induces superoxide generation by the 
electron transport chain  [  93–  96  ] . Superoxide is 
a ROS generated by the “leakiness” of the elec-
tron transport chain that under normal cytoplas-
mic conditions plays an important role in cellular 
functions, including ROS-dependent signaling 
(see above). Cellular toxicity can result when 
superoxide generation is abnormally high 
(e.g., oxidative stress) and endogenous ROS 
scavenger pathways (e.g., glutathione) are 
insuf fi cient to return levels to a homeostatic 
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state.    The detection of superoxide  fl ashes and 
their relationship to mitochondrial physiology, 
bioenergetic and calcium homeostasis, ROS sig-
naling and redox state is a comparatively new 
area of mitochondrial research that has already 
contributed new insights into understanding 
normal cell function and the pathophysiology of 
disease  [  97,   98  ] . Different analytical methods 
have been developed to detect superoxide  fl ashes 
(i.e., the superoxide ion) including  fl uorescence 
microscopy, chemiluminescence, and electron 
spin resonance with stable spin probes  [  99,   100  ] . 
However, quantitation can be problematic and 
especially challenging with  fl uorescent methods 
that use an endogenous superoxide biosensor, 
such as a circularly permuted yellow  fl uorescent 
protein (cpYFP; 101), whose presence in the 
mitochondrial matrix currently requires geneti-
cally targeting transfection. Nevertheless, opti-
mism expressed in recent studies for this aspect 
of mitochondrial physiology has centered on its 
potential to assess the state of mitochondrial 
activity under different environmental and phys-
iological conditions that can be related to nor-
mal or abnormal cellular states. Whether 
technology of this type has applications in clini-
cal IVF for the assessment of mitochondrial 
health is dif fi cult to predict at the present time. 
Clearly, gene transfection that results in the 
translation of a protein-based superoxide bio-
sensor is not a reasonable use of this technology 
for clinical purposes. However, continued stud-
ies will likely see the development of cell per-
meable superoxide biosensors that can be 
introduced in vitro and targeted to mitochondria 
 [  101  ] . Under ideal circumstances,  fl ash quanti-
tation using chemiluminescent detection could 
be applied to oocytes and early embryos for 
assessments of mitochondrial health and related 
to developmental viability, but only if (1) no 
downstream toxicity is evident, (2) superoxide 
production in the structurally undeveloped mito-
chondria of the human oocytes and pre-expan-
sion stage embryo occurs with suf fi cient 
sensitivity for purposes of competence selec-
tion, and (3) the biosensor can be incorporated 
into the oocyte or blastomere without genetic 
manipulations. Measuring superoxide  fl ashes 

for clinical purposes in infertility treatment is an 
intriguing possibility, especially if it can be 
shown to assess mitochondrial  function and 
activity as presently indicated for cultured 
somatic cells, and analytical means appropriate 
for the IVF laboratory can be developed  [  102  ] . 
This technology may also identify important 
differences between oocytes and early embryos 
in their endogenous ability to react to oxidative 
stress that may occur during in vitro culture and, 
therefore, provide an additional parameter to 
assess developmental health or competence.  

   Oxygen Uptake and Mitochondrial 
Health 

 The possibility of measuring subtle physiological 
processes that may be directly related to mito-
chondrial health for purposes of selection, such 
as superoxide  fl ashes, is necessarily speculative 
because this  fi eld of research is still developing 
and it is unclear whether methods used in experi-
mental research can readily translate to the clini-
cal IVF laboratory. However, other methods 
suggested to indirectly report mitochondrial 
activity in oocytes and preimplantation stage 
embryos, such as quantitation of rates and levels 
of oxygen uptake from culture medium, have 
been used to assess oocyte and embryo compe-
tence in different species, including the human 
 [  13,   103–  106  ] . Whether uptake  fi ndings can be 
related to outcome and, therefore, serve as the 
primary criterion for noninvasive oocyte or 
embryo selection is still unclear in human IVF 
 [  107  ] ; reliable stage-speci fi c threshold levels of 
oxygen consumption below which developmental 
competence can be clearly and reproducibly shown 
to be compromised, based on fertilizability, 
embryo performance in vitro, and outcome after 
transfer, have yet to be determined or established 
de fi nitively. It should also be recalled that for the 
oocyte, uptake measurements of oxygen or other 
metabolites and small molecules require compete 
denudation of the somatic cumulus and coronal 
cell compartment, which could compromise con-
ventional IVF and thus require the added costs of 
ICSI. For oxygen uptake kinetics in particular, 
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there are several unknowns related to use in 
human IVF that need to be resolved: (1) what 
percent of dissolved oxygen extracted by the 
oocyte or embryo from culture medium is used 
for oxidative metabolism? In other species, a 
signi fi cant proportion does not go to oxidative 
respiration  [  13  ] ; (2) to what extent do uptake and 
utilization kinetics differ between morphologi-
cally equivalent MII oocytes and preimplantation 
stage embryos? (3) can stage-speci fi c threshold 
levels be established that with respect to outcome, 
have high predictive power for competence selec-
tion? and (4) to what extent are these putative 
threshold levels consistent with a speci fi c mito-
chondrial mass, mtDNA copy number, bioener-
getic state, or spatial localization of high  D  Y m 
forms? The value of this approach to assessments 
of mitochondrial health will only be demon-
strated by consistent outcome  fi ndings where 
oocyte and embryo selection is standardized in 
well-designed and controlled clinical studies.  

   Brilliant Cresyl Blue Staining 

 Current methods proposed for competence 
assessment that may be related to mitochondrial 
health or metabolic activity described above 
involve the use of relatively complex analytical 
equipment that can detect and quantitate at high 
sensitivity, changes in molecular signatures, 
metabolomic and biochemical pro fi les, and oxy-
gen uptake from culture medium. The use of 
these physiological parameters is largely intended 
to provide objective information that is indepen-
dent of, or an assist to, subjective assessments 
(oocyte or embryo morphology or certain in vitro 
performance characteristics), with suf fi cient pre-
dictive power with regard to outcome as to 
become the primary means of competence selec-
tion. However, there are other methods that have 
been used in the animal industry to assess compe-
tence that may have clinical applications and are 
considerably simpler in concept and laboratory 
application than those described above. It is often 
forgotten, or possibly unrecognized by those 
whose only experience with IVF is in the clinical 
arena, that virtually all important protocols, culture 

media, and knowledge about the molecular and 
cellular biology of oogenesis, fertilization, and 
preimplantation embryogenesis derive from 
experimental models (e.g., mouse) and commer-
cially important species (e.g., bovine). 

 Brilliant Cresyl Blue staining (BCB) is one of 
the most widely used methods for oocyte selec-
tion for commercial embryo production that use 
oocytes derived from slaughterhouse ovaries for 
in vitro maturation and IVF in a variety of impor-
tant species including the bovine  [  108  ] , ovine 
 [  109  ] , porcine  [  56,   110  ] , caprine  [  111  ] , and oth-
ers  [  112  ] . BCB is a noninvasive method that mea-
sures glucose-6-phosphate dehydrogenase 
activity  [  108–  113  ] . At high activity levels, such as 
in growing oocytes, BCB is reduced to a colorless 
compound, where as in fully grown oocytes, in 
which enzyme activity is lower, BCB retains it 
color. The developmental competence of BCB +  
and BCB −  oocytes has been demonstrated by 
outcome after IVM and IVF, or IVF alone with 
embryos transfers from MII oocytes selected on 
the basis of coloration (BCB + ) or its absence 
(BCB − ). In the bovine and ovine systems, supe-
rior rates of in vitro development to the blastocyst 
stage were observed in oocytes classi fi ed as BCB +  
and in most studies, differences in blastocyst for-
mation between embryos from BCB negative and 
positive oocytes have been marked higher, often 
threefold higher  [  111–  113  ] . In animal studies, 
including the mouse  [  114  ]  intact cumulus-oocyte 
complexes are stained with BCB, and after denu-
dation, cytoplasmic coloration for the oocyte 
determined empirically under a dissecting micro-
scope with BCB −  oocytes distinguished from 
their BCB +  counterparts simply by the absence of 
any detectable coloration. Since BCB is nontoxic, 
oocyte selection with BCB in the bovine system 
has been used for cloning by somatic cell nuclear 
transfer or IVF in commercial embryo produc-
tion enterprises with BCB +  oocytes detected 
while immature and after IVM to MII, shown to 
have superior competence when compared to 
BCB −  oocytes in the same cohort when matura-
tion was initiated  [  113  ] . The collective results 
from animal studies support the use of BCB stain-
ing as a noninvasive method for developmental 
competence assessment in oocyte selection. 
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Studies of levels of oxidative phosphorylation 
and gene expression in BCB +  and BCB −  bovine 
oocytes showed marked differences that would 
be expected to be of developmental signi fi cance 
during preimplantation embryogenesis (e.g., 
upregulation of genes involved in cell cycle regu-
lation), and signi fi cant differences in apparent 
levels of mitochondrial metabolic activity 
reported by ATP content analysis and the 
mitochondria-speci fi c  fl uorescent probes  [  115  ] . 
Torner et al.  [  115  ]  reported that apparent levels of 
mitochondrial activity were higher in BCB −  
oocytes with corresponding high G6PDH activity 
when compared to BCB +  oocytes, and suggested 
this difference could re fl ect increased respiratory 
activity required to supply ATP at higher levels to 
complete preovulatory maturation that, in the 
BCB −  oocyte, may be delayed or slower. This 
notion is supported by their detection of upregu-
lated levels of expression for genes involved in 
ATP synthesis and electron transport in the BCB −  
state. An association between oocyte develop-
mental competence and mitochondria was also 
suggested by the recent studies of Silva et al. 
 [  116  ]  and Catala et al.  [  117  ]  in the bovine and 
ovine systems, respectively. Silva et al. found that 
the central distribution of mitochondria in MII 
bovine oocytes that is consistent with normal 
nuclear and cytoplasmic maturation and higher 
rates of blastocyst formation on day 7 was associ-
ated with a BCB +  status in the fully grown oocyte 
at the outset of maturation in vitro. Catala et al. 
found immature BCB +  sheep oocytes were the 
most competent to develop to the blastocyst stage 
after in vitro maturation and fertilization, and 
showed signi fi cantly higher levels of mitochon-
drial activity at the completion of oocyte matura-
tion (i.e., MII) than their BCB −  counterparts. In 
these studies, MitroTracker Orange CMTMRos, 
a probe that reports relative mitochondrial oxida-
tive activity based on RFI was used. 

 A common theme to come from BCB staining 
studies is that selection of fully grown oocytes for 
IVM/IVF in animal models consistently results 
in rates of development to the blastocyst stage 
that are several-fold higher when oocytes are 
BCB positive, thus indicating that a low level of 
G6PDH activity at the time of insemination is 

associated with developmental competence after 
fertilization. Although G6PDH is a cytosolic 
enzyme in the pentose phosphate pathway that 
generates NADPH, the association of BCB stain-
ing with mitochondrial activity described above 
(e.g., higher ATP concentrations in BCB +  oocytes) 
suggests that this method could also be an indi-
rect indicator of mitochondrial health related 
to mitochondria bioenergetic capacity  [  118  ] . 
Any clinical application of BCB staining would 
appear to be most relevant for in vitro matura-
tion, where selection based on coloration at the 
GV stage could indicate both maturation and 
postfertilization competence, and if studies from 
animal models apply to the human, potentially 
useful information about the size and normality 
of follicles from which the oocytes were derived. 
Preliminary studies in this author’s laboratory 
on BCB staining of human oocytes from the 
GV-to-MII stages have shown mixed results in 
terms of coloration that could be useful for selec-
tion. To date, 11 of 27 fully grown GV stage 
oocytes showed BCB positive cytoplasmic stain-
ing ranging from barely detectable to clearly blue 
after a standard 90 min exposure to BCB at a con-
centrations of 35  m M (time and concentration 
similar to those used for other species  [  108–  114  ] ). 
After BCB classi fi cation by light microscopy 
(e.g., BCB − : BCB + , BCB ++ , BCB +++ ), oocytes 
were washed and returned normal medium. 
Preliminary  fi ndings showed no correlation 
between BCB positive or negative staining, or 
the relative intensity of staining, and the ability 
of the corresponding oocyte to mature to MII. 
Similar  fi ndings were obtained with oocytes 
whose maturational status was classi fi ed as pre-
MII owing to the absence to an germinal vesicle 
or  fi rst polar body. In these instances ( n  = 35), and 
for similar oocytes that matured to MII in vitro 
( n  = 80), the range of ATP levels  [  17  ]  was similar 
in immature and mature BCB −  and BCB +  oocytes. 
However, the patterns of BCB staining in both 
immature and mature oocytes may be relevant 
for competence selection even if the bioenergetic 
status is largely similar. At MII, 23 of the 80 
in vitro matured MII oocytes examined show 
well-de fi ned foci of relatively dense BCB staining 
against a cytoplasm that was largely, if not 
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entirely BCB − . Staining with rhodamine 123, a 
mitochondria-speci fi c  fl uorescent dye, showed 
corresponding higher levels of  fl uorescence in 
these BCB +  foci, indicating a BCB pattern that 
seems to report abnormal mitochondrial aggrega-
tions that could have negative developmental 
consequences. In a similar preliminary study of 
in vivo matured oocytes, BCB staining intensities 
of denuded unfertilized ( n  = 30) and dispermic 
oocytes (3 PN,  n  = 9) showed no signi fi cant differ-
ences, although a blue coloration was initially 
detectable and in 12 unfertilized oocytes, dark 
cytoplasmic foci of BCB staining were evident. 

 These initial  fi ndings warrant further study 
with respect to whether BCB can identify a sub-
set of human oocytes derived from hyperstimu-
lated cycles that should not be subjected to 
insemination either by ICSI or conventional 
means. Whether differences in BCB coloration 
are associated with spindle organization and 
function at MII that could compromise subse-
quent embryonic development, despite a similar 
bioenergetic status between oocytes (i.e., ATP 
content), is currently under investigation. 
However, it is worth mentioning that the utility of 
BCB staining for competence selection of imma-
ture oocytes reported for other species involves 
oocytes that were retrieved directly from unstim-
ulated ovaries and transported from slaughter-
house to laboratory. These GV stage oocytes 
mostly reside in intact cumulus-oocyte com-
plexes and are stained in situ, allowed to mature 
under conditions optimized for each species, and 
then inseminated in vitro. In this context, BCB 
staining appears to be a very positive element in 
increasing the ef fi ciency of low cost embryo pro-
duction, which is the goal of this enterprise for 
commercially important species. For the human, 
IVM may be the most useful application of BCB 
selection methodology as it is currently applied 
in animals. In normal IVF cycles, immature 
oocytes are aspirated from expanded antral folli-
cles after ovarian hyperstimulation and ovulation 
induction. The fact that they have not initiated or 
completed nuclear maturation in vivo, but will 
often do so spontaneously in vitro after cumulus/
coronal cell denudation (required to con fi rm 
normal fertilization, i.e., two pronuclei), indicates a 

possible intrafollicular signaling defect associated 
with LH/hCG induction of the resumption of 
arrested meiosis (i.e., nuclear maturation). 
Whether the cytoplasmic component of preovu-
latory maturation is equally perturbed is unknown. 
However, it will be relevant in assessing the util-
ity of BCB in clinical IVF to determine whether 
atypical BCB +  regions in an otherwise clear cyto-
plasm, which appear to involve foci of mitochon-
drial aggregations, is an indirect biomarker of 
aberrant cytoplasmic maturation. If con fi rmed, 
staining of type may be a simpler approach to 
competence selection. 

 It is evident that additional studies are required 
to assess whether BCB has a place in clinical IVF 
and whether its putative use for oocyte selection 
could be extended into the preimplantation 
period. Although some studies have tried to asso-
ciate BCB staining with mitochondrial function 
or activity, more speci fi c correlations with nor-
mal and abnormal spatial distributions of mito-
chondria, and differences in organelle number 
(i.e., mitochondrial mass) and bioenergetic activity 
are needed. Resolution of these issues will go a 
long way in assessing the value of BCB staining 
in human oocyte competence assessment. What 
may ultimately be more useful is the principle 
behind BCB staining as applied in the animal 
industry. The stain and method of staining per se 
are nontoxic and current evidence indicates that it 
poses no apparent developmental hazard. In this 
regard, BCB is an indirect indicator of stage-
speci fi c “health” as related to subsequent devel-
opmental competence, and while mitochondria 
are known to contribute directly to competence, 
the extent to which BCB coloration re fl ects this 
contribution is unknown. For clinical IVF, it may 
be useful to examine the extensive list of other 
vital stains that can be readily detected by light 
microscopy for those whose coloration may be 
responsive to known mitochondria-speci fi c 
activities (e.g., superoxide/ROS production) or 
in fl uences on cytoplasmic physiology (e.g., intra-
cellular pH/redox potential). Preliminary studies 
in animal systems would have to demonstrate 
safety, sensitivity, speci fi city, and ef fi cacy. While 
this approach could be viewed as somewhat 
“retro” by revisiting an earlier period of light 
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microscopy histology of living cells, it may well 
be that stains exist or can be modi fi ed for this 
purpose. Alternatively, suf fi cient interest in 
assessment by this means could lead to the design 
stains that detect important mitochondrial prop-
erties and functions that by virtue of cytoplasmic 
coloration, report oocyte- or embryo-speci fi c dif-
ferences of developmental signi fi cance.   

   Summary and Needed Research 

 The notion that noninvasive metabolic or bioen-
ergetic measurements of human oocytes and 
preimplantation embryos can indicate the status 
of mitochondrial health as related to function, 
and that the state of mitochondrial function is a 
biomarker of developmental competence, is an 
appealing one from a clinical perspective in IVF. 
In practice however, what mitochondrial activities 
may be the most relevant competence markers, 
and whether they can be assessed directly with-
out inducing developmental toxicity, are essential 
issues that need to be addressed and answered by 
experimentation. In the same respect, while it is 
largely assumed that mitochondria have a central 
role in multiple aspects of cell function in the 
oocyte and early embryo, and that their normal 
activity at these stages is a direct determinant of 
developmental health, certain fundamental 
aspects of their biology in the mature human 
oocyte remain to be de fi ned. These aspects need 
to be understood more completely if mitochon-
dria are to be considered and studied as a bio-
marker of competence for the human oocyte and 
early embryo. For example, values for mitochon-
drial mass and mtDNA copy number that can be 
universally considered normal for the MII human 
oocyte need to be established, and noninvasive 
methods that can estimate these values in living 
oocytes developed. While not easy tasks, the clin-
ical IVF  fi eld is a robust one with many talented 
individuals up to the challenge. 

 At present, the detection and quantitation of 
changes in molecular composition or molecu-
lar signatures in culture medium due to addi-
tion or depletion by an oocyte or preimplantation 
stage embryo are “omic”-based approaches to 

competence assessment that may have a 
signi fi cant mitochondrial component. Oxygen 
depletion/uptake is a current method suggested to 
be an indicator of competence and mitochondrial 
activity, but its use for selection in clinical IVF 
needs to be clearly validated. Each technology 
required to make omic or uptake determinations 
from samples of culture medium is complex and 
often costly. However, the decisions based on 
assessments of this type are crucial in clinical IVF 
because it is upon these  fi ndings that an oocyte(s) 
may be inseminated, or not, or embryo(s) trans-
ferred, cryopreserved, or “deselected” for either. 
Recently, the notion that compromised mitochon-
drial health may underlie fertilization and early 
developmental failure has led to the consideration 
of mitochondrial rescue by transferring organelles 
with normal function isolated from a patient’s 
somatic cells (autologous transfer: e.g., cumulus 
cells) at the time of insemination (ICSI). 
Autologous transfers would address the issue of 
heteroplasmy associated with cytoplasmic trans-
fers from donor oocytes, and mitochondrial trans-
fers of this type have been shown to increase net 
cytoplasmic ATP concentrations  [  119  ] . With the 
exception of known pathogenic mutations in 
mtDNA however, there must be compelling and 
unambiguous evidence that compromised embry-
onic development has a de fi nable mitochondrial 
etiology. 

 In summary, it is largely assumed that defects 
in mitochondrial function are proximate cause of 
failure in clinical IVF, and most likely, concep-
tions occurring in natural cycles as well. In this 
author’s opinion, this assumption is generally 
correct. However, evidence in support of a very 
signi fi cant or primary role in developmental 
incompetence for the mature human oocyte and 
preimplantation embryo is often contradictory; 
for example, what is a normal mtDNA copy num-
ber or net cytoplasmic ATP content (i.e., thresh-
old levels for competence)? To what extent are 
mitochondrial superoxide/ROS, calcium signal-
ing, and their regulation of redox state critical 
activities in the oocyte and early embryo that if 
perturbed, can be developmentally lethal? Why 
do certain mature human oocytes exhibit a sub-
plasmalemmal cytoplasm that is de fi cient in high 
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 D  Y m forms and why is this associated with 
penetration or fertilization failures? These stud-
ies can provide the type of basic information 
needed for a clear physiological understanding of 
“mitochondrial function” and its association with 
the health of the human oocyte and early embryo. 
How such an understanding will  fi t into current 
omic paradigms of competence selection in clini-
cal IVF remains to be determined. However, 
given the necessity for competence selection in 
clinical IVF and the prominent role mitochondria 
have in the establishment and maintenance of 
developmental competence, it seems likely that 
methods currently considered novel or used in 
the animal industry will be investigated for human 
application. While novel methods that can detect 
and quantify newly discovered mitochondrial 
activities such as superoxide  fl ashes may be cur-
rently impractical for human IVF, as this area of 
research progresses, new methods of detection 
will likely emerge which will have clinical appli-
cations. Likewise, vital (nontoxic) stains whose 
colorimetric properties re fl ect changes in cyto-
plasmic physiology in fl uenced or regulated by 
mitochondria warrant investigation, and would 
be ideal if they can report differences in meta-
bolic activity or state in general, and between 
individual blastomeres in particular, that can be 
detected by light microscopic methods common 
to IVF programs. Although there is reason for 
optimism that methods to assess mitochondrial 
activity and function (i.e., health) in living oocytes 
and embryos will be developed, the major issue, 
as always, will be whether translation from 
research to clinical IVF laboratory is warranted 
on evidence-based outcomes. There is reason for 
optimism that new  fi ndings and methods will 
likely support this diagnostic approach in clinical 
IVF in the near future.      
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 A key component in a successful single embryo 
transfer program within an IVF unit is a robust 
method for identi fi cation of the relative viability 
of embryos. The capacity to rank a patient’s 
embryos with respect to their viability in a quanti-
tative, accurate, and repeatable manner is an 
important aspect of moving towards single embryo 
transfers for the majority of patients. Ideally via-
bility markers for human embryos should be non-
invasive and provide quantitative measures that 
are repeatable and are able to transverse different 
patient populations such as different aetiologies, 
stimulation regimes, and other health and lifestyle 
factors of the sub-fertile couple. In order to be 
incorporated into a fresh embryo transfer program 
they also need to have rapid turnaround times and 
need ultimately to provide additional information 
over the associative morphology assessments that 
are used today. Quanti fi cation of carbohydrate 
utilization by embryos and its relationship to sub-
sequent fetal development post transfer has been 
well established in animal models. Analysis of 
carbohydrate metabolism by human embryos, 
particularly post-compaction, provides a most 
promising candidate as a noninvasive marker of 
embryo viability. 

   Preimplantation Embryo 
Development: Pre-compaction 
vs. Post-compaction 

 In order to understand the importance of embryo 
metabolism and how it might re fl ect embryo 
development and viability it is important to under-
stand the dynamic nature of preimplantation 
development. The preimplantation mammalian 
embryo represents a highly dynamic period of 
development where it develops following fertil-
ization from a single pluripotent cell to the com-
plex structure of the blastocyst containing around 
80–100 cells having undergone the  fi rst differen-
tiation event. During early stages of preimplanta-
tion development, a series of highly coordinated 
developmental events occur, in the human in a 
period of 4–5 days, involving the completion of 
the sperm-derived calcium waves that initiate 
activation  [  1,   2  ]  and continue with zygotic gene 
expression  [  3  ] , reductive cleavage divisions every 
12–15 h, and initial activation of the embryonic 
genome  [  4  ] . During development up to the 8-cell 
stage, cells are loosely connected and the embryo 
resembles closely a unicellular organism with 
quite primitive mechanisms for the regulation of 
cellular homeostasis  [  5–  8  ] . The early embryo also 
appears to lack robust systems for protection 
against reactive oxygen species (ROS) and has 
been shown to be particularly sensitive to oxida-
tive stress in culture  [  9–  11  ] . 

 At the 8-cell stage, compaction begins where 
the blastomeres polarize, begin to  fl atten against 
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one another increasing cell to cell contacts, form-
ing gap, and tight junctions to produce the morula. 
Many metabolic and physiological changes occur 
around the time of compaction, including an 
increase in transcription resulting in more robust 
homeostatic regulatory pathways such as antioxi-
dant defense mechanisms, which are lacking at 
the early stage of development  [  12  ] . The creation 
of the blastocoelic cavity, via Na + /K +  ATPase 
 [  13  ] , and the  fi rst differentiation of blastomeres 
into the inner cell mass (ICM) and the trophecto-
derm (TE) results in the blastocyst.  

   Preimplantation Embryo Metabolism 

 Concomitantly with the distinct changes in phys-
iology that occur during development from the 
zygote to the blastocyst stage are dynamic 
changes in the metabolism of the embryo. At the 
zygote stage, the embryo is initially quiescent 
with a low metabolic and biosynthetic activity. At 
these early stages the embryo predominantly uses 
the carboxylic acids pyruvate and lactate as its 
preferred energy substrates  [  14–  16  ] . Therefore, 
at these early stages of development the embryo 
is completely reliant on mitochondrial-based 
metabolism for ATP generation. However, the 
embryo does take up low levels of glucose 
 [  14,   15  ] , which are likely metabolized by the 
pentose-phosphate pathway for the maintenance 
of reducing power in the cell particularly in the 
production of reduced glutathione for protection 
against oxidative stress. Furthermore, there is a 
recent understanding that the metabolism of glu-
cose by the hexosamine biosynthesis pathway in 
the early embryo may be important in establish-
ing O-linked glycosylation that is important for 
later stage development  [  17,   18  ] . Therefore, it 
may be that this metabolism of glucose, although 
at a low level during the early stages of preim-
plantation development, is essential for setting 
the subsequent metabolic program. 

 With the onset of the embryonic genome and 
as the embryo undergoes compaction there is a 
switch in nutrient preference to a glucose-based 
metabolism and by the blastocyst stage, glucose 
has become the preferred nutrient  [  14,   15  ] , 

although uptake of carboxylic acids still occurs. 
However, unlike most somatic cells that metabo-
lize virtually all of the glucose taken up via the 
TCA cycle, glucose taken up by the blastocyst is 
metabolized by both the TCA cycle as well as 
around half of all of the glucose being converted 
to lactate by aerobic glycolysis  [  19,   20  ] . This 
unusual conversion of glucose to lactate in the 
presence of signi fi cant levels of oxygen is thought 
to result from the high biosynthetic demand or as 
a result of an inability to maintain redox control in 
the cell and has been shown to occur in other rap-
idly dividing cells such as tumor cells. Interestingly, 
there appears to be a signi fi cant difference in the 
metabolism of the inner cell mass cells of the 
blastocyst compared to the cells of the surround-
ing trophectoderm. Inner cell mass cells have 
been shown to be completely reliant on glycolysis 
for their energy and do not appear to have any 
functional oxidative metabolism while trophecto-
derm cells metabolize the majority of glucose 
through oxidative-based metabolism  [  21,   22  ] . 

   Relationship of Carbohydrate 
Metabolism to Embryo Viability: Animal 
Models 

 The impact of poor culture conditions on embryo 
metabolism was demonstrated as early as 1970 
by Menke and McLaren, who determined that 
when 8-cell mouse embryos were cultured in a 
simple medium the resultant blastocysts exhib-
ited compromised carbon dioxide production 
compared to in vivo-developed control embryos 
 [  23  ] . As such, these observations indicated that 
the oxidative capacity of the blastocyst was 
impaired by culture. Ten years later, the  fi rst 
study that directly measured carbohydrate metab-
olism of individual embryos and related this to 
transfer outcome was published. Renard et al. 
demonstrated that increased levels of glucose 
metabolism by day 10 cow blastocysts were 
related to the ability of the blastocyst to subse-
quently implant and produce a viable pregnancy, 
providing the  fi rst evidence that glucose metabo-
lism in the blastocyst could be used as a viability 
marker  [  24  ] . This work was further extended by 
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Gardner and Leese in 1987 who were able to 
demonstrate in a retrospective study that the glu-
cose uptake of morphologically similar mouse 
blastocysts was correlated with its viability after 
transfer, with viable blastocysts taking up 
increased rates of glucose  [  25  ] . Interestingly, they 
also determined that glucose uptake was elevated 
in female embryos compared to male embryos, a 
 fi nding that was later con fi rmed in further studies 
where the sex of the embryo could be established 
using a GFP tag  [  26  ] . 

 In 1996, Lane and Gardner determined that 
the viability of morphologically similar mouse 
blastocysts (of the same diameter) could be pre-
dicted based on the levels of glucose metabolism 
in a prospective study  [  27  ] . In this seminal paper 
it was revealed that the discriminatory and pre-
dictive nature of the glucose metabolism between 
viable and nonviable mouse embryos was 
improved when additional measures that provide 

information regarding the fate of the glucose 
taken up by the embryo were also included in the 
analysis  [  27  ] . Glycolytic activity, calculated as 
the amount of glucose that was taken up by the 
embryo and converted to lactate, was highly vari-
able with a large range in values between blasto-
cysts, despite them being of a similar morphology 
(Fig.  1 ). Demonstrating that metabolic activity 
was adding additional information over morphol-
ogy alone which is an important feature for any 
measure that is to be used in a clinical program.   

   Relationship of Carbohydrate 
Metabolism to Embryo Viability: 
Human Embryos 

 The early human embryo prior to compaction has 
a pyruvate-based metabolism and is relatively 
quiescent  [  28  ] . Although there have been some 

  Fig. 23.1    Fetal development of mouse blastocysts 
selected for transfer using glycolytic activity as a bio-
chemical marker. “Viable” blastocysts were classi fi ed as 
those with a glycolytic rate close to in vivo-developed 
blastocysts (<88 %), while “Non-viable” blastocysts had a 
glycolytic rate in the highest 15 % of the distribution 

(<160 %). On each day of the experiment, a selection of 
blastocysts were transferred at random, along with those 
selected as either viable or nonviable (adapted from Lane 
M, Gardner DK. Selection of viable mouse blastocysts 
prior to transfer using a metabolic criterion. Hum Reprod. 
1996;11:1975–8, with permission)       
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attempts at the assessment of pyruvate uptake as 
a maker of human embryo metabolism, these 
studies demonstrated that there was no correla-
tion between cleavage stage metabolism and 
pyruvate uptake  [  29,   30  ] . This is plausbily a result 
of the low metabolic activity of the cleavage stage 
embryo and the smaller metabolic differences 
between embryos during the  fi rst couple of cell 
cycles  [  31  ] . Furthermore, observations in animal 
models would indicate that the fate of the metab-
olite is as important as the uptake itself. 

 In contrast, post-compaction stage human 
embryo has a signi fi cantly increased metabolic 
rate and similar to the animal models, the uptake 
of glucose increases signi fi cantly at the blastocyst 
stage  [  14,   15  ] . Studies on the metabolism of 
donated human embryos determined that the 
uptake of pyruvate and glucose by the morula 

were higher in embryos that developed to the 
blastocyst stage. Further, on day 5, blastocysts of 
higher morphological grades had highest rates of 
glucose uptake, demonstrating that glucose was 
the most important carbohydrate for the human 
blastocysts  [  16  ] . Similar to animal studies, it was 
con fi rmed that there was considerable range in 
glucose uptakes between human blastocysts that 
had a similar morphological grade even from 
within a population of blastocysts from the same 
patient, indicating that glucose consumption may 
be discriminatory compared to morphology alone. 
Of 13 blastocysts of the same grade, and all from 
the same patient, there was over 100 pmol/
embryo/h range of glucose consumption. 

 In a recent retrospective study in patients 
undergoing IVF/ICSI with a single embryo trans-
fer, we have determined that there is a highly 

  Fig. 23.2    ( a ) Glucose uptake on day 4 of embryonic 
development and pregnancy outcome (positive fetal heart 
beat). Notches represent the interquartile range (50 % of 
the data), whiskers represent the 5 and 95 % quartiles. The 
line across the box is the median glucose consumption. 
** signi fi cantly different from pregnant ( P  < 0.01). 
( b ) Glucose uptake on day 5 of embryonic development 
and pregnancy outcome (positive fetal heart beat). Notches 
represent the con fi dence interval of the median, and the 
depth of the box represents interquartile range (50 % of the 

data), whiskers represent the 5 and 95 % quartiles. The line 
across the box is the median glucose consumption.  Closed 
circles  represent two blastocysts that gave rise to a positive 
fetal sac, but no subsequent fetal heart. The  open circle  
represents a blastocyst that resulted in a positive hCG 
but not fetal sac. ** signi fi cantly different from pregnant 
( P  < 0.01) (from Gardner DK, Wale PL, Collins R, Lane 
M. Glucose consumption of single post-compaction human 
embryos is predictive of embryo sex and live birth out-
come. Hum Reprod. 2011;26:1981–6, with permission)       
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signi fi cant association between the uptake of glu-
cose from both day 3 to day 4 (compaction and 
morula formation) and also from day 4 to day 5 
(blastocyst development) and both pregnancy and 
live birth rates  [  32  ] . Embryos that resulted in a 
successful pregnancy had a higher mean glucose 
uptake compared to embryos that failed in implant 
(Fig.  2 ). In this study, it was also reported that glu-
cose uptake by the embryos was independent of 
the morphological grade of the embryo, indicating 
that metabolic activity could serve as a valuable 
independent maker of developmental potential. 
Intriguingly, this study also demonstrated 
 sex-related difference in glucose uptake consis-
tent with animal studies, re fl ecting the fact that 
male and female embryos have difference pro-
teomes  [  25,   26,   33  ]  (Fig.  3 ).   

 It must be noted that in all of the studies to 
date, there is notable overlap between popula-
tions of embryos that produced a pregnancy and 

those that did not. In animal studies it is clear that 
an increased level of differentiation between via-
ble and nonviable embryos results from assess-
ments not only of glucose uptake but of metabolic 
fate  [  27  ] . 

 Although glucose metabolism is a promising 
candidate marker in predicting subsequent viabil-
ity, a clear limitation of the current technology is 
the need to markers to be proven in randomized 
controlled trials.   

   Current Challenges for Adoption 
of Assessment of Metabolic Activity 
as a Viability Marker 

   Technical 

 Introduction of metabolic assessment criteria into 
a busy IVF laboratory does present some chal-
lenges and changes to protocols to ensure that 
results are repeatable. Aspects such as consistent 
volume of the culture drops are critical both at 
the set up of the dishes and also when the embryo 
is added to the drop. Contamination of media 
from a previous step by incomplete washing of 
the embryo can also render results meaningless. 
Therefore, in our experience the introduction of a 
metabolic measure requires an update of proto-
cols and increase in QA and monitoring of proce-
dures associates with embryo culture. This aspect 
of assessment is often understated and may be a 
limitation for the widespread application of this 
technology.  

   Environmental 

 Metabolism of a cell is an essential aspect to cell 
health. When faced with a hostile environment 
most cells can make metabolic adaptations in 
order to survive and maintain function. The mam-
malian embryo is no different. Whilst it has been 
established that the human embryo has a degree 
of plasticity this does come at a cost to viability. 
The controlled usage of substrates (correct fate of 
substrate) at the appropriate stage of development 
is essential for optimal viability  [  34–  36  ] . We have 

  Fig. 23.3    Glucose uptake by male and female embryos on 
day 4 of development. Notches represent the interquartile 
range (50 % of the data), whiskers represent the 5 and 95 % 
quartiles. The line across the box is the median glucose 
consumption. * signi fi cantly different from male embryos 
( P  < 0.05) (from Gardner DK, Wale PL, Collins R, Lane M. 
Glucose consumption of single post-compaction human 
embryos is predictive of embryo sex and live birth out-
come. Hum Reprod. 2011;26:1981–6, with permission)       
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determined in animal embryos that exposure to 
conditions such as high oxygen  [  37  ]  or amino 
acid-free media  [  20  ]  can result in a loss of control 
of metabolism that make interpretation of data 
dif fi cult and change reference ranges between 
laboratories. In the case of removal of amino 
acids, glucose uptake has actually shown to 
increase in stressed blastocysts to compensate for 
change in substrate fate away from a mitochon-
drial (ef fi cient production of ATP) to a cytoplas-
mic (aerobic glycolysis and 18-fold reduced ATP 
production)-based metabolism. Therefore, it is 
likely that metabolism markers will need to be 
interpreted carefully between laboratories that 
employ different conditions, such as oxygen lev-
els, as direct comparison between uptake studies 
alone may be misleading. Further, it is likely that 
measures that can effectively demonstrate the 
most ef fi cient carbohydrate metabolism of an 
embryo are likely to be the most robust 
measures.   

   Conclusion 

 The capacity to be able to rank embryos in a 
quantitative fashion in the laboratory is highly 
sort after with many different approaches being 
tried, both re fi ning morphological assessments 
that have been used for many years as well as the 
development and adoption of new technologies 
either genomic, transcriptomic, proteomic, or 
metabolic approaches. Carbohydrate metabolism 
of the embryo, particularly the later stage embryo, 
is an attractive option as it is noninvasive, pro-
vides measures post-embryonic genome activa-
tion, thereby including    aspects of maternal and 
paternal genomes, and can easily be performed in 
the timeframe required for a fresh transfer. 
Animal studies highlight carbohydrate metabo-
lism as an important feature in viability, and 
recent human studies have shown similar  promise. 
The advent of platforms such as lab-on a-chip 
technologies should enable integration of tech-
nology in laboratories and facilitate large multi-
center randomized controlled trials  [  38,   39  ] .      
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 Amino acids are an essential component of 
human preimplantation culture media and have 
several physiological roles. They form the build-
ing blocks of protein, chelate heavy metals, act as 
osmolytes, regulate intracellular pH, are precur-
sors for nucleotides, polyamines, signalling mol-
ecules and may be metabolised for energy 
production. Thus, being intrinsic to so many cel-
lular functions, it is not surprising that there has 
been a resurgence of interest in the role of amino 
acids in human preimplantation development 
over recent years. This review does not intend to 
give a historical account of the role of amino 
acids during embryo development, such informa-
tion can be found elsewhere  [  1  ] . Suf fi ce to say, 
the inclusion of amino acids in culture media has 
been shown to be bene fi cial for early embryo 
development in a number of species  [  2–  8  ] . This 
chapter concentrates on data obtained in the 
human and speci fi cally the emerging evidence 
which highlights the ability of amino acid utilisa-
tion to noninvasively predict the viability of indi-
vidual preimplantation embryos. 

 In vivo, embryos will be exposed to a com-
plete, physiological mixture of amino acids found 
in the Fallopian tube and uterus. However, in 
terms of human nutrition, amino acids are gener-
ally categorised into two groups: either essential 

or nonessential. Essential amino acids are those 
which cannot be formed de novo from other com-
pounds in the body and thus must be obtained 
from the diet. In contrast, nonessential amino 
acids are not required in the diet as they can be 
synthesised in vivo. However in practice, this 
nomenclature is somewhat more complex as 
some nonessential amino acids become essential 
and are required in the diet under certain condi-
tions and disease states and are termed condition-
ally essential (CE)  [  9,   10  ] . In terms of this review 
an understanding of which amino acids fall into 
each category is important since this method of 
segregation has been used to supplement the 
medium at different stages of embryo develop-
ment (Table  1 ).  

   Effect of Amino Acids on Human 
Preimplantation Embryos 

 Initially studies investigated the effect of adding 
individual or small groups of amino acids to 
human preimplantation culture medium. One of 
the  fi rst amino acids to be added was glutamine 
which was found to improve development to the 
blastocyst stage  [  6  ] . However, following data 
obtained from mouse embryos it was found that 
human embryos cultured in the presence of non-
essential amino acids up until the 8- to 16-cell 
stage (day 3 of development), followed by the 
inclusion of a complete mixture of amino acids 
for the remainder of preimplantation develop-
ment was bene fi cial for blastocyst formation and 
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improved viability post-transfer  [  11–  13  ] . These 
landmark studies highlighted the bene fi cial 
effects of amino acids for embryo development 
and revolutionised human IVF with the advent of 
sequential culture media.  

   Ability of Amino Acid Pro fi ling to 
Noninvasively Predict Future 
Blastocyst Formation 

 One of the most recently discovered and intrigu-
ing roles of amino acids is the ability of their 
utilisation to predict future embryo development 
 [  14–  16  ] . Interestingly, these experiments were 
performed in a de fi ned medium composed of 
Earle’s balanced salt solution containing 0.5 % 
human serum albumin, 1 mM glucose, 0.47 mM 
pyruvate and 5 mM lactate, together with a com-
plete mixture of amino acids at near physiologi-
cal levels found in the Fallopian tube  [  17  ] . Human 
embryos derived from fresh cycles of IVF were 
cultured individually for 24 h periods in sequen-
tial 4  m L drops of medium from day 2 post-fertil-
isation, and development to the blastocyst stage 
was monitored  [  14  ] . The concentration of 18 
amino acids in the spent drops was analysed ret-
rospectively using reverse phase HPLC and com-
pared to that observed in embryo-free drops 
which were cultured alongside the embryos. This 
allowed the amino acid appearance into, and 
depletion from the medium by the embryo to be 
determined. The results obtained were somewhat 
surprising as there was a signi fi cant difference in 
the utilisation of asparagine, glutamine, arginine, 
alanine and methionine by embryos from day 2 to 
day 3 which developed to the blastocyst stage 
compared to those which arrested prior to blasto-
cyst formation. Counter intuitively, total amino 
acid depletion by those individual embryos which 
developed to the blastocyst stage was signi fi cantly 
lower than those which arrested  [  14  ] . Similarly, 

total amino acid depletion from the compacting 
8-cell to morula stage was also signi fi cantly lower 
in those embryos which developed to the blasto-
cyst stage compared to those which arrested 
before blastocyst formation. 

 When amino acid turnover (sum of the amino 
acids that appeared into, and disappeared from 
the medium) was investigated similar results 
were observed; embryos cultured from day 2 to 
day 3, as well as from the compacting 8-cell to 
morula stage that developed to the blastocyst 
stage displayed an amino acid turnover which 
was signi fi cantly less than their arresting coun-
terparts  [  14  ] . These results were fascinating, par-
ticularly since there was no morphological 
difference in embryo grade between the groups. 
Thus, by using morphological criteria alone it 
would not be possible to predict which embryo 
would progress to the blastocyst stage suggesting 
that the difference in amino acid pro fi le does not 
simply re fl ect embryo quality. 

 Another interesting  fi nding from this study 
was the observation of which speci fi c amino 
acids were depleted from the medium at each 
stage of development. As might be expected there 
was an increase in the number of amino acids 
depleted as development progressed. Leucine 
was the only amino acid depleted from day 2 to 3, 
compared to leucine, arginine and serine from the 
compacting 8-cell to morula stage and  fi nally 
leucine, arginine, serine, methionine and valine 
over the morula to blastocyst transition  [  14  ] . This 
not only indicates the importance of these par-
ticular amino acids to preimplantation develop-
ment but also highlights a potential concern with 
commercially available human embryo culture 
medium. Currently, many companies do not dis-
close the precise composition of the media used 
to culture preimplantation embryos and hence it 
is dif fi cult to assess what impact this may have on 
metabolism and future development. This is par-
ticularly important in light of recent evidence 

   Table 24.1    Amino acid classi fi cation   

 Essential  Histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine 
 Nonessential  Alanine, arginine (CE), asparagine, aspartic acid, cysteine (CE), glutamic acid, glutamine (CE), 

glycine (CE), proline (CE), serine (CE), tyrosine (CE) 
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showing that there is an  associaton between the 
medium used for human embryo culture and sub-
sequent birthweight  [  18,   19  ] . The majority of 
sequential media only contain nonessential amino 
acids until day 3 of development before including 
both essential and nonessential amino acids for 
culture to the blastocyst stage. This is surprising 
since:

   The premise was based largely on data  –
obtained from the mouse.  
  In vivo, an embryo would never be exposed to  –
only a subset of amino acids, but rather a com-
plete mixture of amino acids.  
  If a near to physiological concentration of  –
amino acids is used to culture an embryo from 
day 2 to day 3, the only amino acid which is 
depleted from the medium is leucine, an essen-
tial amino acid.    
 Thus, by arti fi cially limiting the amino acids 

present in the medium, the nutrition of develop-
ing embryos is being restricted. In this era of 
transparency, it is surprising that information on 
something as critical as human preimplantation 
embryo culture media composition is not made 
freely available. This lack of information makes 
it very dif fi cult for clinics to make fully informed 
choices on which are the best media to use in 
Assisted Reproductive Technologies.  

   Ability of Amino Acid Pro fi ling to 
Predict Subsequent Development 
of Frozen-Thawed Embryos to the 
Blastocyst Stage 

 The ability of amino acid pro fi ling to predict the 
development of fresh embryos to the blastocyst 
stage was a signi fi cant breakthrough in the 
attempt to devise a noninvasive technique of 
embryo health. However, many good quality 
supernumerary embryos from fresh cycles of IVF 
are routinely cryopreserved for use in subsequent 
treatment cycles and thus, it was necessary to 
validate whether amino acid pro fi ling could also 
predict embryo survival post-thaw. This was 
important since one of the predominant risks to 
future embryo survival following cryopreserva-
tion is the formation of ice crystals during either 

the freezing or thawing processes  [  20  ]  which may 
result in blastomere lysis due to cell membrane 
damage  [  21  ] . Although embryos are notoriously 
malleable and can adapt to both environmental 
stresses e.g. variations in culture medium, as well 
as physical insults such as removal of blastom-
eres for preimplantation genetic diagnosis, the 
potential damage that freeze-thawing may have 
on the integrity of blastomere membranes is also 
likely to affect cellular homeostasis including 
metabolism and thus may explain the reduced 
success rates obtained in frozen cycles. 

 The amino acid pro fi le of embryos thawed on 
day 2 and cultured for 24 h was similar to that 
observed for fresh embryos. Speci fi cally, there 
was a signi fi cant difference in the utilisation of 
glutamate, glutamine, glycine, arginine, alanine 
and lysine between frozen-thawed embryos 
which developed to the blastocyst stage and those 
which arrested prior to blastocyst formation  [  16  ] . 
This corresponded to developmentally competent 
embryos displaying signi fi cantly lower overall 
rates of amino acid appearance, depletion and 
turnover compared to those which arrested before 
the blastocyst stage. When this data was interro-
gated further and only the utilisation of glutamine, 
glycine and alanine was considered, the sum of 
these amino acids was signi fi cantly higher in 
those embryos which arrested prior to the blasto-
cyst stage compared to those which formed a 
blastocyst (Fig.  1 ). What was intriguing was by 
investigating the use of these 3 amino acids from 
day 2 to day 3, it was possible to predict with 
87 % accuracy which spare, frozen-thawed 
embryo would develop to the blastocyst stage 
 [  16  ] . Interestingly, as with the results obtained 
for fresh embryos, there was no difference in 
embryo grade between these two groups suggest-
ing that amino acid pro fi ling may be a better 
mechanism to assess embryo development rather 
than assessing morphology.  

 This conclusion was further substantiated 
when the amino acid utilisation of only the best 
quality, grade I embryos were investigated. There 
was a signi fi cant difference in the utilisation of 
glutamate, glutamine, glycine, arginine, trypto-
phan and lysine between grade I embryos which 
arrested and those which developed to the 
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 blastocyst stage  [  16  ] . These results suggest that 
developmentally competent embryos (both fresh 
and frozen-thawed) have a lower amino acid 
turnover than their arresting counterparts. These 
 fi ndings were fascinating since:
    1.    They highlight a noninvasive metabolic assay 

to predict future developmental competency.  
    2.    Amino acid pro fi ling was able to predict 

development before embryonic genome acti-
vation at the 8-cell stage suggesting that egg 
quality is likely to be of critical importance.  

    3.    They suggest that morphological scoring 
 systems do not adequately re fl ect viability 
especially in embryos of the highest apparent 
quality.      

   Ability of Amino Acid Pro fi ling 
to Predict Embryo Development 
After Transfer 

 These data were exciting and offered the prospect 
that as well as being able to predict development 
to the blastocyst stage, amino acid pro fi ling of 
early preimplantation embryos might also be 
able to distinguish which embryos are capable of 

generating a pregnancy and live birth following 
transfer. To test this proposition, a trial was initi-
ated in a clinical IVF programme. In contrast to 
the previous studies, amino acid utilisation was 
measured from day 1 to day 2 post-fertilisation. 
Brie fl y, oocytes were fertilised using intracyto-
plasmic sperm injection (ICSI) and incubated 
individually in 4  m L drops of medium containing 
a close to physiological concentration of amino 
acids for 24 h. Two (or exceptionally one or three) 
resultant embryos were selected for transfer back 
into the uterus using standard, morphological cri-
teria which also took into account the blastomere 
cell number. The concentration of amino acids in 
the spent medium was retrospectively measured 
and subsequently analysed to determine whether 
amino acid utilisation for each embryo was cor-
related with implantation, pregnancy and subse-
quent live birth  [  15  ] . Overall in this study, 113 
embryos were transferred into 52 patients with a 
clinical pregnancy being achieved in 18 of the 
cycles which comprised 4 sets of twins and 14 
singleton births. All data was included in the 
analysis. Obviously, it was not possible to deter-
mine which embryo it was that implanted when 
two or more were transferred and only a single-
ton pregnancy was generated but this experimen-
tal design was deliberately chosen to be inclusive 
and representative of clinical IVF, rather than 
simply include cycles where a 100 % implanta-
tion rate was achieved from either a one or two 
embryo transfer. Moreover, this fact was taken 
into consideration in the statistical analysis. 

 Analysis of the spent medium found that the 
utilisation of asparagine, glycine and leucine by 
single embryos from day 1 to day 2 of develop-
ment were signi fi cantly correlated with preg-
nancy and live birth  [  15  ] . Moreover, this effect 
was independent of other indicators currently 
used to assess pregnancy outcome such as basal 
FSH levels, maternal age, embryo morphology 
and cell number. This amino acid correlation was 
intriguing particularly since the majority of cycles 
contained data from 2 embryos even though only 
a singleton pregnancy resulted. Thus, these data 
would be expected to be even more highly 
 predictive of a live birth in cycles where all 
the embryos transferred successfully implanted. 

  Fig. 24.1    Box and whisker plot of the sum of glutamine, 
glycine and alanine for individual frozen-thawed human 
embryos from day 2 to day 3 of development which either 
arrested prior to blastocyst formation (arresting), or sub-
sequently developed to the blastocyst stage (developing). 
*** P  < 0.001 (adapted from Stokes PJ, Hawkhead JA, 
Fawthrop RK, Picton HM, Sharma V, Leese HJ, Houghton 
FD. Metabolism of human embryos following cryopreser-
vation: implications for the safety and selection of 
embryos for transfer in clinical IVF. Hum. Reprod. 
2007;22:829–835, with permission)       
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This study represented one of the  fi rst noninva-
sive, quantitative, metabolic assays capable of 
predicting the future viability of preimplantation 
embryos in clinical IVF and has the potential to 
revolutionise how embryos are selected for trans-
fer. However, it is  fi rst necessary to perform a 
prospective, randomised study to determine the 
power of amino acid pro fi ling by transferring 
single embryos based either on their amino acid 
pro fi le alone, or in combination with morpho-
logical grade. A further major bene fi t of amino 
acid pro fi ling is that embryos are only required to 
be cultured in an arti fi cial environment in vitro 
for 24 h, allowing transfer on either day 2 or day 
3 of development. In contrast, traditional meth-
ods of embryo selection based on blastocyst for-
mation rely on embryos being cultured in vitro 
for 5–6 days. Although blastocyst formation has 
been used successfully to predict future viability 
 [  22  ] , such extended culture has recently been 
associated with the induction of epigenetic alter-
ations at least in mice  [  23,   24  ] . Thus, amino acid 
pro fi ling has great potential as a method to pro-
spectively select viable embryos for transfer dur-
ing early preimplantation development in clinical 
IVF and also negates the requirement for pro-
longed, potentially damaging in vitro culture.  

   Ability of Amino Acid Pro fi ling to 
Predict the Genetic Health of Embryos 

 The mechanisms which underlie the ability of 
amino acid pro fi ling to predict future embryo 
development remain unknown but recent data 
suggests an association with genetic health  [  25  ] . 
Human preimplantation embryos containing 
blastomeres which were 100 % euploid for chro-
mosomes 13, 18, 21, X and Y were found to uti-
lise signi fi cantly different levels of asparagine, 
glycine and valine compared to those containing 
no normal cells from day 2 to 3 of development. 
Similarly, from day 3 to 4 of development there 
was a signi fi cant difference in the turnover of 
leucine, lysine and serine between embryos 
which were uniformly normal (no abnormal 
blastomeres) or 100 % abnormal  [  25  ] . Thus, as 
well as being capable of predicting future embryo 

development, amino acid pro fi ling is also able to 
differentiate between human preimplantation 
embryos which are completely chromosomally 
normal, or wholly abnormal. Unfortunately, 
amino acid turnover was not able to differentiate 
between mosaic embryos containing a mixture 
of normal and abnormal blastomeres. 

 The use of  fl uorescence in situ hydridisation 
(FISH) incorporating X and Y probes provided 
the ability to determine for the  fi rst time whether 
there was an association between embryo sex and 
amino acid pro fi ling. As expected there was no 
difference in the amino acid pro fi le of male and 
female embryos measured from day 1 to day 2 of 
development, presumably since the embryonic 
genome activation has yet to occur. However 
from day 2 to day 3 male embryos depleted 
signi fi cantly more leucine and tryptophan than 
female embryos  [  25  ] . These data were intriguing 
and suggest for the  fi rst time that human male 
and female embryos metabolise amino acids dif-
ferently. Moreover, this technique offers the 
exciting potential to noninvasively select the gen-
der of embryos at risk of inheriting X-linked 
genetic disorders.  

   Correlation of Amino Acid Turnover 
with Blastocyst Integrity 

 Integral to the formation of a functional blasto-
cyst is the appropriate assembly of trophectoderm 
junctional complexes (Reviewed in  [  26–  28  ] ). 
Total amino acid turnover of compacting and 
cavitating embryos were both found to be corre-
lated with the assembly of junctional proteins; 
ZO-1 a  +  and occludin. Embryos which displayed 
a greater total amino acid turnover were found to 
have an improved assembly of both ZO-1 a  +  and 
occludin  [  29  ] . Initially, this may appear to contra-
dict previous data but it is worth noting that the 
current study was performed on a cohort of devel-
oping embryos and amino acid turnover was 
measured much later in development, during 
compaction and cavitation. Thus the high level of 
amino acid turnover which correlates with appro-
priate membrane assembly may simply re fl ect an 
increase in protein synthesis during blastocyst 
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formation  [  30,   31  ] . These data are exciting and 
were the  fi rst to show an association between 
metabolism and trophectoderm integrity.  

   Ability of Amino Acid Pro fi ling to 
Predict DNA Damage in Embryos 

 It is still not known why arresting embryos are 
more metabolically active but the amount of DNA 
damage may provide a clue. Recently, a positive 
correlation was observed between the amino acid 
turnover of human embryos from day 2 to day 3 
of development and the percentage of DNA dam-
age in that same resultant blastocyst  [  32  ] . Thus, 
embryos which were more metabolically active in 
terms of amino acid turnover from day 2 to day 3 
also had a signi fi cantly increased amount of DNA 
damage at the blastocyst stage. In contrast, 
embryos with a low amino acid turnover formed 
blastocysts with little DNA damage. A further 
interesting  fi nding of this study was that no cor-
relation was found between embryo grade and 
mean DNA damage  [  32  ] . This highlights once 
again that embryo morphology is not a good pre-
dictor of embryo health in clinical IVF data which 
is supported by metabolic assays using amino 
acid pro fi ling  [  15  ]  and metabolomic assessment 
 [  33  ]  which were both able to predict embryo via-
bility independently of embryo grade. 

 Several lines of evidence now suggest that the 
noninvasive monitoring of amino acid pro fi ling is 
bene fi cial for selecting future embryo health 
 [  14–  16,   25,   29,   32  ] . Although the mechanisms 
which regulate these effects have yet to be deter-
mined, they are all consistent with the quiet 
embryo hypothesis  [  34  ]  which proposes that met-
abolically quiet embryos are more viable than 
their active counterparts. There are several rea-
sons why an embryo may be developmentally 
compromised and these can be broadly categor-
ised into either intrinsic or extrinsic effects. 
Intrinsic factors are likely to be due to a maternal 
stress, poor oocyte quality, chromosomal abnor-
malities etc. Whereas extrinsic effects relate 
largely to the culture-induced stressors such as 
the type of medium used, amount of time the 
embryos are handled, environmental temperature 

control etc. Compromised embryos appear to 
have lost some of the control mechanisms which 
regulate “normal” nutrient utilisation and results 
in embryos having a greater requirement for 
exogenous nutrients in an attempt to overcome 
damage and facilitate development  [  35  ] .  

   Summary 

 This chapter has highlighted many important roles 
of amino acids for human preimplantation 
embryos. Amino acids are not only bene fi cial to 
embryo development but their utilisation by the 
embryo is also predictive of future viability, 
genetic health, DNA damage and trophectoderm 
integrity. These  fi ndings were remarkable and 
highlight how integral amino acids are to the phys-
iology of the embryo. Thus, it is important that 
much consideration is given to the media used in 
clinical IVF. This will require suppliers to provide 
details of media formulations so that informed 
choices can be made. The use of amino acid 
pro fi ling in a clinical setting offers the exciting 
prospect to nonsubjectively select the most devel-
opmentally competent embryo for transfer with 
the greatest chance of producing a live birth.      

  Acknowledgment   I thank Prof. Tom Fleming for his 
helpful comments on this chapter.  
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 The hypothesis that there is a relationship between 
the metabolic activity of an embryo and its repro-
ductive potential has been upheld in numerous 
studies over the past 30 years. In 1980, Renard 
et al.  [  1  ]  reported that day 10 cattle blastocysts 
that demonstrated an elevated glucose uptake 
developed better, both in culture and in vivo, 
compared to blastocysts with a lower glucose 
uptake. In 1987, Gardner and Leese  [  2  ]  measured 
glucose uptake by individual day 4 mouse blasto-
cysts prior to transfer to recipient females. They 
found that embryos that went to term had a 
signi fi cantly higher glucose uptake in culture 
than those embryos that failed to develop after 
transfer. Consequently, Lane and Gardner  [  3  ]  
showed that the glycolytic rate of morphologi-
cally similar mouse blastocysts could be used to 
select embryos for transfer prospectively. In their 
study, mouse blastocysts that were identi fi ed as 
viable using metabolic criteria prior to transfer, 
had a fetal development rate of 80 %. In contrast, 
embryos that exhibited an abnormal metabolic 
pro fi le compared to in vivo developed controls, 
developed at a rate of only 6 %. These data pro-

vide strong evidence that metabolic function is 
linked to embryo viability and is independent of 
the information provided by morphology. 

 Currently, there are three main approaches 
that are utilized by researchers to obtain meta-
bolic information about embryos: (1) analysis of 
carbohydrate utilization, (2) analysis of amino 
acid uptake and secretion, and (3) analysis of the 
embryonic metabolome. The  fi rst two approaches 
provide more speci fi c information about candidate 
metabolites or the activity of speci fi c metabolic 
pathways (discussed in Chaps.   23     and   24    ). 

 The third option provides a systematic analy-
sis of the inventory of metabolites that represent 
the functional phenotype at the cellular level. 
Depending upon the technology employed to 
analyse the metabolome (reviewed in  [  4  ] ), one 
does not necessarily obtain identi fi cation of 
speci fi c metabolites, but an algorithm is created 
that relates to cell function. In this chapter, we 
will brie fl y review the basic aspects of metabo-
lomic assessment and summarize the attempts 
at clinical application for embryo assessment 
in IVF. 

   Metabolomics Technology 

 The metabolome refers to the complete inventory 
of small molecule (<1 kDa), non-proteinaceous 
compounds including metabolic intermediates 
(amino acids, lipids, nucleotides), ATP, hor-
mones, and secondary metabolites that are pres-
ent within a biological sample (reviewed in  [  4  ] ). 
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These compounds are the products of cellular 
metabolism and display a diverse array of physi-
cal and chemical properties, and a wide concen-
tration range. 

 Interestingly, the number of metabolites is 
typically lower than the number of genes and 
proteins in a cell or organism, allowing metabo-
lomic analysis to be achieved relatively faster 
compared to genomic or transcriptomic analyses 
(reviewed in  [  4  ] ). Indeed, it is estimated that there 
are approximately 25,000 genes in the human 
genome, encoding for approximately 100,000–
200,000 transcripts (through alternative splicing), 
whereas there may be as few as 2,500–3,000 
small molecule metabolites that make up the 
human metabolome. Due to high intensity of 
labor and cost associated with transcriptomic and 
proteomic approaches, analysis of the metabo-
lome is being increasingly used to understand the 
“global picture” of systems biology. 

 Metabolomics is the systematic study of the 
dynamic inventory of metabolites, as small 
molecular biomarkers representing the functional 
phenotype in a biological system. To investigate 
complex metabolic pro fi les within a biological 
milieu, nonselective, but speci fi c analytical tech-
nologies must be utilized. Many spectroscopic/
spectrometric and chromatographic techniques 
are available, and provide automated, high 
throughput methodologies that generate pro fi les 
of target biological  fl uids (reviewed in  [  4  ] ). 

 To describe the analysis of biological  fl uids by 
spectroscopic technologies, the term “biospec-
troscopy” is commonly used; the scienti fi c plat-
form that incorporates biospectroscopy and 
metabolomic pro fi ling is referred to as “biospec-
troscopy-based metabolomics.” Common tech-
niques applied in biospectroscopy-based 
metabolomics studies include nuclear magnetic 
resonance (NMR) spectroscopy, mass spectrom-
etry (MS), which can be coupled with separation 
methods like gas chromatography (GC-MS), liq-
uid chromatography (LC-MS) or high perfor-
mance liquid chromatography (HPLC-MS), and 
capillary electrophoresis (CE-MS). Optical spec-
troscopies, such as near infrared (NIR), Fourier 
transform infrared (FT-IR), and Raman spectros-
copies provide potentially complementary 

pro fi les of the various components within bio-
logical  fl uids due to the different physical mecha-
nisms involved in each technique. Ultimately, 
using various forms of spectral and analytical 
approaches, metabolomics attempts to determine 
metabolites associated with physiologic and 
pathologic states  [  5  ] .  

   Application of Metabolomics to the 
Study of Embryo Viability 

   Initial Studies 

 In 2007, Seli et al.  [  6  ]  analyzed 69 day 3 spent 
embryo culture media samples from 30 patients 
with known outcome (0 or 100 % sustained 
implantation) using Raman and/or NIR spectros-
copy. The mean spectrum of embryos that resulted 
in a pregnancy and live birth was compared to 
that of embryos that failed to implant. Spectral 
regions most predictive of pregnancy outcome 
were identi fi ed. Then, an algorithm based on 
these spectral regions was established and used to 
generate a viability score for each embryo 
(Fig.  1 ). With both Raman and NIR, the mean 
viability score of embryos that implanted and 
resulted in a live birth were signi fi cantly higher 
compared to those that failed to implant  [  6  ] .  

 The algorithm established in the initial study 
 [  6  ]  was then tested in a blinded trial using Raman 
spectroscopy to analyze day 3 and day 5 spent 
culture media collected at a different center, 
where embryos were cultured in a different type 
and volume of culture medium  [  7  ] . In this study, 
the viability scores of day 3 and day 5 embryos 
that resulted in a live birth were signi fi cantly 
higher compared to the viability scores of 
embryos that failed to implant  [  7  ] . 

 Larger analyses of single embryo transfer 
cycles were also undertaken whereby NIR spec-
tral analysis of frozen day 2 or 3 embryo culture 
media samples was performed blinded to out-
come  [  8  ] . Individual metabolic pro fi les were 
established from as small as 7  m L of the samples 
with each measurement taking less than 1 min. 
Statistical analysis performed on the metabolic 
pro fi les established a viability score (as generated 
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above) that was signi fi cantly different ( P  < 0.001) 
between the pregnant and nonpregnant patients. 
For these studies, a cut off value for predicting 
pregnancy was determined to be at >0.3. When 
this cut off was used to examine embryos of 
excellent and good morphology that underwent 
single embryo transfer a signi fi cant difference 
was found in the establishment of pregnancy  [  9  ] . 
Indeed, when human embryos of similar mor-

phology were examined using the same NIR 
spectral pro fi le, their viability scores varied 
remarkably in relation to morphology indicating 
that the metabolome of embryos that looked sim-
ilar differed signi fi cantly. This observation was in 
agreement with the study of Katz-Jaffe et al.  [  10, 
  11  ]  who revealed that the proteome of individual 
human blastocysts of the same grade differed 
between embryos, again indicating that embryo 

  Fig. 25.1    Development of a viability score using NIR 
spectroscopic metabolomics. Culture media arising from 
a single embryo and a control blank media are measured 
to generate a spectral pro fi le. The blank media is sub-
tracted from the embryo media and then a previously 

developed predictive algorithm interrogates speci fi c 
wavelet regions known to be associated with pregnancy 
outcome. The  fi nal Viability Score is then used to 
 discern which embryo to transfer from a patient’s own 
embryo cohort       
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morphology is not completely linked to its physi-
ology. Subsequent studies, using the SET model 
 [  9,   12,   13  ] , demonstrated that increasing viability 
scores are associated with an increasing likeli-
hood of embryo implantation, providing a semi-
quantitative parameter that can be used as an 
adjunct to morphology.   

   Commercialization Efforts and 
Randomized Prospective Trials 

 Although a series of preliminary studies sug-
gested a potential bene fi t with this technology, 
these studies were largely retrospective, and were 
performed in a single research laboratory as dis-
tinct from a real clinical setting. Therefore, to 
ascertain the potential of this technology, it was 
further developed by a private company, for clini-
cal use. A series of prototypes and commercial 
instruments were then tested as an on-site, fast, 
and easy method for embryo assessment. The in-
house clinical studies conducted by Molecular 
Biometrics Inc. using a NIR (ViaMetrics  TM ) sys-
tem reported inconsistent  fi ndings. The largest of 
these studies were performed as randomized clin-
ical trials (RCTs) in centers performing SET and 
using prototype instruments. In these studies, 
women in the control arm underwent SET with 
embryos selected using standard morphological 
embryo assessment protocols. In the treatment 
arm, a combination of metabolomic pro fi ling and 
morphologic assessment was used; by  fi rst iden-
tifying embryos with a good morphology suitable 
for transfer or cryopreservation, and then select-
ing the embryo to be transferred based on the 
metabolomic Viability Score ™  generated by the 
NIR instrument. 

 In one of theses studies performed in 
Gothenburg  [  14  ] , both day 2 and day 5 SETs 
were performed. Although not statistically 
signi fi cant, the results indicated a potential bene fi t 
of embryo selection through addition of NIR on 
day 2 transfer. Of 83 and 87 SETs in the 
Morphology alone and ViaMetrics [NIR]/mor-
phology groups the pregnancy rates were 26.5 % 
and 31 %, respectively. In the same study no 

bene fi t for selection of day 5 SET was observed, 
whereby of 80 and 77 SETs in the Morphology 
alone and ViaMetrics [NIR]/morphology groups 
the pregnancy rates were 45 % and 39 %, respec-
tively. Interestingly, when comparing the two 
groups signi fi cant differences were observed in 
this study in respect to the overall morphology of 
the day 2 embryos and blastocysts selected in the 
morphology alone group. The data also highlights 
the belief that selecting a single good quality 
blastocyst on day 5 remains as one of the best 
selection criteria available to date  [  15  ] . 

 In another randomized trial performed by 
Vergouw et al. in Amsterdam, women undergo-
ing SET on day 3 were similarly studied  [  16  ] . 
Authors found no difference in live birth rates 
between the groups (live birth rate was 29.5 % in 
the Viametrics [NIR]/morphology group [ N  = 146 
patients] compared to the 31.3 % in Morphology 
alone group [ N  = 163 patients]). Interestingly, 
there was a signi fi cantly higher rate of fragmented 
embryos and lower number of top quality day 3 
embryos in the Viametrics-assisted group, which 
did not seem to impact pregnancy outcome  [  16  ] . 

 Conversely, two concurrent RCTs were con-
ducted using the commercial platform where 2 or 
3 embryos were selected for transfer on the basis 
of Morphology alone or ViaMetrics [NIR]/
Morphology; both showed improvements in the 
Viametrics-assisted selection group. In one of 
these, Sfontouris et al.  [  17  ]  performed a study in 
which for every two patients where embryos were 
selected based on morphology, one patient had a 
transfer based on ViaMetrics [NIR]-assisted 
embryo selection (randomly allocated with a 2:1 
ratio). They reported implantation rates (IR) with 
fetal cardiac activity that were signi fi cantly 
( P  = 0.04) improved in the Viametrics [NIR]/
morphology group [ N  = 39 patients, IR = 33/102 
(32.4 %)] compared to the Morphology alone 
group [ N  = 86 patients, 55/257 (21.4 %)]  [  17  ] . 

 One of the underlying problems encountered 
in the NIR system was that the different instru-
ments were variable in performance, which in 
turn masked the low intensity of the signal gen-
erated from the embryo within the culture 
media. This meant that any algorithm created 
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on one group of instruments suffered when 
translated on other instruments as their noise 
thresholds and behavior may have differed 
signi fi cantly. The commercial version of the 
NIR instrument was unfortunately withdrawn 
due to the wide variability in performance 
between clinics and inconsistent results in clini-
cal trials. The technology will hopefully be 
improved and be tested again in the near future. 
This is not dissimilar to the situation faced by 
aneuploidy screening of embryos, whereby 
chromosomal screening of preimplantation 
embryos has always thought to be a strong the-
ory, however, using FISH proved to be inade-
quate  [  18  ] , while it now appears that modern 
comprehensive screening techniques are pro-
viding more consistent results  [  19  ] .  

   Summary and Conclusions 

 The main aim when establishing a noninvasive 
technology is to provide an accurate and mean-
ingful clinical tool and to limit the time taken to 
assess the samples, making it possible to perform 
the analysis just prior to embryo transfer. So far, 
while NIR spectroscopy met some of these crite-
ria, it appears to have failed to consistently pre-
dict viability when selecting a single embryo for 
transfer. 

 Meanwhile, the promise of assessing culture 
media using a noninvasive platform remains. 
Studies describing markers in embryo culture 
media that are indicative of viability have been 
evident since 1980 (reviewed in  [  20  ] ) hence the 
hypothesis that a factor or factors related to 
embryo viability exists in media appears hard to 
ignore. The pitfall is that relatively small amounts 
of these factors exist and, in addition, trying to 
discern differences in these factors between 
embryos that are viable or nonviable adds a fur-
ther level of dif fi culty. Finally, not the hypothesis 
but how quickly a particular technology will 
allow us to perform this dif fi cult assessment and 
whether the same technology can do this consis-
tently and accurately is possibly the main barrier 
to clinical use of noninvasive embryo assessment 
tests.      
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 Assisted reproductive technologies (ARTs) are 
dedicated to the production of healthy preimplan-
tation embryos using laboratory-based interven-
tions, toward enabling infertile couples to 
conceive and deliver a healthy child. While tools 
such as light microscopy are fundamental to the 
analysis of gamete and embryo morphology and 
development, technologies for analysis of bio-
chemistry and molecular biology are becoming 
more commonplace, including “OMICs”-based 
diagnostics for embryo selection. Any diagnostic 
tool employed in clinical ART must provide reli-
able and accurate quantitative data, with a mini-
mum of variability, while remaining easily 
implemented into clinical IVF practice. 

 Many of the complex metrologies discussed in 
this chapter may not yet be readily or directly 
available to most clinical IVF units, although pre-
vious chapters have provided pertinent examples 
of how quantitative analysis can be used to mea-
sure different biological parameters. The main 
hindrance to translation is currently the cost asso-
ciated with implementation of more complex 
technologies, extensive training requirements and 
space limitations. There is also a time lag between 
proof-of-concept and application development, 
which is longer for technologies not originally 
designed to work within the physical constraints 

of ART, or at the scale of gametes or embryos. For 
example, a standard high- fi eld nuclear magnetic 
resonance (NMR) analysis requires volumes which 
are more readily suited to blood or urine analysis 
than culture media from a single embryo. The 
obvious solution for any application is to develop 
or utilize a “gateway” technology that adapts 
existing diagnostic technologies to the speci fi c 
requirements of ART, rather than the reverse. 

 To this end, micro fl uidics has grown consider-
ably from its physical science and engineering 
origins, into a biotechnology foundry. Micro fl uidic 
systems function at the upper end of the scale 
of cellular systems, such as some of the molecu-
lar diagnostics outlined so far. Devices built on 
micro fl uidic principles can enable detailed 
manipulation and study of single cells and sub-
cellular systems in their native states and scales, 
at comparable  fl uid volumes, and with precise 
control of physical and environmental variables. 
These capabilities match well with the speci fi c 
scales of gametes and embryos, and their speci fi c 
physical and biochemical constraints. 

 This chapter, therefore, focuses on the poten-
tial suitability and ef fi cacy of micro fl uidics for 
gamete and embryo analysis, as novel or alterna-
tive assay platforms. Metrologies and diagnostic 
parameters used routinely in ART are discussed, 
followed by an overview of current and potential 
applications in the context of micro fl uidic 
devices, with focus on those which can readily be 
adapted to ART procedures. The application 
of micro fl uidic devices to in vitro manipulation 
or culture of gametes and embryos will not be 
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discussed unless integral to the understanding 
of speci fi c examples of analysis metrologies or 
systems. 

   An Introduction to Micro fl uidics 

 Cellular and biomolecular systems function on 
the micro- (10 −6 ) to pico- (10 −12 ) scale, whereas 
manipulation technologies function within the 
milli-scale (10 −3 ) and greater (macro-scale) 
(Fig.  1 ). Microscopy and micromanipulation can 
bridge this scaling disparity, to accommodate our 
inability to manipulate structures beyond visual 
acuity (approximately 100  m m, 10 −4  m). Thus, 
light microscopy enables visual discrimination of 
a human oocyte (150  m m, 1.5 × 10 −4  m) or sper-
matozoan (5  m m, 5 × 10 −6  m) with reasonable 
detail. However, even light microscopy resolu-
tion (~500 nm, 5 × 10 −7  m) does not allow sub-
nano-scale discrimination of features in structures 
such as the haploid genome (3 pg in mass, 
3 × 10 −12  g).  

 These scaling considerations may seem trivial, 
but they are fundamental to understanding micro-
scale manipulation and metrology. Directly at 
this interface lies micro fl uidics, the study of the 
nature of  fl uid dynamics in sub-millimetre 
mechanical systems. Micro fl uidic devices are 
essentially  fl uid handling systems incorporating 

structural  fl ow features (e.g. branched or 
unbranched channels) that exploit the unique 
physical differences between macro- and micro-
scale  fl uids. At this scale,  fl ow is non-turbulent, 
and de fi ned largely by the device geometry, with 
channel cross-section being the most critical 
parameter. True micro fl uidic systems utilize rec-
tilinear  fl uid channels which are typically wider 
(>100  m m) with respect to height (>10  m m), and 
up to centimetres long  [  1  ] . It is surprising to con-
sider that a channel of this pro fi le accommodat-
ing 10  m L of culture medium would need to be 
10 m long. In contrast, a channel of similar pro fi le 
and only 10 mm long would only hold 10 nL 
(volume = cross section area × length). By com-
parison, a human expanded blastocyst is approxi-
mately 175–225  m m in diameter, equating to 
approximately 5 nL in volume. Thus, micro fl uidic 
device constraints marry quite well with the vol-
ume limitations of embryo analysis, particularly 
at the single embryo level. 

 Along with volume miniaturization, and of 
potentially greater value to quantitative analysis, 
is the high level of volume-to-volume accuracy 
offered by a micro fl uidic channel. Channel geom-
etry itself physically constrains, and hence de fi nes 
the  fl uid volume, which is a critical consideration 
for the reliability and repeatability of analyses 
relying on molarity functions (moles of analyte 
per litre). 

  Fig. 26.1    Diagrammatic representation of conventional 
scale ranges relevant to biological systems. Micro fl uidic 
devices operate at the micro- to nano-scale, corresponding 

to the size of gamete and preimplantation embryos (eye 
symbol = limit of visual acuity)       
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 This is preferable to conventional biological 
assays that require manual pipetting of microlitre 
volumes, with associated volumetric errors that 
occur randomly and cumulatively. Clearly, the 
highly accurate volume handling capabilities of 
micro fl uidic devices are advantageous for ART 
laboratories employing micron-scale or lower 
working volumes, for diagnostic assay of samples 
with very limited availability. 

   Aspects of Device Fabrication 

 In general, micro fl uidic devices are constructed 
in two-dimensional (2D or planar) functional lay-
ers of a solid material, through which variable 
height channels run independently, akin to the 
layout of printed electrical circuit boards. In some 
cases, multilayered three-dimensional (3D) 
devices have been fabricated, though are less 
common due the high level of manufacturing 
complexity involved  [  2  ] . In most cases, a pseudo-
3D functionality is achieved through stacking of 
multiple planar layers, with intervening perpen-
dicular conduits (vias) that allow communication 
between layers. 

 Micro fl uidic fabrication is de fi ned by the mate-
rial chosen for the structural layer, and relies on 
highly specialized and complex engineering 
methodology. In summary, a wide range of indus-
trial scale methods are available, including photo-
lithography, soft lithography, laser machining, 
micromilling, bead blasting, chemical etching, 
wax printing and hot embossing. These are essen-
tially surface modi fi cation techniques capable of 
creating high resolution planar features, with 
micro-scale width and depth precision, and with 
high reproducibility. Devices for biological appli-
cations have been fabricated using a wide array of 
rigid and semi-rigid materials including borosili-
cate glass; light sensitive  fi lms (photoresists); 
polymers (e.g. poly(dimethyl)siloxane (PDMS), 
polycarbonate (PC), poly(methyl-methacrylate) 
(PMMA) and te fl ons); waxes; shrink-wrap  fi lms 
and even paper-based materials. The choice of 
material is normally dictated by the end use, or 
availability of the fabrication facility. To date, most 
micro fl uidic devices for biotechnology applica-

tions have been made from glass  [  3  ]  or polymer, 
typically PDMS  [  4  ] . 

 Glass devices are normally made by chemical 
etching or micromachining, which is costly and 
time consuming, but glass is well suited to bioas-
say systems owing to attributes such as minimal 
sample-surface interactions, resistance to organic 
solvents, lack of gas permeability and low optical 
background. Glass is also amenable to biochemi-
cal surface conjugation with proteins or linkers. 
Like glass, PDMS is silicon-based and optically 
clear, but is more rubber-like, with devices typi-
cally made using the microelectronics industry 
methods of photolithography and soft lithogra-
phy (Fig.  2 ). Liquid polymer is typically poured 
over a rigid mould (master) produced as the 
inverse of the channel layout. The polymer is 
then cured by baking, and mounted on glass or 
other planar surfaces.  

 This process is considerably cheaper than for 
glass, but is equally time consuming, with most 
expenditure attributed to master design and pro-
duction. Once completed, the same master can be 
reused to make multiple single-use or minimally 
reused device copies. Typical drawbacks of 
PDMS for biological device applications include 
its reactivity to organic solvents, heat sensitivity 
and porosity   . This latter property can promote 
reactions with aqueous samples contained within 
the device, such as small molecule absorption 
into the bulk material  [  5  ]  or release of trace 
amounts of PDMS monomers and oligomers  [  6  ]  
which may confound mass spectrometry studies, 
for example.  

   Operational Aspects of Micro fl uidic 
Devices 

 The functional unit of a micro fl uidic device is a 
single open-ended channel with smooth (non-
turbulent or “laminar”)  fl uid  fl ow regulated by a 
de fi ned head pressure, analogous to  fl uid moving 
in a vertical capillary under gravity. Laminar  fl ow 
itself is based on the physical manner by which 
in fi nitely thin, adjacent “laminae” of  fl uid slide past 
each other in the direction of the pressure gradi-
ent, while remaining an intact “stack” ( fl uid bulk) 
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similar to a deck of cards. As channel complexity 
and on-board integration increase to become more 
“chip-like” (e.g. incorporating sensors, electron-
ics, tube feeds, control layers, etc.), so does coor-
dination of the degree, timing and location of 
pressure controls in the  fl uid management system. 
Channels can also contain multiple inputs and out-
puts, forming branch-points that meet speci fi c  fl ow 
regimes for mixing, reaction or movement to a 
detection region (Fig.  3 ). Direct positive or nega-
tive  fl uid pressures can be generated mechanically 
via syringe pumps, internal or external peristaltic 
pumps, or indirectly by centripetal, gravitational 
or electromagnetic forces. Alternatively, chemi-
cally active methods at the device- fl uid interface 
can be used, including surface tension (capillary 
action), electrowetting, electroosmosis or hydro-
phobic/hydrophilic interactions. In most cases, 
the pressure generating system is external to the 
micro fl uidic device.  

 Devices can be generally classi fi ed according 
to whether their internal  fl uid  fl ow is free  fl owing 
(passively controlled) or valved (actively 

controlled). The former is strictly dependent on 
device geometry, while the latter type is subject 
to imposed mechanical, electrical or chemical 
switching methods (actuation). At the user end, 
the  fl uid  fl ow rate input to the device is the most 
important control parameter, with the precision 
of fabrication dictating channel geometry, and 
thereby the effectiveness of downstream  fl ow. 
Despite this level of engineering precision, the 
addition of active control imparts a far greater 
degree of  fl exibility of use in micro fl uidic devices. 
As a result, a plethora of actuation methods have 
been developed  [  7  ] , such as pneumatic channel 
compression (one of the most common) (Fig.  4 ). 
While active control greatly reduces the geomet-
ric tolerance requirements of device channels, the 
off-board control system consequently becomes 
exponentially more cumbersome.  

 When the control system and device com-
plexity are suitably optimized for a given end-
point analysis, there is the potential for “high 
order functional parallelism”, a term describing 
the potential to perform massively parallel 

  Fig. 26.2    Schematic of the process of soft lithography 
for fabricating microchannel features in micro fl uidic 
devices. A silicon wafer disc is  fi rst coated with a layer of 
photoresist ( upper left ). A template, the optical mask, 
containing the desired pattern is then overlaid, and the 
wafer is irradiated with ultraviolet light ( upper middle ), 
which cross-links only the area exposed by the pattern. 
The unexposed photoresist is removed using a solvent devel-

oper, leaving an intact 3D negative of the pattern, which 
is then hard-baked, creating a permanent moulding mas-
ter ( upper right ). PDMS is poured over the master and 
cured ( bottom right ). The PDMS is peeled off the mould 
( bottom middle ) and bonded onto a prepared glass sub-
strate to create the  fi nished device ( bottom left ). The mas-
ter can then be reused to make multiple copies of the 
device as desired       
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assays in a single device footprint. Instead of 
repeated serial analysis, micro fl uidic devices 
can allow multiple analyses in parallel on a sin-
gle sample, or de fi ned fractions, greatly stream-
lining assay costs and analysis times, and 
maximizing available data. Combining metrolo-
gies (e.g.  fl uorometry and electrochemical 
detection) further increase data acquisition. 
Many existing sensor metrologies are unable to 
 fi t within the con fi nes of micro fl uidic devices 
(e.g. NMR, mass spectroscopy (MS), photode-
tectors and lasers), with some metrologies hav-
ing industrial scale space requirements. Hence 
most micro fl uidic analyses involve coupling of 
detection systems to the actual device, akin to 
microscopes coupled to a microscope slide. In 
one sense, the device can also be considered a 
kind of interface for these larger analysis and 
detection systems, rather than the analysis 

device itself, and overall system cost necessarily 
includes both.  

   Common Misconceptions About 
Micro fl uidics 

 Along with the popularization of micro fl uidics as 
a source of new biotechnologies has been the 
prevalence of a range of subtle but pervasive mis-
conceptions. Micro fl uidic technology is consid-
ered a panacea, suitable for solving any scienti fi c 
problem, most notably those of biological systems, 
which are inherently complex. In fact, micro fl uidic 
devices are simply tools, and essentially smaller 
scale versions of conventional tools designed 
for analysis of  fl uid-based systems of like scale. 
To this end, micro fl uidic devices are often con-
sidered overwhelmingly complex in operation. 
This perception is not helped by the abundance of 
bewildering jargon in scienti fi c literature, which 
detracts from understanding the basic utility of a 
device for an end-use. The perceived complexity 
is more a product of the functional application, 
rather than the nature of the device itself .  By 
analogy, a driver can operate a car precisely, 
unaware of the complexities of the systems 
involved in its operation, let alone knowing how 
to reconstruct one from spare parts. With some 
similarity, complex micro fl uidic systems can be 
appreciated as a group of unique subsystems 
working in unison (e.g. electrical timing and fuel 
delivery), or an array of like subsystems in paral-
lel (e.g. cooling elements in a radiator), or both. 
The nature of laminar  fl uid  fl ow in micro fl uidic 
devices is also a point of ambiguity and techni-
cal dif fi culty. At these scales, two adjacent  fl uid 
layers in a single channel cannot physically mix, 
except by very slow passive diffusion across their 
boundary. However, there are many attempts to 
circumvent this property in a majority of devices 
that adopt some form of mixing strategy, to emu-
late standard bench top tube-based bioassays. 
Furthermore, any level of  fl uid loading, mixing 
or on-board capture requires larger additional 
volumes to drive and direct movement beyond 
the claimed sample volumes of nano-, pico- or 
femtolitre scales. Thus one of the most pervasive 

  Fig. 26.3    Bright  fi eld micrograph of a PDMS micro fl uidic 
device used for metabolic analysis. Fluid  fl ow channels 
are 100  m m wide by 50  m m in height; the volume of 
trapped blue dye is 2 nL. The channel section bounded by 
the four  fi ducial marker points represents the measure-
ment region, where embryo culture media and metabolic 
reaction mix are coincubated and analyzed  fl uorometrically 
(measurement volume = 2.5 nL; scale bar = 500  m m  [  70  ] )       
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misconceptions is that micro fl uidic devices are 
 micro-  fl uidic. Taking into account total device 
working volume, which is usually continuous, 
except in the case of closed chambers or locked 
channels with de fi ned volumes, they are more 

likely to be meso- or macro- fl uidic. Some con-
fusion can be resolved by the fact 1 mm 3  in 
capacity is equivalent to 1  m L of  fl uid, hence 
the discrepancies in describing geometry and 
 fl uid scale. 

  Fig. 26.4    Computer-generated rendering of the 
micro fl uidic device in Fig.  3 , illustrating in 3D how the 
microchannel  fl ow is controlled. The overall device format 
( a ) shows individual  fl uid  fl ow channels ( blue ) lying above 
a layer of control channels ( red ), which are driven pneu-
matically. Flow channels are a combination of rectilinear 
and rounded cross sections, with channel width uniformly 
around 100  m m.  Red boxes  represent valves that make con-
tact with the blue  fl ow channels from beneath, which appear 
in high density in the grid regions, representing the main 

control interface. A blow-up of a channel T-intersection ( b , 
 c ) shows how each channel branch is positioned over three 
individual valves, the blind ending of a control line. When 
valves are open ( b ), no hydraulic pressure is in the line, and 
 fl uid can move freely in the  fl ow channel (inset micrograph 
of a valve from a PDMS device, viewed from above). To 
close a valve, the hydraulic pressure in the control line is 
increased, pushing the channel  fl oor upwards and prevent-
ing  fl uid  fl ow in that region (inset photo with lighter region 
is where  fl ow is blocked) ( c )       
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 In general, these misconceptions are relevant 
to device design for a given diagnostic analysis, 
rather than to the end user. The following sections 
discuss similar micro fl uidic device aspects, but 
more speci fi c to the methodology and analytical 
metrology in question.   

   Micro fl uidic Devices for Single Cell 
Morphology and Morphometric 
Analysis 

 As described in the introduction, imaging modal-
ities are typically used as an off-board monitor-
ing tool for micro fl uidic devices. However, 
integrated morphological assessment in a 
micro fl uidic device provides a unique opportu-
nity for quantitation of a range of parameters. 
While the newer area of fusion between micro-
 fl uidics and optical technology (“opto fl uidics”) is 
still in its infancy, it may hold some promise for 
combining optics capabilities as built-in features 
of micro fl uidic chips, including magni fi cation 
effects imparted by the chip material itself, or 
drawing from the physical actuation properties of 
light. One type of opto fl uidic chip is essentially 
lensless, employing a transparent PDMS micro-
channel  fl anked by a linear array of 2D light sen-
sors in the base  [  8  ] . Actuated  fl ow through the 
channel causes a contained object to roll across 
the channel base, projecting a transient shadow 
over each sensor at each point along its route. 
Computationally, images captured by the sensors 
at different orientations are then sequentially 
reconstructed to produce a high resolution 3D 
representation. This technique has been validated 
as an alternative to bright  fi eld microimaging of 
smaller multicellular organisms  [  9  ]  and bacteria 
 [  10  ] . Combined with a tailored algorithm for 
quantitative image analysis, the device can also 
reveal internal cytoplasmic differences in real 
time, and has already proven suitable as an alter-
native to  fl uorescence-activated cell sorting 
(FACS) device  [  11  ] . Owing to its highly inte-
grated operation, the device can be easily adapted 
for high-throughput quantitative imaging, pro-
vided an appropriate structural feature is targeted, 
which perhaps makes this type of device very 

useful for sorting of spermatozoa than single 
oocytes or embryos. 

 Beyond analysis of the visual morphology, 
micro fl uidic device chips have also proven 
extremely useful in accessing the biophysical 
nature of single cells. Parameters such as cell 
mass, size, density, volume and elasticity can be 
interrogated on passive micro fl uidic devices 
(e.g. using  fl ow characteristics, variable width 
channels, in- fl ow geometric obstacles), or actively 
(e.g. using laser capture, electrostatics, acoustics, 
magnetic  fi elds, etc.) or both  [  12  ] . One highly 
sensitive method of mass determination of single 
cells has been demonstrated using an ingenious 
micro fl uidic device, actuated electrically and cou-
pled to a re fl ected laser and photosensor  [  13  ] . The 
device itself comprises a U-shaped, micro fl uidic 
channel suspended on a silicon cantilever, bonded 
to a sub-layer of electrodes and mounted inside a 
vacuum. The voltage driven across the cantilever 
causes it to resonate, and as a single cell traverses 
the channel, it causes a lag in the resonance mon-
itored by the photosensor as a laser de fl ection. 
This provides incredibly accurate femtogram 
mass quantitation, suitable for even single bacte-
ria and nanoparticles in suspension. Density can 
also be extrapolated based on the mass and 
volume (density = mass divided by volume), an 
approach taken using the same device to detect 
structurally abnormal erythrocytes in dilute blood 
samples from malarial patients  [  14  ] . While per-
haps most suitable as a  fl ow cytometry device, 
the method would be relatively non-invasive to 
cells. Another group constructed a similar device 
to discriminate between normal, abnormal and 
fertilized oocytes using a micro fl uidic channel 
subjected to a dielectrophoretic  fi eld in opposi-
tion to gravity, which could distinguish differ-
ences in buoyant density based on free-fall rate 
 [  15  ] . Although manually obtained visual mor-
phology may still be more ef fi cient for now, such 
as embryo size determination using a gradicule 
 [  16  ] , these or other kinds of non-invasive mass 
determination micro fl uidic methods may prove 
useful in discriminating  fi ner differences between 
oocytes in cohorts with similar morphology. 
This could relate to embryo developmental 
competence in terms of subsequent cell number, 
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protein synthetic potential or inherent organelle 
complement. 

 Measurement of physical elasticity is another 
relatively overlooked method than can be per-
formed very effectively in micro fl uidic devices, 
providing information that may relate to the type 
of morpho-dynamic observations described ear-
lier. These methods are somewhat more invasive, 
whereby cells are subjected to graded physical 
deformation, and some methodologies have 
already shown tremendous potential for diagno-
sis of cancer cell phenotypes based on differ-
ences in cytoplasmic stiffness and membrane 
elasticity  [  17  ] , possibly re fl ecting defects in 
cytoskeletal integrity or cell cycle status. While 
active device methods require cells to be immo-
bilized for external forces to be applied, simpler 
 fl ow-based passive techniques can also be 
employed. For example,  fl ow of cells through 
constrictions in a channel can yield visually 
quanti fi able data about compliance of the cells 
as they are being transiently compressed, with 
the exerted force quanti fi able via micromechani-
cal force transducers built into the  fl ow channel 
 [  17  ] . This approach has been used effectively to 
demonstrate how a single erythrocyte can elicit a 
change in ATP production, measurable using 
 fl uorometry, following compression in a 
micro fl uidic channel constriction  [  18  ] . Thus, the 
“stiffness” of a single blastomere or oocyte could 
well be measured, which may relate to the com-
plex interaction of cytoskeletal remodeling, 
membrane integrity or cytoplasmic viscocity, 
some of which are reportedly linked to develop-
mental competence  [  19,   20  ] . Unfortunately, 
transient structural deformations may not neces-
sarily be elastic, as illustrated by persistence of 
an injection furrow during ICSI; however, meth-
ods based on this type of physical quantitation 
may provide new insights into the nature of cell 
cycle length differences, cleavage dynamics or 
apoptotic phenotypes. The facts that preimplan-
tation embryos in vivo remain in a dynamic  fl uid 
environment for several days, have a threshold 
of sensitivity to shear stress  [  21  ] , and undergo 
a hydrostatic compression during blastocyst 
hatching may form the basis of a  fl ow-based, 

minimally invasive, mechanical stress-response 
assay (Fig.  5 ) similar to the approach described 
by Kim and colleagues for deformation of 
bovine blastocysts  [  22  ] .  

   Suitability of Micro fl uidics for Analysis 
of Oocyte and Embryo Morphology 

 Owing to their inherent compactness and optical 
transparency, micro fl uidic devices are easily 
adapted to bright  fi eld microscopy. While there 
are manual differences in loading protocols com-
pared to dishes, micro fl uidic devices are advanta-
geous as far as establishment of a robust and 
stable microenvironment for oocytes and embryos, 
and highly amenable to time-lapse imaging, which 
could be easily integrated with image capture and 
analysis technology. Incorporation of a method of 
cytostructural analysis, such as biophysical data, 
may also provide unique biological information 
relevant to the    diagnostic assessment of develop-
mental competence of oocytes and embryos, 
which may complement developmental kinetics. 
Further developments may entail on-board inter-
rogation of an oocyte or growing embryo in a 
stand-alone device, possibly in an automated form, 
requiring only minimal manual intervention. This 
is a somewhat longer-term scenario, and in the 
meantime, it is envisaged that there will still remain 
a basic need for manual light microscopy as a 
proven tool in clinical IVF, combined with the 
sophisticated image discrimination skills of 
trained technicians.   

   Genomic Pro fi ling Using Micro fl uidics 

 For convenience, the molecular approaches 
described can be categorized into: cell lysis or 
fractionation, DNA and RNA puri fi cation, 
ampli fi cation (e.g. for low-abundance templates 
of 3–6 pg genomic DNA per cell, ~30 pg total 
RNA per cell, ~10 cells in a blastocyst biopsy) 
and quantitative detection (e.g.  fl uorometric or 
spectrophotometric detection). Technological 
advances in all steps, most commercially available, 
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have greatly decreased assay times without 
compromise in accuracy, a major consideration 
in the choice of a diagnostic assay for clinical 
genetic screening. Several hurdles to assay reli-

ability, such as compensation for subtle genetic 
variations (e.g. mosaicism, copy number varia-
tion, random translocations) are still under con-
tinuous optimization. 

  Fig. 26.5    Concept micro fl uidic device for biomechanical 
analysis of a preimplantation embryo. A blastomere is  fi rst 
biopsied from a cleavage stage embryo ( a ). The blastomere 
is then loaded into the micro fl uidic device and driven 
through a channel constriction ( b ). This causes morphologi-
cal compression ( c ), from which some basic biomechanical 

properties can be calculated from curvatures of the rear ( a ), 
side ( b ) and front ( d ) aspects of the plasma membrane. The 
same blastomere can then be moved to an actuation zone 
and lysed ( d ,  e ), with subcellular fragments divided by sim-
ple channel branching to other regions for parallel molecular 
analysis on-chip, or to other off-board platforms       
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 Brie fl y, gamete or embryo fractionation is 
typically performed in-tube, using detergent and 
enzyme-based aqueous formulations with some 
thermal treatment and/or  fi ltration, resulting in 
protein-free nanogram quantities of DNA or RNA 
in suspension. Further separation can also involve 
gel electrophoresis, allowing puri fi cation of 
speci fi c mass ranges (10 3 –10 6  Da) but requiring 
larger (microgram) amounts of starting material, 
with resolution down to tens or hundreds of 
nucleotides in length. Quantitation of extract 
yields prior to further analysis is typically 
 fl uorometric or spectrophotometric, based on 
nucleotide-speci fi c probe binding or passive 
nucleotide absorbance relative to nucleotide 
amounts. 

 Once extracted, locus-speci fi c ampli fi cation 
or whole genome ampli fi cation (WGA) is neces-
sary, particularly from picogram quantities of 
DNA. Ampli fi cation most commonly involves 
variations of the PCR  [  23  ] , a cyclic reaction in 
aqueous microlitre suspensions, that generates 10 
to 20-fold increases in complementary DNA 
(cDNA) from short segments of gene-speci fi c 
mRNA, between a pair of recognition sequences 
(primers). For whole genome approaches, oligo-
nucleotide primers to randomly occurring repeat 
sequences (microsatellites) are targeted in speci fi c 
chromosomes or across the genome. This forms 
the basis of degenerate oligonucleotide PCR 
(DOP)  [  24  ] , which can be used to detect single 
nucleotide polymorphisms (SNPs), but may omit 
some regions due to incomplete coverage, result-
ing in allele drop-out (ADO). Expression levels 
can also be interrogated by analysis of gene-
speci fi c mRNA or total mRNA (transcriptome). 
For these applications, quantitative real-time 
PCR (q-PCR) has become the method of choice 
 [  25  ] , whereby inactive  fl uorescent probes are 
incorporated into the PCR and monitored over a 
time-course  fl uorometrically, as they are acti-
vated with nascent cDNA copies. Fluorescence 
detection in this context is highly sensitive, allow-
ing quantitation of very low amounts of transcript 
(1–10 cells worth). Further ampli fi cation can 
also be achieved by  fl anking or nesting adjacent 
primers, which effectively doubles the yield of 
cDNA. Similarly, combining multiple primer 

pairs (multiplexing) allows transcripts from several 
genes to be copied in one sample reaction, further 
enhancing data yield and assay. 

 Exponential improvement has been made in 
the characterization and quantitation of end prod-
ucts using this technique, which has greatly 
improved the accuracy and repeatability of analy-
sis, with data comprehensiveness greatly aided 
by online gene databases and other bioinformatic 
software tools. This is exempli fi ed by microarray 
technology, for which entire transcriptomes and 
genomes can be analysed in situ on two-dimen-
sional planar “chips” containing nanogram quanti-
ties of deposited micro-spots of DNA or cDNA. 
Extracted cDNA from the oocyte or embryo is 
then applied, provided they have been suitably 
ampli fi ed to microgram quantities. Detection and 
quantitation is then performed by metrologies such 
as mass spectrometry (described later). Multiplex 
PCR technology has also converged with this 
approach, with the advent of PCR arrays, where 
multiple primer sets for speci fi c gene families 
can be captured onto micro-well plate surfaces, 
and scanned using digital  fl uorescence imaging, 
as per qPCR. Both of these array approaches can 
be massively parallelized, in a similar way to 
micro fl uidic chip arrays, with microarrays per-
haps the most similar in spatial scale, yet typi-
cally open devices. 

 An alternative high-throughput characteriza-
tion with single nucleotide resolution is offered 
by DNA sequencing, which utilizes probes 
hybridized to each of the four bases (adenine, 
thymine, guanine and cytosine)  [  26  ] . Base detec-
tion in fractionated DNA extracts was previously 
performed using X-ray  fi lm exposure of radiola-
belled probes bound to regions after electropho-
resis. The use of  fl uorophores coupled to 
quantitative  fl uorescence imaging (e.g. charge-
coupled devices, phosphor screens) then super-
seded this, or using smaller gel handling systems 
(e.g. microvolume capillary electrophoresis)  [  27  ]  
or suspensions (e.g. nano-scale particle suspen-
sions). The latest automated sequencers are 
highly complex and rapid, using charge-detection 
based on semiconductor technology to monitor 
reaction rates at polymerase speeds (10–20 nucle-
otides per second)  [  28  ] . 
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   Micro fl uidic Alternatives to Genomic 
and Transcriptomic Analysis 

 Current analysis methods for quantitative genomics 
and transcriptomics in ART have followed quite 
obvious trends in micro-scaling, though mainly 
for static, openly accessible and scanned microde-
vices (e.g. DNA microarrays, microtitre plates 
for qPCR, PCR arrays) rather than dynamic 
microchannel devices. This is despite the fact 
that a large proportion of studies describing 
adaptation of a micro fl uidic device design to a 
biotechnology application have used molecular 
genetic endpoints for proof-of-concept, perhaps 
due to widespread accessibility of these tech-
niques in experimental biosciences  [  29  ] . It may 
however be decades before such basic research 
and development are translated into practical 
diagnostic devices. Many adaptations therefore 
seek to replicate, or at least build on proven tech-
niques, adopting the “gateway” approach. 

 For chromosomal analysis, there are several 
potentially relevant examples of micro fl uidic 
device equivalents for each of the genomic analy-
ses outlined, which may have future bene fi ts for 
ART. The  fi rst micro fl uidic device developed for 
FISH analysis of speci fi c chromosomes was essen-
tially a  fl ow-through microchannel device suitable 
for simultaneous immobilization, hybridization 
and scanning of several hundred interphase cells at 
once, using two different  fl ow formats and a static 
array  [  30,   31  ] . While only amenable to mass 
screening of hundreds of cells, the assay can be 
performed in hours, with tenfold less reagent than 
microscope slide assays. Other research groups 
have since demonstrated “FISH-on-a-chip” anal-
ysis of intact cells at metaphase  [  32  ] , and most 
recently with interphase chromatin of a single cell 
nucleus in a single microchannel, taking advan-
tage of the  fl ow itself to linearly distend the chro-
matin  [  33  ] , similar in principle to a COMET assay. 
This type of single cell application would be ame-
nable to detect aneuploidy in combination with 
other structural anomalies not previously evident 
in an intact spread, and can be free-space coupled 
to standard microscopy apparatus. 

 Another micro fl uidic approach to chromosome-
speci fi c aneuploidy analysis, though again only 

suitable for analysis of DNA from large cell num-
bers is micro fl uidic digital PCR ( m D-PCR). This 
commercial device uses a microarray containing 
756 nL reaction wells per sample, with up to 12 
samples per chip (9,072 samples in total)  fi lled 
passively via evenly distributed feeder channels. 
Each well can support one reaction, with an incred-
ible resolution down to one cDNA copy. Proof-of-
concept of  m D-PCR was  fi rst described for 
chromosome 21 screening of maternal and foetal 
blood DNA  [  34  ] . The same system is now being 
produced by Fluidigm Inc., also suitable as a qPCR 
device for transcriptomic analysis, in line with 
newer trends toward multiple capabilities offered 
by the same system. Similar micro fl uidic devices 
incorporate on-chip cell processing steps, based on 
reports dating back to the early 2000s  [  29  ] , with 
recent single step examples of DNA  [  35  ]  and RNA 
 [  36  ]  fractionation; these can be run successfully on 
a multistep micro fl uidic device  [  37  ] . An ingenious 
micro fl uidic DNA sequencing chip uses electrowet-
ting-on-dielectric (EWOD) to traf fi c, mix and sepa-
rate sample drops containing nanobead conjugated 
DNA. The samples remain under oil which prevents 
evaporation. The electrowetting effect allows for 
precise control of  fl uid volume and mixing in an 
almost completely self-containined device. The 
DNA can be concentrated and further processed via 
the nanobead conjugates  [  38  ] . This system is now 
being commercialized by Advanced Liquid Logic 
Inc., as a micro fl uidic array pyrosequencer, a stan-
dard PCR device, a qPCR device and an SNP gen-
otyper based on luminometry (excitation-free 
 fl uorometry), all within a similar footprint to a 
standard thermal cycler. A technical note has tested 
this system for multiplex qPCR analysis of human 
8-cell embryos for up to 48 genes  [  39  ]  using a 
commercial  fl uorescent probe system. 

 Concurrent studies have used a similar multi-
plex micro fl uidic array approach, claiming single 
blastomere resolution, using different micro fl uidic 
actuation principles. A landmark study from the 
Quake group has used the Fludigm Inc., system 
to analyse lineage-speci fi c gene markers in single 
cells of mouse blastocysts  [  40  ] . A similar study 
demonstrated the use of a microwelled chip for 
standard PCR analysis of regulatory genes in 
single blastomeres, using a glass chip  thermocycler 
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 [  41  ] ; this device is less in-keeping with conven-
tional microchannelled devices, although the 
same manufacturer now produces a single cell 
PCR channel-free device, using the micro fl uidic 
actuation method of acoustic mixing. The former 
study demonstrated the dynamics in coexpression 
of transcription factors from single cells disaggre-
gated from morula to blastocyst stage embryos, 
showing differentiation into the three distinct 
populations, following multivariate analysis  [  40  ] . 
The investigators also used a preampli fi cation 
step, which perhaps suggests further re fi nement 
would be required for application as a clinically 
relevant assay, even with sensitive luminescent 
probes  [  40  ] . This was very recently con fi rmed 
using the same system in a report demonstrating 
performance of a 24-plex qPCR reaction on single 
oocytes and blastocysts, with outputs that com-
pare well statistically to pooled samples run in 
parallel  [  42  ] . It is therefore a matter of time before 
such systems become adopted clinically for single 
blastocyst biopsy and direct analysis, without the 
need for preampli fi cation.  

   Suitability of Micro fl uidics for Genomic 
and Transcriptomic Analysis in ART 

 From a diagnostic viewpoint, perhaps the most 
likely platforms for both DNA and RNA analysis 
in ART based on micro fl uidics are  m D-PCR 
devices, which are now hybrid DNA sequencers. 
It is probably not long before existing microarray 
manufacturers also venture down this path. These 
variants are already available in compact bench-
top units, with high reproducibility and accuracy, 
lower cost per sample, better reaction ef fi ciency 
(lower thermal masses and so faster thermal gra-
dients), and with demonstrated proof-of-concept 
for oocyte and embryo analysis. There is also 
minimal requirement for preampli fi cation steps, 
owing to improved signal-to-noise ratios and 
free-space coupling to highly sensitive detection 
systems (typically  fl uorescence or luminescence 
detection, depending on the chemistry of the 
probe system employed). Many of these advan-
tages are aligned with the priorities for any clinical 
analysis as a diagnostic tool. 

 In relation to  fl uid handling, further advan-
tages would be the elimination of  fl uid loss due to 
dispensing, or the need for excess  fl uid to drive 
samples into channels, should mixing be per-
formed on-board, or using alternative forms of 
actuation. Fluid containment within a micro fl uidic 
channel format also ensures minimal contamina-
tion by foreign templates. Micro fl uidic operation 
systems represent the potential for integration 
with automation as well, providing opportunities 
for fractionation and other interventions, while 
eliminating manual handling steps. This also rep-
resents a signi fi cant purchasing and servicing 
cost for a complete system, although some cost 
may be recouped with increased sample density, 
increased assay variety, multiplexing or design 
modi fi cations to allow for chip reuse for multiple 
patients per run.   

   Proteomic Pro fi ling Using 
Micro fl uidics 

 Like genomic and transcriptomic analysis, pro-
teomic analysis represents a destructive form of 
diagnostic testing, when whole or part of embryos 
or oocytes are assayed directly. Consequently, 
more attention has been paid to the non-invasive 
quantitation of secretory products released by 
embryos into the culture medium  [  43  ] . Analysis 
of speci fi c proteins within cells requires pro-
tein extraction and precipitation steps, followed 
by fractionation (e.g. electrophoretic, chro-
matographic) and detection (spectroscopic, 
 fl uorometric). Similar technical limitations apply 
to the methodology and technology for extraction 
and analysis of proteins from the oocyte or embryo 
as for DNA and mRNA, except for differences in 
the overall amount of protein (>100 pg per cell, 
approximately three to four times the amount of 
total RNA), suggesting that ampli fi cation is less 
necessary, provided there is no signi fi cant loss 
during fractionation, and that detection methods 
are suitably sensitive. Of course, analysis of the 
protein component of all secreted molecules 
(secretome) bypasses these earlier preparatory 
steps completely, but remains an indirect bio-
marker of oocyte or embryo physiology. 
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   Existing Proteomic Analysis in ART 

 Several groups have demonstrated proof-of-con-
cept protein analysis of lysates from whole embryos 
or oocytes, largely in mammalian species, using 
traditional methods such as one- and two-dimen-
sional (1D and 2D) gel electrophoresis  [  44–  48  ] . 
These differ from electrophoresis techniques used 
for DNA and RNA separation, mainly due to the 
approximately tenfold higher molecular weight 
ranges of proteins (up to 100 kDa) compared to 
fractionated DNAs and RNAs (up to 10–15 kDa). 
Protein extracts electrophoresed vertically in one 
direction allows separation by size, whereas further 
separation across a gel at right angles using an 
increasing solvent pH gradient, allows the separa-
tion of proteins according to their molecular sur-
face charge, revealing information about protein 
structure and relative abundances. These pro fi les 
form a type of  fi ngerprint of gene translation prod-
ucts, which can be further processed for 
identi fi cation of speci fi c proteins using conjugation 
of antibodies to speci fi c protein sequences (e.g. 
Western analysis) or size quantitation of excised 
candidates by mass spectroscopy. Traditionally, the 
low sensitivity of protein puri fi cation has required 
extensive pooling of individual oocytes or embryos. 
Nowadays, methods such as difference in-gel elec-
trophoresis (DIGE) have somewhat overcome this 
insensitivity, using  fl uorophore incorporation and 
quantitative digital imaging. 

 Another popular quantitative  fl uorescence-
mediated approach applied to immobilized cells, 
whole cell lysates and secretory fractions is 
enzyme-linked immunosorbent assay (ELISA), 
which relies also on antibody-mediated recogni-
tion of speci fi c amino acid sequences in proteins, 
followed by spectroscopic detection of a conju-
gated probe. Fluorometric ELISA has been used 
both to detect antigens on intact embryos  [  49  ]  
and secretory factors  [  50,   51  ] . For whole pro-
teome analysis, cell lysates or spent media may 
also be applied to arrays of immobilized antibod-
ies, similar to DNA microarrays, as shown previ-
ously for whole embryo detection based on mass 
spectroscopy  [  52  ] . 

 Analysis of the protein composition of the 
secretome from the preimplantation embryo, and 

in some cases the oocyte  [  53  ] , has typically been 
performed with more high resolution quantita-
tion based on chromatographic separation cou-
pled to mass spectroscopy  [  43  ] . Secretory 
proteins generally appear in lower molecular 
weight ranges, and in the case of embryos are 
lower in abundance than for more rapidly divid-
ing cell types, a unique challenge to single 
embryo diagnostics. Contamination from high 
molecular weight albumins supplemented to cul-
ture medium is also a confounding factor, requir-
ing a pre-separation step such as a molecular 
weight sieve or enzymatic digestions. Protein 
separation in aqueous liquids can be effectively 
performed using high performance liquid chro-
matography (HPLC), which employs linear sol-
vent gradients to separate individual protein 
species from a mixture, based on subtle differ-
ences in their solubility and charge-to-molecular 
weight ratio. This fractionation technique is suit-
ably sensitive for whole secretome analysis of 
single embryos, particularly for blastocysts that 
contain more protein synthetic cells. A wafer-
based format, operating on similar protein 
adsorption principles, has enabled the embryo 
secretome to be interrogated with surface-
enhanced laser-desorption/ionization mass spec-
troscopy (SELDI-TOF-MS)  [  54  ] . More recently, 
electron spray ionization mass spectroscopy 
(ESI-MS) has been used for the more sensitive 
detection of proteins in unfractionated culture 
media  [  55,   56  ] . The latter study also demon-
strates a smaller scale variant called nano-scale 
ultra high performance liquid chromatography 
(nanoUPLC), which uses low-volume capillary 
electrophoresis, requiring less starting materials 
and greater yield for a wider range of protein 
types (e.g. hydrophobic, hydrophilic, acidic and 
basic), many of which are lost in standard elec-
trophoresis and HPLC. That study still required 
pooling of cells and media  [  56  ] , and laser-based 
mass spectroscopy also requires highly repetitive 
scanning of isolated protein fractions  [  52,   54  ] . 
Proteomics therefore can suffer from similar 
technical drawbacks to genomic analyses, in 
terms of a need for greater assay sensitivity, and 
therefore could greatly bene fi t from volume 
down-scaling.  
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   Micro fl uidic Techniques Suitable for 
Proteomic Analysis for Oocytes and 
Embryos 

 Micro fl uidic devices are ideally suited to pro fi ling 
of single blastocyst secretory proteins in culture 
media, and could easily accommodate cell lysates 
as well. To date, such applications have not been 
demonstrated exclusively for the analysis of pre-
implantation embryos, oocytes or accociated 
secretory products as an ART assay, although like 
genomic methods, many standard processing and 
analysis methods for proteins and the proteome 
have micro fl uidic equivalents. Micro fl uidic 
proof-of-concept devices have been demon-
strated for on-board cell lysis and protein diges-
tion  [  57  ] , ELISA  [  58,   59  ] , protein electrophoresis 
 [  60  ]  and several examples of protein fractionation 
coupled to mass spectroscopy variants  [  61–  63  ] . 
At present, these types of device concepts could 
offer very high ef fi ciency and sensitivity, with 
some investigators claiming sub-femtomolar 
detection  [  64  ] . 

 There are no commercially available 
micro fl uidic devices demonstrated for detecting 
oocyte or embryo biomarkers based on secretome 
differences. There is also still a lag to clinical 
translation of assays of speci fi c protein candi-
dates that have reported correlation to embryo 
implantation potential. Up- or down-regulation 
of secretion may however not necessarily corre-
late with normal expression, and many gene and 
protein functions are based on database sequence 
homology rather than precise functional charac-
terizations. A more functional correlate may 
therefore be the metabolomic subset of the oocyte 
and embryo secretome, or at least combining 
known candidates in a multiplexed assay. Newer 
approaches in digital micro fl uidics, similar to the 
Advanced Liquid Logic Inc. device described 
earlier, are capable of multiple protein processing 
steps, and able to be coupled to mass spectrome-
try, for protein separation and identi fi cation for 
clinical assays  [  65  ] . Hence a proteomic adjunct 
to quantitative genomics in a micro fl uidic device, 
like the hybrid array types described earlier, may 
be the next “proteogenomic” development for 
embryo diagnostics.   

   Metabolomic Analysis Using 
Micro fl uidics 

 The metabolism of oocytes and preimplantation 
embryos (mainly) has proven to be one of the 
most critical functional parameters measured, 
regulating all aspects of development. All molec-
ular processes (e.g. transcription, protein synthe-
sis, organelle transport, cytokinesis, etc.) and 
homeostatic conditions have a requirement for 
continuous ATP supply. In turn, metabolic path-
ways are driven by complex molecular mecha-
nisms, which are also heavily integrated into 
signal transduction pathways. While metabolism 
remains at a baseline level at all stages of oocyte 
maturation and embryo development, upregula-
tion of activity coincides with increased energy 
demands, such as in association with programmed 
morphogenetic and differentiation steps, as deter-
mined for most mammalian species studied to 
date  [  66  ] . This is especially important to embryo 
production in vitro, where adverse culture condi-
tions and nutrient de fi cits have proven, over sev-
eral decades of culture system optimization, to 
have a direct effect on embryo developmental 
competence and viability  [  67  ] . Therefore, meta-
bolic screening strategies derived from experi-
mental methods have been recommended to be 
performed as routine assays for clinical IVF. 

   Existing Methodology Used for 
Metabolic Analysis of Embryos 

 Classical biochemical methods of metabolic 
analysis have proven to be highly useful in deter-
mining the metabolism of single in vitro pro-
duced embryos, being both quantitative and 
non-invasive, as far as indirect measurement of 
the culture medium composition. Broadly speak-
ing, several techniques have been explored to 
quantitate speci fi c pathway substrates (carbohy-
drates or amino acids, oxygen) and products 
(ammonium, carbon dioxide, lactate), although 
these will not be reviewed in depth here. A key 
method has been the analysis of a single aqueous 
metabolite (typically carbohydrate or amino acid) 
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by enzymatic breakdown, coupled to production 
of a  fl uorescent co-factor, which is then quanti-
tated using  fl uorescence microscopy. This method 
has recently been adapted to clinical IVF, via 
determination of glucose levels in culture media 
used to grow single human blastocysts  [  68  ] . This 
method is highly sensitive, relying on removal of 
nanolitre sized aliquots of culture medium using 
micromanipulation tools, and analyzing the 
contents in reaction nano-drops on a microscope 
slide by detection of  fl uorescence intensity. At 
this scale, rates of metabolic activity are typically 
expressed as picomoles per hour depending on 
the substrate and species. 

 This method is somewhat time-consuming and 
technically challenging, which has hampered its 
translation as a diagnostic tool to clinical IVF. 
Nevertheless, the concept of indirect analysis of 
single embryos based on altered medium nutrient 
levels remains one of the most well-matched func-
tional assays to clinical IVF to date, ensuring that 
structural and developmental integrity of the 
embryo is maintained, and negating the need for 
any kind of biopsy procedure. More comprehen-
sive analyses have been performed on spent media 
from clinical IVF embryos, to pro fi le the entire 
pool of secreted metabolites (metabolome, approx-
imately 3,000 known in the human, <3 kDa in 
size) or subsets such as all amino acids, using 
mature spectroscopic “footprinting” metrologies 
(e.g. (HPLC), Raman Spectroscopy, Fourier 
Trans formed Infrared (FTIR) spectroscopy and 
near-infrared spectroscopy (NIR), NMR spectros-
copy and mass spectroscopy (MS))  [  69  ] . The 
metabolome itself is more closely aligned with the 
instantaneous developmental phenotype and phys-
iological state of the embryo, than either the tran-
scriptome or  proteome, and therefore represents a 
de fi ned, measureable outcome with predictive 
value for determination of implantation potential.  

   Micro fl uidic Approaches for Metabolic 
and Metabolomic Analysis 

 In terms of metrology type, micro-scale 
 fl uorometry is very well matched to micro fl uidic 
devices. Small volumes, which may ordinarily be 

a accessible to standard metrologies, provide 
increased analyte to volume molar ratio, with 
serial or parallel multi-analyte assays able to be 
scaled up on the same device. Also, micro fl uidic 
systems can be designed to process reactions on 
demand, and perform analysis at predetermined 
time-points following the reaction. Ordinarily, 
for microtitre plate-based  fl uorescence detection 
containing static volumes, multiple samples need 
to be reacted concurrently and scanned serially, 
resulting in sample analysis lag times. Upscaling 
volumes may not necessarily improve  fl uorescence 
analyses, even though signal intensity increases 
linearly with analyte level. Larger volumes can 
actually  fi lter out some of the signal from within, 
when scanned through. In contrast, micro fl uidic 
devices may be scanned as a single image, with 
lower aspect ratio channels exhibiting virtually 
no optical  fi ltration, auto fl uorescence or hetero-
geneous intensity effects due to free  fl uid surfaces 
(comparable to the parallel sides of a spectropho-
tometer cuvette). The culmination of this is 
increased signal-to-noise ratios, thereby enhanc-
ing the sensitivity of the measurement. 

 As is the case with protein secretome and 
morphometry analysis, there are currently no 
commercially available micro fl uidic devices 
appropriate for routine non-invasive assessment 
of embryo metabolism, based on any metrology. 
Using  fl uorometry, two important proof-of-
concept studies have recently demonstrated that 
micro fl uidic devices can however be used as 
direct equivalents to current microscope-based 
methods used for embryo culture media analysis 
of carbohydrate level  [  70,   71  ] . The initial 
approach uses pneumatic actuation to merge and 
mix culture media volumes so they react in a 
nanolitre region, with feed channels able to 
deliver biological samples, three separate carbo-
hydrate enzyme cocktails and  fi ve carbohydrate 
standards in the one device (Figs.  3  and  4a )  [  70  ] . 
The sensitivity of this micro fl uidic analysis was 
found to be an order of magnitude greater than 
standard micro fl uorescence analysis. A more 
recent approach is actually an adaptation of an 
electromechanically driven micro fl uidic culture 
device for embryos, modi fi ed for glucose analysis, 
although large feed-volumes and a macro-scale 
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footprint suggest that the device is technically 
more “macro fl uidic”  [  71  ] . 

 Micro-scale spectroscopies may also be ame-
nable to metabolic assay on a micro fl uidic 
device in speci fi c cases, despite equipment com-
plexity and size limitations. These methods are 
largely label- and preparation-free. Methods of 
chemical composition measurement based on 
absorbance of energy by molecular bond vibra-
tion (FTIR, NIR, Raman and NMR spectros-
copy) have unique pros and cons for measurement 
of aqueous media in a micro fl uidic device. 
Infrared radiation is readily absorbed by device 
material, except for rarer materials such as ionic 
crystals or diamond. Water itself is also a proli fi c 
absorber of infrared wavelengths (1–14  m m); 
therefore, samples often require  fi xation and 
dehydration, which could chemically alter some 
metabolites. Infrared spectroscopy can also suf-
fer from a decrease in the ability to resolve indi-
vidual metabolites as the chemical complexity 
of the media increases, requiring extensive post-
assay bioinformatics analysis of spectral peaks. 
Raman spectroscopy also interrogates molecu-
lar composition, though it utilizes inelastic scat-
tering of light rather than absorbance like the 
other metrologies (except MS). Raman scatter-
ing signal strengths are extremely low (~10 7 -
fold loss of intensity), which requires very high 
energy light sources and long acquisition times. 
The method is however not wavelength-depen-
dent like  fl uorometry, or water-dependent like 
infrared methods, and can allow measurement 
of speci fi c ranges of metabolites using discrete 
wavelength sources (e.g. lasers). Device 
modi fi cations such as metalized coatings and 
speci fi c thickness ranges can also enhance and 
amplify the scattering signal. Like Raman spec-
troscopy, proton NMR spectroscopy is non-
invasive, using radio waves to excite hydrogen 
protons in organic molecules, with the transient 
relaxation signal indicative of their molecular 
location. While requiring no external calibra-
tion, and suitable for measuring relative abun-
dances and absolute levels of metabolites, there 
is major interference from water, the spatial res-
olution is low (there is no advantage to volume 
reduction, as entire chips are scanned within the 

device as one value), and large distances to the 
detector result in major loss of signal strength. 

 All of these spectroscopies have proven suc-
cessful for their ability to obtain quantitative 
metabolomic pro fi les from used embryo culture 
media to predict implantation and pregnancy 
rates, and to correlate both using tailored bioin-
formatics  [  72  ] . Micro fl uidic devices have not yet 
been used to address these  fi ndings, perhaps 
because of continued requirements for down-
scaling of source and detector hardware to match 
the volume constraints of chips. Recent techno-
logical advancements may expedite this speci fi c 
adaptation, such as via built-in detection compo-
nents, such as remote coils for on-board NMR 
sensing  [  73  ]  or micro-sized optics for enhanced 
infrared signals  [  74  ] . 

 To this latter end, several interesting develop-
ments have been made in micro fl uidic device 
coupling to MS  [  74  ] , which although requires 
extensive sample preparation, is perhaps the most 
proli fi c scienti fi c tool for metabolite identi fi cation 
and structural analysis. MS is different than the 
other modalities discussed, as the metabolite 
mixture is essentially decomposed into sub-
molecular fragments using a solvent, and sprayed 
over a distance, with de fl ection in electric  fi elds 
determining the absolute composition (mass-to-
charge ratio). This method is also capable of 
measurement of blastocoele metabolite levels 
after removal from human blastocysts  [  75  ] , using 
a very similar approach to an earlier study using 
HPLC for amino acid detection  [  76  ] . Thus, MS 
offers a high level of sensitivity for native nano-
litre  fl uid volumes relevant to embryo physiol-
ogy, suggesting that non-invasive measurement 
of media on a chip may bene fi t from future 
improvements in device–detector interfaces, 
although the technique can be volume limited. 
Research is ongoing as to how chemical separa-
tion may be built into a device, such as via porous 
extraction bead injection into channels  [  77  ] , or 
modi fi cation of device structure to match the 
requirements of detectors, such as converting 
channel outlets into spray nozzles for ESI/MS 
 [  78  ] , or changing device materials to accommo-
date those used for matrix-assisted LDI/MS, as 
recently reviewed  [  79  ] .  
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   Suitability and Limitations 
of Micro fl uidics for Metabolic 
Analysis of Embryos 

 While micro fl uidic devices can enable quantita-
tive analysis of single or multiple metabolite lev-
els in embryo culture media, at the single embryo 
level, the technology is still in its infancy, despite 
a host of new proof-of-concept devices and 
device–detector combinations. The main hin-
drance for IVF laboratories is the cost associated 
with the detection metrologies that are coupled to 
micro fl uidic devices, as well as the need to tailor 
device design, fabrication, use and endpoint anal-
ysis to individual laboratory needs. Nevertheless, 
micro fl uidic devices have been demonstrated for 
 fl uorometric single metabolite detection, provid-
ing comparable (if not better) outcomes to con-
ventional assays. Considering that metabolomic 
spectroscopy outcomes have also correlated with 
clinical implantation and pregnancy outcomes 
based on the same general sampling protocol in 
milli-scale volumes, with metabolite identi fi cation 
in some cases, a fully quantitative pro fi le of 
known metabolites measured in a stage-speci fi c 
manner is still highly conceivable. Such an 
approach would be even more informative if 
combined with some kind of continuous monitor-
ing morphometric and culture device.   

   Concluding Thoughts 

 Micro fl uidic technology provides a unique means 
of interfacing known analytical methods for 
embryo developmental physiology and molecu-
lar phenotypes in real time. Proof of concept 
devices have been demonstrated for quantitation 
of all relevant biological parameters, with com-
mercial translation more prevalent for genomic 
and proteomic detection, wherein micro fl uidic 
devices might form the next generation of PGS 
technologies. While PDMS devices are amenable 
to culture and microscopic visualization of grow-
ing embryos, there is still no easily implemented 
substitute for standard incubation techniques, 
although there is the very real prospect of integra-
tion of a micro fl uidic device for morphokinetic 

analysis, as an adjunct to time-lapse imaging. It 
may still be some time before the wealth of 
experimental concepts in micro fl uidic sciences 
are translated into a clinically relevant diagnostic 
tool for IVF, but these should provide a gateway 
to future devices with more automation and less 
user intervention, to systematize ART laborato-
ries. An ideal device could be an active, continu-
ous culture platform with integrated time-lapse 
imaging and metabolomic or secretomic end-
points, providing real-time physiological outputs 
as the embryo develops, as well as sampling for 
interface with more detailed molecular analyses.      
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