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Morphological and Metabolic Assessment  
of Oocytes and Embryos

Denny Sakkas
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Introduction

The non-invasive assessment of preimplantation embryos has been largely limited 
to the use of morphology and has become 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 morphologi-
cal appearance were more likely to lead to a pregnancy. Indeed, Edwards and col-
leagues 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 usefulness of embryo morphology was published by Cummins et al. 
[2] and reported that embryo quality scores were valuable in predicting success. 
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 
was evidently never assessed prospectively. The following year a study by Puissant 
et al. [3] reported the grading of embryos based on the amount of anucleate frag-
ments expelled during early cleavage 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 fulfilled.” Here already, in the 1980s, the 
simple but important concept was introduced that identifying a better embryo will 
allow us to transfer fewer embryos.

In addition to the classical parameters of cell number and fragmentation, 
numerous other characteristics have now been examined including: pronuclear 
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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 [4–6]). 
One could therefore make a case that morphological assessment systems have 
evolved over the past decade but in effect very little has changed in the way most 
IVF laboratories examine embryos routinely. A close examination of the original 
Cummins et al. [2] paper shows that we have not really progressed in our routine 
assessment of morphology. One significant change however has been the ability to 
culture and assess blastocyst stage embryos routinely and this has helped dramati-
cally to improve 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 identification of viable embryos?”

In this review the history and progress of both morphological and metabolic as-
sessment will be examined. The review will conclude with an evaluation of where 
these technologies will take us in the future.

The Changing Practice of IVF Will Challenge  
Classic Morphological Assessment

The drive to reduce the risk of multiple pregnancies as a consequence of IVF 
means that clinics around the world must transfer fewer embryos to each patient 
than in the past without compromising the chance of achieving a pregnancy. In 
order to accomplish this goal, IVF centers long used grading systems that contain 
semi-quantitative descriptors of the morphology of the early zygote, embryo or 
blastocyst (Fig. 1). Zygote grading systems evaluate pronuclear size and position, 
nucleoli number and distribution, and cytoplasmic appearance [8–10]. Several dif-
ferent criteria including the uniformity of blastomeres, percentage of fragmenta-
tion, rate of cleavage, and blastomere multinucleation are used to grade early stage 
cleaved embryos [10–13]. Later stage blastocyst grading systems evaluate expan-
sion, zona thinning, and quality of the trophectoderm and inner cell mass [14, 
15]. Some systems look at each stage separately and some have combined differ-
ent stages and incorporate them into a “graduated” or “cumulative” embryo score 
[16–19].

The ultimate aim of any grading system has been to identify the zygote, embryo 
or blastocyst that is most likely to implant and become a healthy baby. The mor-
phologic assessment is taken into account when deciding how many embryos to 
replace with the ultimate goal being a single embryo transfer (SET). Given the well-
known morbidity associated with multiple pregnancy [20–22], many programs are 
shifting toward elective single embryo transfer (eSET). Although several countries 
have enacted legislation to allow the transfer of only one or two embryos [23, 24], 
the USA and many other countries currently have no laws to limit the number of 
embryos transferred but do have recommended limits issued by professional societ-
ies to encourage eSET. The American Society of Reproductive Medicine suggests 
that eSET is appropriate for women under age 35 with a good prognosis and a “top 
quality embryo” available. However, despite the recommendation the national rates 
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of eSET in the USA remain below 7 %. In a positive sign the eSET rates are increas-
ing in the younger age groups and are up to 11.2 % in the less than 35 group [25]. 
The question remains for all IVF physicians and embryologists: What criteria do we 
use to help us pick the best embryo for transfer?

Cleavage Stage Assessment

The usefulness of morphology has been shown numerous times. Recently, a large 
grading study using the Society for Assisted Reproductive Technology (SART) 
database found that day 3 morphology was indeed useful when correlating to live 
birth [26]. Relationships were identified between live birth, maternal age, and mor-
phology of transferred day 3 embryos as defined by cell number, fragmentation, 
and blastomere symmetry. Logistic multiple regressions and receiver operating 
characteristic curve analyses were applied to determine specificity and sensitivity 
for correctly classifying embryos as either failures or successes. Live birth rate 

Fig. 1  An embryo develop-
ment sequence taken from a 
real time morphology system. 
The real time morphology 
system allows continuous 
monitoring of the embryo 
without the need of remov-
ing it from the incubator. 
The time after insemination 
is annotated on the bot-
tom right hand corner. This 
series depicts an embryo that 
progressed to the Expanded 
Blastocyst stage from a a 
two pronuclear embryo, b a 
two-cell embryo, c a four-cell 
embryo with some minor 
fragmentation, d a seven-
cell embryo, e a compacted 
embryo and f an expanding 
blastocyst
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was positively associated with increasing cell number up to eight cells (< 6 cells: 
2.9 %; 6 cells: 9.6 %; 7 cells: 15.5 %; 8 cells: 24.3 %; and > 8 cells: 16.2 %), but was 
negatively associated with maternal age, increasing fragmentation, and asymmetry 
scores. An area under the receiver operating curve (AUC) of 0.753 (95 % confi-
dence interval 0.740–0.766) was derived, with a sensitivity of 45.0 %, a specificity 
of 83.2 %, and 76.4 % of embryos being correctly classified with a cutoff probability 
of 0.3.

Interestingly, when similar models were applied to some sequential scoring sys-
tems they appear to not have helped as much as expected. Models built using Day 
1, 2 or 3 scores independently on the re-sampled data sets showed that Day 1 evalu-
ations provided the poorest predictive value (median AUC = 0.683 versus 0.729 and 
0.725, for Day 2 and 3). Combining information from Day 1, 2 and 3 marginally 
improved discrimination (median AUC = 0.737). Using the final Day 3 model fit-
ted on the whole dataset, the median AUC was 0.732 (95 % CI, 0.700–0.764), and 
68.6 % of embryos would be correctly classified with a cutoff probability equal to 
0.3. The authors concluded that Day 2 or Day 3 evaluations alone are sufficient for 
morphological selection of cleavage stage embryos. The derived regression coef-
ficients can be used prospectively in an algorithm to rank embryos for selection. 
It could be argued however that when static morphological systems are challenged 
with SET they will struggle to be as predictive. The usefulness of some sequential 
systems has been shown by Belgian groups which developed characteristics that 
constituted a “top quality” embryo [19–22] and showed improvement when trans-
ferring one embryo only.

The most impressive static morphology based selection results have been re-
ported using the blastocyst scoring systems. A number of these have been developed 
but the most widely used system is that referred to as the Gardner Blastocyst Alpha-
numeric Scoring System.

The Blastocyst

It could be argued that the best static morphological selection tool available to us 
has been right under our noses all along [27–29]. For an embryo to form a blastocyst 
in culture it has already been challenged by the in vitro environment and is also 
a complete expression of the embryos ability to develop distinct tissue types and 
proceed through embryonic genome activation, reflecting both maternal and pater-
nal genome expression. Selection of embryos up to the 8-cell stage is not always 
reflective of these challenges. In contrast, many laboratories argue that it is difficult 
to culture embryos to the blastocyst stage and also many patients fail to have blas-
tocysts for transfer. This however is not the experience of all laboratories as demon-
strated by Marek et al. [30] whereby the cancellation rates for transfer after retrieval 
for day 3 compared with day 5 transfer were 2.9 vs 6.7 %, respectively. Another 
program also found that there was no difference in the percent of patients not having 
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an embryo transfer on day-5 (2.8 %) compared to day-3 (1.3 %) [31]. Both studies, 
more than 10 years ago, concluded that using extended embryo culture in a nonse-
lective manner for couples undergoing IVF was feasible.

A propensity of studies has shown that blastocyst transfer is more successful than 
transfer of cleavage stage embryos. The most recent Cochrane Data base analysis 
[32, 33] has shown that there was evidence of a significant difference in implanta-
tion rate and live birth rate per couple favoring blastocyst culture. The most recent 
report showed that in 1510 women the Live Birth Rate was 31 % for Day 2–3 and 
38.8 % for Day 5–6. Although this report did not show a difference in cumulative 
pregnancy rates, it would be expected that more up to date data will also lead to 
improvements in cryopreservation of blastocysts as more vitrification data is pub-
lished [34]. This data indicates that vitrified blastocysts are virtually equal to fresh 
blastocysts in their viability [34].

In order to select the best blastocyst for transfer, in humans, three morphologi-
cal parameters have routinely been used, i.e. degree of blastocoele expansion and 
appearance of both the trophectoderm (TE) and the inner cell mass (ICM) (Fig. 1). 
Although it has been shown that blastocysts with highest scores for all three param-
eters achieve highest implantation rates, their independent ability to predict preg-
nancy outcome has recently come under scrutiny. Ahlstrom et al. [35] performed a 
retrospective analysis of 1117 fresh day 5 single blastocyst transfers and examined 
the live birth outcome related to each morphological parameter. Whereas all three 
morphological characteristics had a significant effect on live birth however, once 
adjusted for known significant confounders, it was shown that TE was the only sta-
tistically significant independent predictor of live birth outcome. They concluded 
that a strong TE layer is essential at this stage of embryo development, allowing 
successful hatching and implantation. The final barrier to performing routine blas-
tocyst culture was the ability to cryopreserve them successfully. This has now been 
put to rest with the success of vitrification where success rates are being reported 
equivalent to fresh transfers [34]. The added benefit may also be that transferring on 
frozen cycles, as compared to fresh stimulated cycles, may convey further benefits 
to the developing fetus such as improved weight at live birth [36].

Real Time Morphology

Since the late 1980s numerous groups examined the possibility of time lapse video 
imaging of embryos. Indeed Cohen and colleagues published a number of studies 
on the prognostic value of morphologic characteristics of cryopreserved embryos 
[37, 38], while Payne et al. [39] used video imaging to examine polar body extru-
sion and pronuclear formation. Hardarson et al. [40] also used video imaging to 
observe the internalization of cellular fragments in a human embryo. More recently, 
Lemmen et al. [41] used time lapse recordings to examine kinetic markers of human 
embryo quality in particular when cleaving from the 1 to 2 cell stage. A number 
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of commercial time lapse systems are now on the market or being developed for 
the market, including the Embryoscope, Auxogyn and Primovision. One system 
(The EmbryoscopeTM) is a combined incubator and time-lapse system and has had 
numerous publications indicating an equivalent or elevated clinical pregnancy rate, 
which was attributed to a combination of stable culture conditions and the use of 
morphokinetic parameters for embryo selection [42]. The time lapse system pro-
duces high quality videos with the capability of annotating each individual embryo 
(Fig. 1). This time lapse system looks extremely promising and some algorithms have 
already been developed that claim to improve pregnancy rates [43]. Interestingly 
the algorithms rely more on de-selecting embryos that cleave abnormally than pro-
actively selecting the best embryo. A second system has also been developed which 
aims to assist in the early prediction of which embryo will form a blastocyst [44]. 
These authors have published mouse data indicating progression to the blastocyst 
stage can be predicted with > 93 % sensitivity and specificity by measuring three 
dynamic, noninvasive imaging parameters by day 2 after fertilization, before em-
bryonic genome activation. They have now also showed predictability with Human 
euploid embryos using similar strategies [45]. None of the time lapse systems have 
however undergone a rigorous clinical trial as yet to show whether they provide an 
overall benefit for improving single embryo transfer pregnancy rates. This data is 
eagerly anticipated. The real time imaging systems could however provide other 
benefits including the ability to monitor the embryos without removing them from 
the incubator. This more stable and consistent culture will limit changes in tempera-
ture and pH that the embryo experiences when being manipulated and examined 
outside the incubator.

Embryo Metabolism as a Means of Assessing Viability

Glucose

In 1980, Renard et al. [46], observed that Day 10 cattle blastocysts which had an 
elevated glucose uptake developed better, both in culture and in vivo after transfer 
than those blastocysts with a lower glucose uptake. Numerous studies have since 
validated this original observation in different species. In 1987, using non-invasive 
microfluorescence, Gardner and Leese [47] measured glucose uptake by individual 
Day-4 mouse blastocysts prior to transfer to recipient females. Those embryos that 
went to term had a significantly higher glucose uptake in culture than those embryos 
that failed to develop after transfer. Similar studies have validated this technology 
and shown that the glycolytic rate of mouse blastocysts could also be used to se-
lect embryos for transfer prospectively [48]. Interestingly this study only examined 
morphologically identical mouse blastocysts with equivalent diameters and rated 
them according to metabolic criteria, as either “viable” or “non viable” prior to 
transfer. Those selected as viable had a fetal development of 80 % while embryos 
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that exhibited an abnormal metabolic profile (compared to in vivo developed con-
trols), developed at a rate of only 6 %. Clearly, this data provides unequivocal evi-
dence that glucose metabolism is linked to embryo viability.

Recently, Gardner et al. [49] determined that glucose consumption on Day 4 by 
human embryos was twice as high in those embryos that went on to form blasto-
cysts. They also found that blastocyst quality affected glucose uptake. Poor quality 
blastocysts consumed significantly less glucose than top scoring embryos. In stud-
ies on amino acid turnover by human embryos, Houghton et al., [50] determined 
that alanine release into the surrounding medium on Day 2 and Day 3 was highest 
in those embryos that did not form blastocysts. Brison et al. [51] have reported that 
changes in concentration of amino acids in the spent medium of human zygotes 
cultured for 24 h in an embryo culture medium containing a mixture of amino acids 
using High Performance Liquid Chromotography. They found that asparagine, gly-
cine and leucine were all significantly associated with clinical pregnancy and live 
birth. Unfortunately we are still waiting for an easy to use methodology to assess 
these parameters. The studies performed on nutrient uptake and the subsequent vi-
ability of the human embryo have all used techniques that are still difficult to use 
routinely. The problem of adapting more difficult laboratory techniques to measure 
metabolism has led to the question of how else can the metabolic profile of an em-
bryo be investigated?

Another approach that has been examined is one that performs a more systematic 
analysis of the inventory of metabolites that are present in the media an embryo is 
cultured in. One drawback of using this approach is that one needs to create an al-
gorithm that relates to embryo function, whereas the other approach relies more on 
a candidate metabolite assessment.

Metabolomics

The complete array of small-molecule metabolites that are found within a biologi-
cal system constitutes the metabolome and reflects the functional phenotype [52]. 
Metabolomics, is the systematic study of this dynamic inventory of metabolites, as 
small molecular biomarkers representing the functional phenotype in a biological 
system. Using various forms of spectral and analytical approaches, metabolomics 
attempts to determine metabolites associated with physiologic and pathologic states 
[53]. As has been observed with the examination of individual metabolites such as 
glucose, investigation of the metabolome of embryos, as detected in the culture me-
dia they grow in, using targeted spectroscopic analysis and bioinformatics has also 
shown differences in viability of embryos. In an initial proof of principle study Seli 
et al. [54] established that these differences are detectable in the culture media us-
ing both Raman and Near Infrared (NIR) spectroscopy. Briefly, a statistical formula 
was used to assign a relative “embryo viability score”—equating to embryo repro-
ductive potential—and it was found that this score correlated to positive or negative 
implantation outcomes. Interestingly when human embryos of similar morphology 
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were examined using the same NIR spectral profile their viability scores varied re-
markably in relation to morphology indicating that the metabolome of embryos that 
look similar differ significantly [55, 56].

Although numerous preliminary studies [55–59] showed a benefit of this tech-
nique they were largely based on retrospective studies and performed in a single re-
search laboratory as distinct from a real clinical setting. Recently, a number of clini-
cal studies have been reported using either a prototype or commercial version of 
the Molecular Biometrics Inc. NIR system showing inconsistent results (Table 1). 
The largest of these studies were performed as Randomized Clinical Trials after 
SET [60, 61]. All studies compared standard Morphological techniques for embryo 
selection versus using the NIR system to rank embryos within a cohort that had 
good morphology and were being selected for either transfer or cryopreservation. In 
the Gothenburg study [61] both day 2 and day 5 SETs were included. Although not 
significant, the results indicated a possible benefit of embryo selection through ad-
dition of NIR on day 2 transfer. However it failed to show any benefit for selection 
of day 5 SET. Interestingly, the benefits of selecting a single good quality blastocyst 
on day 5 have also been found to be beneficial in many other studies.

One of the underlying problems encountered in the NIR system was that the 
threshold of signal distinguishing between a viable and non-viable embryo was sus-
ceptible to signal noise. As a consequence this method, that had been established 
and cross-validated on a larger scale, proved problematic because of the technical 
platform itself. This was not dissimilar to the situation faced by aneuploidy screen-
ing of embryos, whereby using FISH has proved to be inadequate [63] while it 
now appears that modern comprehensive screening techniques are providing more 
consistent results [64].

It is beyond question that markers do exist in the spent embryo culture media 
indicative of viability. The major benefits of a non invasive type of technology is 
the fact that the technology can be used on spent media and the time taken to assess 

Table 1  Studies examining the clinical utility of the Near Infra Red (NIR) spectrometry system 
indicated that although some ability was evident in improving pregnancy results it was not con-
sistent enough. The Hardarson study examined both Day 2 and 5 single embryo transfers, the 
Vergouw study examined Day 3 single embryo transfers while the final two studies combined 
different days of transfer

Type of NIR instrument Study type Outcome Morphology Morphology plus 
viametrics (NIR)

Prototype 
Hardarson et al. [61]

Single embryo 
transfer

Live birth rate Day 2: 22/83 
(26.5 %)

Day 2: 27/87 
(31.0 %)

– – Day 5: 36/80 
(45.0 %)

Day 5: 30/77 
(39.0 %)

Prototype 
Vergouw et al. [60]

Single embryo 
transfer

Live birth rate Day 3: 68/163 
(41.7 %)

Day 3: 61/146 
(41.8 %)

Commercial 
Economou et al. 
( Unpublished)

Double embryo 
transfer

Clinical preg-
nancy rate

8/28 (29 %) 16/28 (57 %)

Commercial 
Sfontouris et al. ( 62)

Multiple embryo 
transfer

Clinical preg-
nancy implan-
tation rate

41/86 (47.7 %) 
66/257 
(25.7 %)

21/39 (53.9 %) 
35/102 
(34.3 %)
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the samples is very short, making it possible to perform the analysis just prior to ET. 
So far NIR spectroscopy, when tested in stringent clinical trials, does not appear to 
consistently improve the chance of selecting a single embryo for a viable pregnancy 
and these types of technology appear to need further development before being used 
as an objective marker of embryo viability.

Oxygen and Reactive Oxygen Species

Other techniques have also been reported to measure metabolic parameters in cul-
ture media; however, they have yet to be diligently tested in a clinical IVF setting. 
These include the self-referencing electrophysiological technique, which is a non-
invasive measurement of the physiology of individual cells and monitors the move-
ment of ions and molecules between the cell and the surrounding media [65, 66]. An 
alternative approach measures oxygen consumption of developing embryos using 
a microsensor system. Interestingly, although this technology has been shown to 
correlate with bovine blastocyst development, it was less successful in predicting 
mouse embryo development [67, 68]. A more recent study has shown some benefits 
by examining oxygen consumption from individual embryos close to the time of 
transfer and showing that the oxygen consumption pattern was associated with suc-
cessful implantation [69].

Some emphasis is now being placed on the relationship between reactive oxygen 
species (ROS) levels in culture media and the outcome of IVF cycles. This idea was 
first introduced by Nasr-Esfahani and Johnson in 1990 as an explanation of abnor-
mal development of mouse embryos in vitro. In the human, a study by Bedaiwy 
et al. [70] has shown that increasing levels of ROS generation in Day 3 in vitro 
embryo culture media may have a detrimental effect on in vitro embryo growth 
parameters, as well as clinical pregnancy rates in IVF and ICSI cycles.

Conclusion

Analysis of embryo morphology and the development of suitable grading systems 
have greatly assisted in the selection of human embryos for transfer. We are however 
fast approaching a revolution in the way we assess embryos prior to transfer. It is high-
ly likely that all IVF laboratories will contain some type of real time imaging system 
in the future which will allow both assessment of morphology and the ability to retain 
embryos in a constant temperature and pH without moving them for assessment. As a 
significant adjunct to morphology we will be using either non-invasive and/or invasive 
methods more routinely to help in selecting which single embryo to transfer and cryo-
preserve. The non-invasive analysis of embryo physiology and function using meta-
bolic parameters will definitely be one tool that will allow us to better quantify embryo 
viability. The addition of such technologies will be of immense value in helping both 
clinicians and embryologists to more confidently select the most viable single embryo 
within a cohort, helping us reach the goal of all our patients to achieve pregnancy.
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Introduction

A fundamental component of assisted reproductive technologies (ART) is the selec-
tion, from a cohort of embryos, the most competent for transfer. Principally, com-
prehensive morphological assessment is used to determine the embryo/s with the 
highest implantation potential [8, 29]. Though relatively successful, morphology-
based selection has limitations, with more than 70 % of in vitro fertilization (IVF) 
embryos failing to implant. It is likely that this failure is due to the absence of de-
velopmentally competent embryos in a cohort as well as our inability to precisely 
select the most competent embryo. Therefore, the field of ART would be at a sig-
nificant advantage with more precise and quantitative methods of embryo viability 
determination. The ability to select the most developmentally competent embryo in 
a cohort should improve pregnancy rates while allowing for routine single embryo 
transfers [41]. Improvements in platform sensitivity and cost effectiveness of omics 
technologies, including genomics and proteomics, has enabled the investigation of 
new approaches other than morphology to assess human IVF embryos.

Genomics

Chromosome aneuploidies, defined as the gain or loss of an entire chromosome, 
contribute to the vast majority (~70%) of pregnancy losses and congenital birth 
defects in both natural and ART conceptions. In fact a chromosomally aneuploid 
embryo or fetus will never result in a normal healthy pregnancy or baby. Advanced 
maternal age (AMA) is the most significant risk factor for chromosome aneuploid 
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pregnancies. Furthermore, aneuploidy rates are higher in oocytes and embryos from 
women in their forties as they near the end of their reproductive lifespans [26]. Only 
a weak association has been observed between embryo morphology and chromo-
some constitution, thereby supporting the hypothesis that pre-implantation genetic 
diagnosis (PGD) for aneuploidy screening should improve reproductive outcomes 
during IVF.

PGD for Aneuploidy Screening

In the beginning, PGD for aneuploidy screening involved a blastomere biopsy from 
a cleavage-stage embryo with fluorescent in situ hybridization (FISH) examining 
a selected panel of chromosomes. The chromosomes most commonly observed in 
pregnancy loss and aneuploid deliveries were chosen for analysis, particularly chro-
mosomes 13, 18, 21, X and Y. Initial retrospective studies were promising however, 
eleven randomized control trials (RCTs) and a meta-analysis showed no beneficial 
effects following FISH screening of a biopsied blastomere [23]. The lack of benefit 
has been attributed to a combination of concerns, specifically the high incidence of 
mosaicism in the cleavage stage embryo which questions the value a single cell may 
have as the representative of the whole embryo. Other concerns include the negative 
impact blastomere biopsy may have on the future developmental competence of the 
embryo, technical errors associated with the FISH technique itself and the lack of 
assessment of all 23 chromosome pairs. There was one group that was able to report 
a benefit from blastomere biopsy with FISH for repeated implantation failure (RIF) 
patients < 40 years old and AMA patients 41–44 years old [31]. Utilizing blastomere 
FISH they conducted two randomized trials and observed a significant increase in 
live birth rates in both the RIF study (47.9  vs. 27.9 % ; P < 0.05) and the AMA study 
(32.3 vs. 15.5 %; P < 0.01) with PGD for aneuploidy screening [31]. Nevertheless, 
it was evident that PGD for aneuploidy screening required a technique that could 
analyze all 23 pairs of human chromosomes.

Advances in molecular biology and cytogenetic platforms have now allowed for 
comprehensive chromosomal screening (CCS) or full karyotyping of biopsied mate-
rial from human embryos. The first studies involved metaphase comparative genomic 
hybridization (CGH) [10, 34, 50] and have extended on to array based CGH [14, 40], 
SNP array technology [35, 37], and more recently quantitative real-time PCR [43] 
(Fig. 1). Independent of the molecular platform developed for CCS, the technique 
needs to be reliable, highly accurate, cost effective, and fully validated.

When should an Embryo be Biopsied?

There are three time points during in vitro embryonic development that allow for the 
biopsy of genetic material for CCS. The earliest time point involves the biopsy of the 
oocyte’s polar bodies and has been applied by several groups including ESHRE PGS 
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Task Force Group [11, 12, 15, 22, 25]. Polar bodies are by products of the oocyte’s 
meiotic divisions and are not required for either fertilization or embryonic develop-
ment. Polar body biopsy is viewed as an indirect and less invasive approach of analy-
sis of an oocyte’s chromosomes (Fig. 2a). A pilot study published by the ESHRE 
PGS Task Force Group in AMA patients reported 76 % aneuploid oocytes with a 6 % 
discrepancy between the aneuploidy status of a polar body and the corresponding 
fertilized oocyte. Following embryo transfer of euploid oocytes a 30 % pregnancy 
rate was recorded [12, 22]. Another detailed cytogenetic analysis was performed 
on 308 first and second polar bodies biopsied from fertilized oocytes generated by 
70 infertile women of advanced maternal age (mean = 40.8 years). The aneuploidy 
rate for this cohort of oocytes was 70 %, with slightly more MII than MI errors [11]. 
Handyside et al. also observed over half of the aneuploidies were from the by-prod-
ucts of female meiosis resulting from errors in the second meiotic division [15]. In 
addition, they noted that most abnormal zygotes had multiple aneuploidies [15].

Interestingly, these published studies have recognized that chromosomes of all 
sizes participate in oocyte chromosome errors, endorsing the requirement for 23 
chromosome testing. The mechanisms underlying the chromosome errors observed 
in oocytes include both whole chromosome non-disjunction and premature separa-
tion of sister chromatids. Further, premature separation of sister chromatids is the 

Fig. 1  a SNP array profile, b Array based CGH profile, and c Quantitative real-time PCR profile
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primary cause of MI errors in embryos from women with advanced maternal age 
and that reciprocal loss or gain of the same chromosome typically results in euploid 
embryos and even a live healthy delivery [9, 15, 38]. Nevertheless, it is important 
to note that polar bodies are difficult cells to work with due to their inherent nature 
to degrade which directly affects DNA quality and the coherence of chromatids. 
Additionally, polar body CCS does not allow for the identification of either paternal 
meiotic errors or embryonic mitotic errors. These concerns surround the clinical 
utilization of polar body biopsy for CCS and whether it is a viable option for the 
improvement of IVF outcome.

Embryo biopsy can involve either a cleavage stage blastomere biopsy, or a blas-
tocyst stage trophectoderm biopsy. Cleavage stage biopsy has been to date the most 
common time point for aneuploidy screening (Fig. 2b). However, recent publica-
tions question its clinical utility owing to the high incidence of moscaicism and 
potential damage to the developing embryo from the biopsy procedure. A system-
atic review and meta-analysis of studies on embryonic chromosomal  constitution 
revealed 73 % of cleavage stage embryos were mosaic, with diploid-aneuploid 
mosaicism the most common chromosomal constitution observed (59 %) [45]. 

Fig. 2  a Polar body biopsy, b 
Cleavage stage biopsy, and c 
Blastocyst biopsy
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Diploid-aneuploid mosaic embryos contain a mixture of both diploid (euploid) and 
aneuploid blastomeres. The accuracy and clinical viability of CCS would be signifi-
cantly compromised if the biopsied blastomere did not represent the chromosome 
constitution of the remaining blastomeres in the embryo. A randomized and paired 
clinical trial investigating the impact of embryo biopsy showed an adverse effect 
from blastomere biopsy with 39 % of cleavage stage embryos losing their ability to 
implant and sustain further development [39]. Only 30 % of biopsied cleavage stage 
embryos had sustained implantation that resulted in live births, compared to 50 % 
of unbiopsied cleavage stage embryos [39].

In contrast, it appears that limited harm is caused after biopsy at the blastocyst 
stage (Fig. 2c), with no measurable impact observed between biopsied and unbiop-
sied blastocysts in relation to IVF outcome [39]. Schoolcraft et al. observed that the 
probability of an individual blastocyst successfully establishing sustained implanta-
tion was 68.9 %, an implantation rate 50 % higher than for an individual blastocyst 
transferred without CCS [34]. Chromosomal mosaicism also looks to be less com-
mon at the blastocyst stage as compared with earlier embryonic stages. A recent 
report that reanalyzed 70 aneuploid blastocysts by isolating the inner cell mass and 
three segments of trophectoderm, showed a high accuracy of diagnosis with only 
11 blastocysts that were mosaic (15.7 %) and only two blastocysts classified as 
dipoid-aneuploid mosaics (2.9 %) [2]. Additionally, no preferential allocation was 
observed of aneuploid cells between the inner cell mass and the trophectoderm [2]. 
Altogether, these data point towards the use of blastocyst biopsy as a practical and 
effective time point for chromosome screening of IVF embryos.

Evaluation of Clinical Efficacy of Comprehensive Chromosome 
Screening

The predictive value of embryonic reproductive potential as well as RCTs to estab-
lish efficacy are essential in order to ultimately accept the clinical validity of CCS in 
ART practice. A prospective, double-blinded, non-selection study using a SNP array 
platform for CCS was performed to measure the negative and positive predictive 
value of CCS in relation to embryonic reproductive potential [37]. A total of 255 
IVF embryos were cultured, biopsied and selected for transfer without knowing the 
result of the aneuploidy screening. CCS and DNA fingerprinting were performed 
after transfer allowing for implantation outcome to be calculated in relation to chro-
mosome constitution, as well as embryo to fetus identification. Results revealed 
that CCS was highly predictive of clinical success, with 41 % of euploid embryos 
resulting in ongoing implantation and 96 % of aneuploid predicted embryos failing 
to implant [37]. There are already a few published RCTs to date revealing a signifi-
cant benefit using trophectoderm biopsy with CCS. One of them evaluated single 
embryo transfer of fresh blastocysts, with or without biopsy, in good prognosis IVF 
patients of young maternal age. Even in patients that did not have an increased risk 
for aneuploidy, the CCS group showed a significantly higher clinical pregnancy 
rate (69.1 %) compared to the control group (41.7 %) of fresh blastocyst transfer  
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using morphology selection alone [51]. In the second RCT, IVF patients of ad-
vanced maternal age (> 35 years) were randomized into either the control group of 
fresh blastocyst transfer based on morphology alone, or the test group of trophecto-
derm biopsy with CCS and blastocyst vitrification followed by a subsequent frozen 
embryo transfer. The ongoing clinical pregnancy rate was significantly lower at 
40.9 % in the control group compared to 60.8 % in the CCS group [36]. Miscarriage 
rates were observed to be significantly lower for patients that had euploid blasto-
cysts transferred in the CCS group compared to the control group that had tradi-
tional blastocyst morphological based selection [36]. Scott et al. [39] also showed 
significant improvement with CCS following fresh blastocyst transfer in a group 
of infertile women with a mean maternal age ~ 32 years. Delivery rates per cycle 
were significantly higher in the CCS group recorded at 84.7 % compared to 67.5 % 
for the control group without CCS [39]. These results are very encouraging and 
represent preliminary data of the clinical efficacy and validity of blastocyst CCS. 
Future completion of active RCTs involving CCS technologies is anticipated to 
build on this initial success, reflecting a significant improvement in the reproductive 
outcome for a range of infertility patients.

The future of CCS technologies lies with the rapidly developing whole genome 
analysis approach of next generation sequencing (NGS). NGS provides the oppor-
tunity to sequence millions of reads of DNA allowing for the simultaneous analy-
sis of CCS and potential single-gene disorders. Recent developments in bench top 
sequencing platforms and sophisticated bioinformatics tools are leading the way to 
providing clinical CCS by NGS in the near future. A couple of publications have 
recently shed light on this future transition. The first study performed low cov-
erage NGS on trophectoderm biopsies from 38 blastocysts [52]. A combination 
of euploid, aneuploid and structurally unbalanced blastocysts were identified by 
NGS and confirmed by SNP array. Only one blastocyst with different sizes of an 
unbalanced structural rearrangement was not confirmed by SNP array [52]. The 
second study published in 2014 investigated NGS for monogenic diseases on troph-
ectoderm biopsies revealing 100 % reliability with two conventional methods of 
single-gene mutation analysis [44]. Ongoing improvements in NGS protocols and 
technologies are encouraging with the potential of faster turnaround times, smaller 
requirements of DNA input, and less cost per run and even per embryo.

CCS goes beyond the analysis of chromosomes and allows for the development 
of additional markers to identify viable IVF embryos. As important as it is for all 23 
pairs of chromosomes to be present for viable fetal development, not all euploid em-
bryos, even at the blastocyst stage, will implant. Successful implantation depends on 
the synchronization and molecular crosstalk between a developmentally competent 
embryo and a receptive maternal endometrium. Any abnormality attributed to the 
embryo or endometrium will result in implantation failure. Utilizing other OMICS 
platforms, like proteomics, molecular biomarkers can be investigated to distinguish 
between a euploid blastocyst that has the ability to successfully implant and result in 
a live, healthy delivery, versus a euploid embryo that results in a negative pregnancy 
(Fig. 3).
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Proteomics

The proteome represents all the proteins translated from a cell’s transcriptome that 
are responsible for cellular function. Hence, in order to fully understand cellular 
function and comprehend biological processes, an investigation of a cell’s proteome 
is vital. The proteome is complex and dynamic, constantly changing through both 
internal and external interactions and stimuli. The transcriptome does not always 
predict protein presence or abundance due to mechanisms that degrade mRNA tran-
scripts prior to translation. Knowledge of the human oocyte and embryonic pro-
teome is very limited even despite recent advances in proteomic technologies. The 
main hurdles include limited template, low protein concentration, deficient plat-
form sensitivity, and limited protein database information.

Non-Invasive Proteomic Secretome Approach

Of particular interest to researchers trying to identify proteins involved in specific 
disease states is the secretome, defined as those proteins produced by cells and se-
creted at any given time [21]. In ART, the secretome includes those proteins that are 
produced by embryos and secreted into the surrounding culture medium. Analysis 
of the embryonic secretome would represent a non-invasive approach to embryo 
assessment [19]. Defining and characterizing the embryonic secretome that reflects 
developmental competence may improve ART outcome but will also advance our 
knowledge of early embryogenesis and the embryonic role during implantation 
[18]. To date, this has proven to be a challenging task due to the complexity and 
diversity of the human embryo, but holds promise with recent developments of in-
creased sensitivity for both targeted and proteomic profiling approaches.

Fig. 3  Investigations to distinguish the protein secretome profiles of viable (a), and non-viable 
(b) blastocysts
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Early studies of the human embryonic secretome involved targeted analysis of 
individual proteins or molecules. The soluble factor, 1-o-alkyl-2-acetyl-sn-glyce-
ro-3-phosphocholine (PAF), was one of the first molecules to be identified in the 
 human embryonic secretome. The release of PAF influences a range of maternal 
physiology alterations including platelet activation and maternal immune func-
tion [28]. Leptin, a 16 kDa small pleotrophic peptide has also been observed in 
embryonic conditioned medium [13]. Leptin has been hypothesized to initiate and 
 establish a molecular dialogue with leptin receptors in the maternal endometrium 
 during the window of implantation [3]. Competent human blastocysts secrete higher 
leptin concentrations into the surrounding medium than arrested embryos. 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 [32].

The presence of soluble human leukocyte antigen G (sHLA-G) in embryo spent 
culture media has been reported in several publications to be associated with suc-
cessful pregnancy outcome [20, 27]. Indeed, HLA-G has been hypothesized to also 
play a role during the maternal embryonic interface of implantation. However, these 
results have not been absolute, with pregnancies established from sHLA-G nega-
tive embryos and studies revealing undetectable levels of sHLA-G in embryo spent 
culture media [42, 46, 47, 49]. There are numerous factors that could influence the 
presence of sHLA-G in embryo spent culture media including the culture system 
itself, the extent of cumulus removal, single versus group embryo culture, media 
composition, microdrop volume and the day of media collection [47, 49]. 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 required in order to determine the significance of 
sHLA-G in relation to embryo development and implantation outcome [47].

Human chorionic gonadotropin (hCG) is produced by trophoblast cells and is an 
earlier marker for the establishment of pregnancy. Investigations for the presence 
of intact hCG and hCG isoforms in the human embryonic secretome have revealed 
promising but inconsistent results. A recent study showed that intact hCG is only 
detected at the time point of embryo hatching and that a significant proportion of the 
hCG immunoreactivity is associated with hyperglycosylated hCG (hCGh), which 
may suggest a role with potential implantation and thus could be further investi-
gated as a biomarker of IVF outcome [1].

Mass Spectrometry Analysis of the Embryo Secretome

The above studies have focused on only a single protein or molecule, however, 
it would be reasonable to assume with the complexity and multifactorial nature 
of embryonic development that more than one protein or molecule would be re-
quired to predict developmental competence and/or implantation potential. Mass 
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Spectrometry (MS) has rapidly become an important technology in proteomics re-
search. Searching for reliable and reproducible changes in protein expression have 
revealed underlying molecular mechanisms of physiological processes and disease 
states [5]. Using Surface Enhanced Laser Desorption and Ionization MS, Katz-Jaffe 
et al., were the first to successfully analyze the protein secretome profile of indi-
vidual human embryos [17]. The authors observed distinctive protein secretome 
signatures every 24 h during preimplantation development, from the time of fer-
tilization to the blastocyst stage. Maternal proteins were observed during the first 
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. In 
addition, they reported a clear association between protein expression profiles and 
morphology, with degenerating embryos exhibiting significant up-regulation of sev-
eral potential biomarkers that might be involved in apoptotic and growth-inhibiting 
pathways. Ubiquitin, a component of the ubiquitin-dependent proteosome system 
that is involved in a number of physiological processes including proliferation and 
apoptosis, was observed to have increased expression in the secretome of develop-
ing blastocysts when compared to the secretome of degenerating embryos. Secreted 
ubiquitin has been shown to be up-regulated in the body fluids of certain disease 
states and this accumulation provides evidence for an increased protein turnover [4, 
33]. Ubiquitin has also been implicated in playing a crucial role during mammalian 
implantation by controlling the activities and turnover of key signaling molecules 
[48]. Two-dimensional (2D) gel electrophoresis and tandem MS have also been 
utilized to identify proteins in spent embryo culture media. In this study, increased 
levels of Apolipoprotein A1 (ApoA1) were identified in the embryonic secretome of 
blastocysts with higher morphological grade [53]. The presence of ApoA1 mRNA 
was also confirmed to be expressed in blastocysts, but not early cleavage stage 
embryos, suggesting that ApoA1 is a part of the embryonic transcriptome and secre-
tome [53]. However, in relation to IVF outcome, no association was observed with 
ApoA1 levels in the embryonic secretome.

The incorporation of aneuploidy screening with a non-invasive method for em-
bryo viability would be a significant advantage. Initial investigations of the blasto-
cyst protein secretome in relation to chromosome aneuploidy have been performed 
using an LC-MS/MS platform. The protein profile of a euploid blastocyst secre-
tome was markedly different from the protein profile of the aneuploid blastocyst 
secretome. Nine, novel, candidate biomarkers characteristically classified chromo-
some aneuploidy in a cohort of transferable-quality blastocysts. Lipocalin-1 was 
identified as the first potential biomarker for noninvasive aneuploidy screening 
and confirmed using an ELISA assay [24]. Lipocalin-1 has a large variety of li-
gands and is overproduced under conditions of stress, infection and inflamma-
tion. The increased  secretion of Lipocalin-1 from an aneuploid blastocyst could 
represent an overall compromised state of the embryo itself that reflects the aneu-
ploid chromosome complement. The ability to non-invasively assay for embryonic 
developmental competence, that included euploidy, would represent a powerful 
selection tool in ART.
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Protein Microarray Analysis of the Embryo Secretome

Another proteomic technology that has been investigated in the characteriza-
tion of the embryonic secretome is protein microarrays. In a retrospective study 
by  Dominguez et al in 2008, protein microarrays that contained 120 targets were 
used to compare pooled, conditioned media from implanted versus non-implanted 
blastocysts following single embryo transfer [6]. Results revealed two proteins sig-
nificantly decreased in the conditioned media of implanted blastocysts, CXCL13 
and GM-CSF, with no proteins observed to be significantly increased. The authors 
hypothesized that the decrease in CXCL13 and GM-CSF indicated consumption 
of these proteins 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].

In a subsequent study by the same group comparing protein secretome profiles 
between the endometrial epithelial cell (EEC) co-culture system and sequential mi-
crodrop culture media Interleukin-6 (IL-6), PLGF and BCL (CXCL13) were in-
creased, 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 sys-
tem, 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 suggesting a potential role 
for IL-6 in blastocyst development and implantation [7].

In summary, proteomic analysis is a promising technology for the  development of 
non-invasive methods for embryo selection in ART. However, the challenge ahead 
still includes the reliable and reproducible identification of proteins and/or molecules 
associated with embryo viability and IVF success. This is a challenging task due to 
the complexity, heterogeneity and diversity of human embryos. Nevertheless, once 
these proteins and/or molecules are identified, there are sensitive, high throughput 
and cost effective methods available for application in an IVF clinical setting includ-
ing immunodetection using ELISA or  radioimmunoassays.

Conclusions

Ongoing developments in OMICS technologies are promising and are paving the 
way for the introduction of more quantitative, invasive and non-invasive methods 
for embryo selection in the field of ART. Noteworthy developments in genomics 
 technologies, including microarrays, qPCR and NGS, have allowed comprehensive 
chromosome screening technologies to enter into the clinical setting and contribute 
to significant improvements in IVF success. The molecular assessment of the  human 
embryonic secretome will further enhance our understanding of  preimplantation em-
bryonic development and viability. Together, the combination of a clinically proven 
robust quantitative non-invasive assay alongside CCS and detailed morphology as-
sessment could represent the greatest improvement in embryo selection techniques 
allowing for successful routine single embryo transfers with healthy singleton de-
liveries.
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Introduction

Male factor is responsible for 30–40 % of all cases of human infertility. In the past, 
medical decisions on treating these infertile couples were based mostly on the re-
sults of the conventional semen analysis, assessing sperm concentration, motility 
and morphology in one or more semen samples.

During the early days of ART, cases of severe male factor were met with frustrat-
ing results, highlighted by poor fertilization and pregnancy rates. With the prelimi-
nary reports on ICSI (intracytoplasmic sperm injection) in the early 90’s, clinicians 
and embryologists believed they had found a solution to all cases of male factor 
infertility, and although ICSI has become a formidable tool in ART, there are still 
many cases of low or absent fertilization rates despite its use, emphasizing the fact 
that other factors may be involved, including sperm DNA fragmentation or sperm 
morphologic damage that could not be detected by the standard magnification used 
in conventional ICSI. Lately, a number of techniques have been reported aimed at 
better selecting the sperm to be used in conventional ICSI, with the objectives of 
increasing the fertilization rate, enhancing embryo quality after successful fertiliza-
tion and optimizing pregnancy rates after transfer.

Sperm DNA Fragmentation

Several studies have demonstrated the importance of the stability of the spermatic 
nuclei and its correlation to successful reproduction in animals and humans, and that 
its damage is associated to low fertilization rates, poor embryonic implantation and 
an increase in miscarriage rates [5, 10, 21, 27, 29, 35, 61, 66, 68, 88, 92, 105, 108].
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Multiple factors can induce DNA fragmentation, such as varicocele, cryptor-
chidism, advanced paternal age, severe teratozoospermia, episodes of high fever, 
exposure to radiation or chemotherapy [15, 16, 37, 41, 57, 65, 69, 70, 99, 100, 103, 
104, 106, 109], in addition to metabolic causes (lipid peroxidation and apoptosis). 
The presence of DNA fragmentation can also be associated with alterations in chro-
matin compaction or the presence of oxidative stress, either during spermatogenesis 
or during transit through the epididymis [3, 6–8, 20, 32, 34, 35].

The DNA damage can be present as single or double strand breaks, and both 
types can be analyzed and/or quantified through different methods including: SCD 
(Sperm chromatin dispersion), SCSA (Sperm Chromatin Structure Assay) and 
TUNEL (deoxynucleotidyl transferase-mediated dUTP nick end labeling) [31, 40, 
43, 48] which will be described in more detail later in this chapter, as its presence 
can have a negative impact in IVF-ICSI results [42, 47].

Apoptosis (programmed cell death) is an important event in the regulation of 
spermatogenesis in mammals, including humans [18, 19]; in some cases, this physi-
ologic process can be altered by various factors promoting DNA fragmentation, and 
in the case of sperm production these abnormal sperm would be found in the ejacu-
late [22, 71, 72, 81, 90, 91, 98, 106]. Apoptosis and DNA damage can be associated 
in some cases with alteration in the levels of radical oxygen species (ROS) [2, 4, 
60, 95] or with a diminishing antioxidant capability of the seminal plasma, resulting 
in poor sperm quality [62, 78, 96]. ROS are highly reactive agents that belong to a 
class of free radicals and can be described as “any atom or molecule that has one 
or more unpaired electrons”. They can function as mediators in the induction and 
development of sperm hyperactivation, capacitation and acrosomic reaction [36, 
51, 56]. On the other hand, an excess of ROS results in lipid peroxidation and dam-
age to the sperm membrane resulting in loss of motility, damage to the acrosomal 
membranes and DNA oxidation, leading to an inability of the sperm to fertilize the 
oocyte or giving origin to a non-viable pregnancy [12, 13, 44].

Sakkas and Alvarez [88] described the mechanisms by which sperm DNA can 
suffer structural alterations, even damaging the mitochondrial DNA. They described 
6 mechanisms that can take place during sperm production or transport. Those 
mechanisms are: (1) apoptosis during spermatogenesis (2) DNA strand rupture dur-
ing chromatin remodeling in the process of spermiogenesis (3) DNA fragmentation 
post-testicular induced mainly by ROS during the passage through the seminiferous 
tubules and/or epididymis (4) DNA fragmentation induced by endogenous caspases 
(5) DNA fragmentation induced by radio or chemotherapy (6) DNA damage caused 
by environmental toxicants. It is considered in general, that if the DNA damage is 
post-testicular, the levels of fragmentation would be more significant than those of 
testicular origin [49, 50, 77].

1. Apoptosis during spermatogenesis: during the process of spermatogenesis, 
the human testicle shows a 50–60 % apoptosis rate in the different germinal 
lines that flow into Meiosis I. These cells are normally phagocytized by Sertoli 
cells, after detection by apoptotic mechanisms including the Fas receptors [89]. 
This mechanism is not always efficient and there is a chance that some of these 
“abnormal cells” enter the following steps of spermatic remodeling and therefore 
may be present in the ejaculate [88].
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2. DNA strand rupture during chromatin remodeling: The process of chromatin 
remodeling can generate rupture of the DNA strands. It has been reported that 
the presence of nicks in the sperm DNA may represent an incomplete maturation 
[64], and if they are not repaired afterwards, would make the DNA strands more 
susceptible to a post-testicular damage.

3. Post-testicular DNA fragmentation: some men with idiopathic infertility have 
high levels of ROS in the semen, as well as low levels of antioxidants in com-
parison to fertile men. They may have infections with leukocytospermia also 
associated with high levels of ROS, since the white cells are the principal source 
of ROS in the ejaculate; but even in cases with lower concentration of white cells 
than the threshold dictated by the World Health Organization [1] they may cause 
oxidative stress. The DNA damage caused by ROS may be demonstrated by the 
presence of 8-OH-dG (8-hydroxy-2-deoxyguanosine) [59].

4. DNA fragmentation caused by caspases: It has been reported that exposure to 
high temperatures can induce DNA fragmentation [20]. The damage can take 
place in the epididymis and be caused by ROS or by the activation of spermatic 
caspases.

5. DNA damage caused by radio or chemotherapy: the exposure to radio or che-
motherapy for cancer treatments can be associated with DNA fragmentation. 
Sometimes the damage may be associated to the disease itself, as some patients 
with Hodgkin’s lymphoma or testicular cancer show signs of DNA fragmenta-
tion before undergoing cancer treatment [73].

6. DNA damage caused by environmental toxicants: Several authors have shown 
that air pollution, pesticides or other toxicants can cause sperm DNA damage, 
impacting on the patient’s reproductive capacity. Performing SCSA, Evenson, 
(2005), showed a dose dependent damage on DNA caused by environmental 
toxicants.

How to Test for Human Sperm DNA Fragmentation?

In the literature there are multiple ways to detect the presence of sperm DNA frag-
mentation (TUNEL, SCSA, COMET Assay, SCD), or oxidative stress (8-OH 2-dG, 
BODIPY C11) [63].

TUNEL (Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling) This 
technique allows the evaluation of single or double stranded DNA damage. It mea-
sures “in situ” the presence of 3’OH free groups, which is a product of the ruptured 
DNA strands. It is one of the most clinically used techniques to evaluate sperm DNA 
damage. It is based on the fact that the enzyme “deoxinucleotidyl transferase” (TdT) 
allows for labeling of the DNA nicks through deoxiuridine triphosphate (dUTP). The 
way by which the spermatozoa are processed and the results are read, by fluorescence 
microscopy or flow cytometry [15, 39, 103], may create differences in results among 
different laboratories. The normal level is considered to be under 20 % of damaged 
spermatozoa [93, 97] (Fig. 1). At our Center, Uriondo et al. [103] reported that in 72 
patients with male infertility, there was a positive correlation between TUNEL and 
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phosphatidylserine determinations, the values were higher in patients over 45 y/o and 
in those with Kruger Index under 5 %, in comparison to patients without those features 
[11].

SCSA (Sperm Chromatin Structure Assay) In this technique, the presence of 
DNA fragmentation is indirectly evaluated by looking at the susceptibility of the 
sperm DNA to acid denaturation in situ, followed by staining with acridine orange 
[40]. By using flow cytometry, around 5,000–10,000 sperm can be assessed in a few 
seconds. Through a specific SCSA-software, the ratio between normal and abnor-
mal sperm is determined. The percentage of red sperm (DNA fragmentation index 
or DFI) represent those sperm with denatured DNA, which in normal semen should 
be under 27–30 % [26, 28].

Comet Assay This technique is based on the use of electrophoresis, and the prin-
ciple that the fragmented DNA has a greater migrating velocity toward the anode of 
the electrophoretic field compared to the intact DNA. This assay can be done at a 
neutral or alkaline pH, yet this may sometimes lead to an overestimation of ruptured 
DNA in the sperm [94]. The normal levels reported in the literature vary among 
authors, [101] as there is no standardized protocol; in addition, there is a need for 
computerized programs with high costs involved.

SCD (Sperm Chromatin Dispersion or Halo test) [67] This technique consists in 
generating a differential decondensation of the chromatin between those sperm with 
fragmented DNA and intact DNA. This effect is achieved by using an acid treatment 
followed by de-proteinization, so that those sperm with fragmented DNA would not 
release DNA loops and do not generate a chromatin dispersion halo. Those sperm 
without DNA fragmentation show a big halo that corresponds to the DNA loops. It 
has been reported that using this technique, the chances of achieving a pregnancy is 
very low if 30 % or more fragmentation is shown [43].

8-OH 2-dG Several studies have shown a strong association between DNA frag-
mentation (using TUNEL or SCSA) and oxidative stress measured by 8-OH 2-dG 
[5, 35]. The degree and range of oxidative stress in the sperm will depend on the 
nature of the agents causing the stress [46]. The main sources of ROS in semen are 
white cells and abnormal sperm; the leukocytes generate toxic agents that are oxy-
gen derived. Measuring 8-OH 2-dG can be done by HPLC, Flow cytometry, ELISA 

Fig. 1  TUNEL and Active Caspase 3 testing in human sperm a Normal, b AC3+/TUNEL-, c 
AC3+/TUNEL+ and d AC3-/TUNEL+
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and Western blot. Aitken et al. showed a high correlation between DNA fragmenta-
tion and the production of 8-OH 2–dG, establishing normal values of 40 % in the 
whole sample and 25 % for a post-gradient sample.

BODIPY C11 The oxidative stress may manifest as a lipid oxidation of the sperm 
plasma membrane, in what is known as lipid peroxidation. A fluorescence assay has 
been developed to detect the formation of lipid peroxides in bulls, pigs and humans 
[9]. This assay is based on determining the change of BODIPY C11 from red to 
green by Flow cytometry or fluorescence microscopy. Our group (Alvarez Sedó 
2012) has successfully used this technique to study the effect of male aging on DNA 
fragmentation, and its relation to oxidative stress [15].

Sperm Morphology Assessment Beyond Kruger

A number of years ago, different investigators began to study the presence of so-
called vacuoles in the sperm head. One of the first was Bartoov et al. using a system 
of high magnification, based on the use of inverted microscopy equipped with a 
Nomarski optic, a 100X objective and a system of digital amplification, allowing 
the observation of samples in a monitor at a final magnification of approximately 
6000X or higher. This author reported that the absence of vacuoles at high magni-
fication correlated favorably with good fertilization and clinical pregnancy rates 
when those sperm were selected for ICSI [23, 24, 25].

But what is the significance of finding vacuoles in the sperm head?, Franco et al. 
found that sperm with large vacuoles (beyond 50 % of the nuclear surface) showed 
a level of DNA fragmentation significantly greater than those sperm with a normal 
nuclear morphology [45, 75, 76]. On the other hand, not all cases of increased DNA 
fragmentation have nuclear vacuoles, ([15], Personal Communication) therefore 
they are not always directly related, but they do coexist frequently.

During the process of spermiogenesis there are changes of great significance, 
among them the migration of mitochondria toward the base of the sperm head, the 
location of the Golgi apparatus in the anterior part of the nucleus and a reduction 
in the cytoplasmic volume. There are also changes in the synthesis and structure 
of different proteins, like the transition from histones to protamines and as a con-
sequence, there is formation of various proteins that stopped being functional and 
ought to be eliminated. The nuclear pocket in the human sperm would be respon-
sible for the protein degradation, the proteins to be eliminated would be labeled by 
the system of poly-ubiquitin, to be incorporated into the vacuoles and from there 
moved to the nuclear pocket where the proteasomes will cause the final protein deg-
radation. A failure in the degradation or a structural change in some of the proteins 
could lead to the formation of large vacuoles and the saturation or insufficiency of 
the proteasomes, giving rise to the formation of large size vacuoles and the conse-
quences previously mentioned [52, 53].

Given the potential negative impact on the reproductive results, it would be im-
portant to grade the semen samples considering these structures. The development 
of MSOME (motile sperm organelle morphology examination) as a diagnostic tool, 
consists of evaluating generally 100 sperm at high magnification, and placing them 
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in the various categories based on the findings encountered. One of the most com-
mon classifications is the one reported by Bartoov et al. Table 1, [23], Fig. 2. Other 
authors, including our group, introduced variants to this classification, considering 
mainly the size and quantity of vacuoles present in the spermatic nucleus [30]. Our 
group proposed a simplified classification based on the number of vacuoles and the 
surface area they occupy in the sperm nucleus (Table 2) Fig. 3, as we believe this 
modification makes the sperm assessment easier and faster. Using this classification 
we observed that in normozoospermic patients, the level of DNA fragmentation was 
significantly greater in those sperm with vacuoles that occupy more than 20 % of the 
nucleus. We concluded that the presence of large size vacuoles alter the DNA integ-
rity and that we did not identify differences in the externalization of phosphatidyl-
serine, implying that said fragmentation is not produced by the apoptotic pathway.

Table 1  MSOME parameters. (Bartoov et al. 2002)
1° Selection Oval shaped head with larger or smaller size related to normal

Absence of vacuoles or one smaller than 4 % of the nuclear area
2° Selection No oval shaped head

Absence of vacuoles or one smaller than 4 % of the nuclear area
3° Selection Regional disorders: extrusions or invaginations
4° Selection Oval shaped head with larger or smaller size related to normal, 

but with the presence of nuclear vacuoles
5° Selection No oval shaped head with the presence of nuclear vacuoles

Table 2  A modified classification of MSOME (Motile sperm organelles morphology examina-
tion) parameters, as used in our Center
1° Selection Sperm head without vacuoles
2° Selection One vacuole smaller than 20 % of the nuclear surface
3° Selection Two vacuoles smaller than 20 % of the nuclear surface
4° Selection One vacuole larger than 30–50 % of the nuclear surface
5° Selection Multiple vacuoles smaller than 20 % of the nuclear surface
6° Selection Multiple vacuoles larger than 20 % of the nuclear surface

Fig. 2  Pictures of human sperm under electromicroscopy at high magnification, showing the 
patterns described by Bartoov et al. 1 1st selection: oval sperm head without evidence of vacu-
oles, 2 2nd selection: sperm head not oval without vacuoles, 3 3rd selection: regional disorders 
( extrusions), 4 4th selection: oval sperm head with vacuoles, 5 5th selection: sperm head not oval 
with vacuoles

 



35Assessment and Selection of Human Sperm for ART

Given all the findings listed above, we propose MSOME as the preferred way to 
study sperm morphology in ART candidates, as we see advantages over the Kruger 
criteria [74]; MSOME evaluates the sperm motile fraction, which is the population 
that is commonly used in ART, and has more strict criteria of sperm selection since 
it identifies vacuoles and chromatin alterations. Furthermore, the results obtained 
on a given sample remain consistent over time [75, 76].

Analysis of New Techniques of Sperm Selection

Selection of Non-Apoptotic Sperm, the Use of Annexin V Columns Programmed 
cell death (apoptosis) is associated to controlled DNA fragmentation, which is con-
sidered the final event in this process. There are a number of apoptotic markers in 
ejaculated human sperm, among them: the externalization of phosphatidylserine, 
active caspase-3, and DNA fragmentation; this last marker is the most relevant clin-
ically and can be assessed by TUNEL or SCSA. The ANNEXIN V column has been 
proposed as a relevant technique with the intent to select non-apoptotic spermatozoa, 
to be used in samples with high levels of apoptosis, achieving lower concentrations 
of DNA fragmentation, active caspase-3 and phosphatidylserine. The technique is 
based on the high affinity that exists between Annexin V and  phosphatidylserine, a 

Fig. 3  Shown in this picture: 1 sperm without vacuoles, 2 small vacuole < 20 % of the sperm head 
surface, 3 two vacuoles with < 20 % of the sperm head surface, 4 1 vacuole with a size > 20 %, 5 
multiple vacuoles with < 20 % of the sperm head surface, 6 multiple vacuoles with > 20 % of the 
head surface
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membrane phospholipid that during the early stages of apoptosis becomes external-
ized, migrating from the internal to the external layer.

To examine sperm samples for this apoptotic marker protein, we associate the 
Annexin V antibody to metal spheres (50 nm) that are co-incubated with motile 
sperm obtained after a separation gradient of the sample. After this period of incu-
bation, the suspension (spheres of annexin V + sperm) is placed in a sterile column 
situated within a magnetic field (0, 5 T), so that those damaged sperm (apoptotic) 
get trapped in the matrix of the column, while those non-apoptotic sperm go through 
and are collected to be used in ART (Figs. 4 and 5). When to indicate Annexin V 

Fig. 5  Human sperm observed under electromicroscopy: without evidence of membrane binding 
of beads with annexin V, after going through a column exposed to a magnetic field a negative frac-
tion. b positive fraction, showing a preapoptotic human sperm with numerous beads of annexin 
V in its surface

 

Fig. 4  Human sperm going through an annexin V column exposed to a magnetic field, at the end 
of the column a drop is observed falling into the collecting tube containing culture media
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Columns in clinical practice? At our Center we evaluate DNA fragmentation and 
apoptosis, by using TUNEL and Active Caspase 3 respectively [104] (Fig. 1). When 
the level is over 20 % (TUNEL) or higher than 11 % for active Caspase 3, we indi-
cate the use of Annexin V Columns, obtaining a final sample that has a lower level 
of DNA fragmentation compared to the initial sample [14, 82, 86]. Rawe et al. [83] 
at our Center, reported the birth of a healthy newborn after reducing DNA fragmen-
tation through Annexin V Columns, while other authors have also published similar 
favorable reports [87]. Dirican et al. [38], performed a controlled study (122 study 
patients vs 74 control patients) and showed a higher pregnancy rate after MACS 
(magnetic activated cell sorting). Other authors showed a beneficial effect in cases 
of male infertility with high DNA fragmentation, but the number of patients studied 
were small (Young O., Romany et al. ESHRE 2010). In summary, the magnetic 
columns seem to diminish the incidence of DNA fragmentation in men that initially 
showed elevated sperm levels, and this technique appears to be of benefit when 
used prior to ART; yet it is fair to mention, that there is a need for prospective ran-
domized studies to confirm with certainty, that Annexin V Columns should be the 
standard of care prior to ICSI, when the semen sample shows high levels of DNA 
fragmentation.

Sperm Selection by Using Hyaluronic Acid (HA, PICSI) This technique is based 
on the concept that mature human sperm have surface receptors for hyaluronic acid. 
This major component of the extracellular matrix that surrounds the oocyte, makes 
those sperm that express HA surface receptors capable of binding to the matrix in 
vitro. The concept, developed after Huszar et al. [54, 55], reported that HA binding 
by human sperm indicated cellular maturity. This was performed by using a glass-
bottomed dish covered with hyaluronate, demonstrating that non-binding sperm 
exhibited nuclear and cytoplasmic properties of diminished maturity; if the sample 
tested showed 80 % or more sperm bound to the matrix, it was considered normal 
from a physiologic viewpoint and a manifestation of its nuclear-cytoplasmic matu-
rity. That is why HA was proposed as a way of selecting mature sperm prior to ART 
procedures, although the many reports in the literature on the use of a PICSI-dish 
loaded with Hyaluronan and subsequently only using the bound sperm prior to ICSI 
revealed a variety of effects, from no benefit to major benefit, as well as only partial 
improvements in specific aspects, like better fertilization rate [79, 80].

A recent report from Italy by Tarozzi et al. [102] revealed that the Hyaluronan-
binding assay (HBA) did not correlate with fertilization, embryo quality, implanta-
tion or pregnancy rates, but on the other hand the bound sperm showed good DNA 
integrity (TUNEL) and morphology. A recent publication by Ye et al. [107] revealed 
that HBA had a poor predictive value for sperm fertilizing ability in vitro (without 
ICSI), but a randomized prospective study by Colonna Worrilow et al. [33] in over 
200 patients, showed similar degrees of fertilization rates but much better embryo 
quality in the PICSI group, which resulted in significantly higher clinical pregnancy 
rates. In this randomized study, the exposure of sperm to HA prior to ICSI, signifi-
cantly improved embryogenesis and clinical outcome.
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Technique of Sperm Morphologically Selected Through High Magnification 
(IMSI) Despite the availability and use of ICSI not all cases of male infertility do 
well in ART. Recently, the increased use of a new technique of sperm selection prior 
to conventional ICSI was developed based on the previously reported data involv-
ing MSOME. It is based on the use of high magnification, obtained by using an 
inverted microscope with Nomarski optic, a 100X objective, and a digital system of 
amplification (Fig. 6), giving a final magnification higher than 6,000X. This allows 
for the detection of nuclear vacuoles, the presence of which have been associated 
to suboptimal sperm quality, since these nuclear vacuoles have been correlated with 
alterations in the function of the mitochondria and higher DNA fragmentation, sug-
gesting premature chromatin decondensation.

Bartoov et al. [23] published a number of reports using this technique prior to 
ICSI (IMSI) and showed very good clinical results using a classification that he de-
veloped (Table 1); sperm free of vacuoles and normal shape nucleus showed better 
outcome than ICSI performed without prior IMSI, both in terms of better clinical 
pregnancy rates and lower miscarriage rates. A recent publication by Knez et al. 
[58] also showed beneficial effects by using IMSI prior to ICSI, demonstrating 
higher pregnancy rates by using IMSI vs ICSI alone in men with teratozoosper-
mia. His findings, after injecting oocytes with sperm free of vacuoles, showed a 
higher number of morphologically normal zygotes and blastocysts formation rate, 
than when ICSI was performed with sperm having head vacuoles. These findings 
were confirmed in a randomized clinical trial, comparing conventional ICSI (219 
 patients) vs IMSI (227 patients) by Antinori et al. [17], who showed that when 
sperm selection in IMSI patients was performed at 6,600X, a higher rate of implan-
tation and clinical pregnancy rates was achieved as well as lower miscarriage rate in 
the IMSI group, among couples with severe oligoasthenoteratozoospermia.

The technique consists of preparing a plate with a glass-bottomed dish, where 
the selected sperm at high magnification (using the MSOME criteria) are placed in 
a separate droplet, at a rate of 2–3 selected sperm per mature oocyte to be injected. 

Fig. 6  ( Left) equipment set-up at our center, for the observation of sperm at high magnification. 
( Right) showing pictures of human sperm at high magnification
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Once the sperm selection is accomplished, ICSI is subsequently carried out in a 
conventional manner. The sperm selection time prior to ICSI appears to be impor-
tant, as the time spent by sperm in PVP may have a relation to the level of DNA 
fragmentation [85]. Therefore a shorter time for IMSI, after going over the learning 
curve and mastering the technique (helped perhaps also by using a simpler MSOME 
classification for sperm selection), may be ultimately improving clinical results, 
although this final statement has to be clinically proven by future studies.

Conclusions

It is evident that current ART procedures in cases of male infertility, cannot be car-
ried out by simply performing a conventional semen analysis and ICSI, when one or 
more of the standard WHO parameters appear to be compromised. The presence of 
high levels of sperm DNA fragmentation or morphological nuclear abnormalities, 
only evident at high degrees of magnification, may be responsible for poor fertiliza-
tion rates, poor embryo quality, low pregnancy rates and/or elevated miscarriage 
rates.

Testing for sperm DNA fragmentation is indicated in men with advanced pater-
nal age [84], varicocele, cryptorchidism, teratozoospermia, history of poor embryo 
quality or unexplained repeated ART failures. As described in this chapter, there are 
multiple techniques available to test for DNA fragmentation, our group favors the 
use of TUNEL and active caspase 3, even though other methods are available. The 
presence of nuclear abnormalities, has shown a direct relationship with fertilization 
rates as well as embryo quality; these nuclear abnormalities detected and classified 
by performing a MSOME test at high magnification, correlated in a number of 
studies with the level of DNA fragmentation, although they do not always appear 
in tandem, as men with high sperm DNA fragmentation may not present vacuoles 
in the sperm nucleus.

Selecting the “best” sperm in order to perform a conventional ICSI under low 
magnification, as is commonly done, results in satisfactory fertilization and preg-
nancy rates in most cases of male infertility. As described in this chapter, a number 
of novel techniques have been proposed to select the “best” sperm in specific cases 
of male factor infertility, in order to minimize the number of sperm with apoptotic 
marker protein expression (MACS), to increase the odds of using for ICSI a ma-
ture sperm (PICSI) or to select sperm without nuclear abnormalities (IMSI). Large 
amount of clinical data has accumulated over the last few years with these tech-
niques, mostly showing favorable results but not always, as many of the studies were 
poorly designed, were non-randomized, had low numbers of patients included in the 
studies or with findings that were not subsequently duplicated by other authors.

In our opinion, these techniques of sperm selection to be used prior to ICSI, 
deserve a chance in ART, as any procedure incorporated that increases the odds of 
using a “healthy” sperm for sperm microinjection, can only be helpful in optimiz-
ing ART outcome; as of today, some of the data accumulated is too erratic and at 
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times poorly gathered; further confirmation by prospective randomized large scale 
clinical trials are needed, to more clearly define the place of these novel techniques 
in our armamentarium, in order to optimize ART results in this difficult group of 
patients with male infertility.

Acknowledgement Cristian Alvarez Sedó, Ph.D candidate, Director of Research and Mariano 
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