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         Introduction 

 During the pre-ovulatory period, the follicular 
environment nurtures growth and development of 
the oocyte in the dominant follicle to produce a 
meiotically competent oocyte capable of resum-
ing meiosis and progressing through meiosis to 
metaphase II. The cumulus-corona cells that sur-
round the oocyte are critically important in sus-
taining oocyte nutrition and maturation, and 
providing essential metabolites, hormones, and 
growth factors  [  1–  4  ] . After exposure to the pre-
ovulatory surge of luteinizing hormone, consid-
erable changes in the organization of these 
surrounding layers occur. Corona cell processes 
retract from the oolemma, gap junctions through-
out the cumulus complex are disrupted, and gly-
cosaminoglycans, predominantly hyaluronic 
acid, are secreted causing considerable expansion 
of the cumulus corona mass. At the time of folli-
cular rupture, this mass will protect the oocyte 
from exposure to the transitional chemical and 
physical conditions that it will encounter during 
its journey along the fallopian tube. 

 The single most important goal of the IVF 
laboratory is to create an environment for the 
gametes and resulting embryos that is focused on 
maximizing their safety and developmental com-
petence. Safety and maintenance of the oocytes 
from the moment of follicular aspiration, through 
insemination and embryo growth is paramount to 
IVF success. Due to the extreme sensitivity of 
these cells, even to slight changes in environmen-
tal conditions, all IVF handling and culture pro-
cedures should minimize oocyte exposure to 
biophysical and chemical  fl uctuations.  

   Oocyte Collection 

   The Procedure 

 In stimulated IVF cycles, oocyte retrieval is usu-
ally performed 36 h after hCG administration by 
ultrasound-guided transvaginal aspiration. 
Several factors including variables such as pump 
vacuum, velocity, needle lumen size and length, 
follicular pressure and size, and collection tech-
nique may affect oocyte competence and should 
be monitored and recorded before and during the 
retrieval procedure (reviewed by Horne et al.  [  5  ] ). 
During collection, a maximum vacuum pressure 
of about 120 mmHg is recommended to dampen 
the risk of damage to the oocytes  [  6  ] . Moreover, 
to minimize changes in temperature, the collec-
tion tubes should be kept in a tube warmer main-
tained at 37°C before being connected to the 
collection system. 
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 The follicles are aspirated in a systematic 
manner with each tube containing aspirate passed 
off to the laboratory immediately after it is full. 
The adjoining laboratory examines the follicular 
 fl uid in sterile plastic dishes. Cumulus–corona–
oocyte complexes (CCOC) are identi fi ed, rinsed 
in pre-equilibrated medium in order to remove 
any blood residue from  follicular  fl uid, and the 
CCOCs are then transferred to dishes containing 
pre-equilibrated medium and incubated in a 
de fi ned atmosphere (see    Oxygen concentration 
during embryo culture below) at 37°C. 

 The cohort of oocytes collected after ovarian 
hyperstimulation represents a range of matura-
tional stages that may have speci fi c nutritional 
requirements. However, the standard IVF proto-
col is to use the same medium for all oocytes 
after collection unless some are speci fi cally des-
ignated for in vitro maturation. The collection 
and holding media must contain glucose (in the 
range of 2.0–5.5 mmol/l) as the cumulus cells 
require this glycolytic substrate as an energy 
source. The electrolytic and the osmotic needs 
are met by most balanced salt solutions  [  7  ] . 

   QA Considerations 
 Human oocytes are exquisitely sensitive to any 
environmental perturbations including both phys-
ical stresses, as well as chemical stresses such as 
temperature and pH  fl uctuations, and environ-
mental air contamination. Temperature oscilla-
tions associated with handling oocytes outside 
the incubator may impair the oocyte microtubular 
system. Changes in spindle organization have 
been observed in mature human oocytes exposed 
to room temperature even for only few minutes 
 [  8–  10  ] . Notwithstanding the ability of the mei-
otic spindle to reassemble when the temperature 
is reestablished, the risk of aneuploidy occur-
rence is potentially increased after a temperature-
induced depolymerization  [  9  ] . 

 Because of the extreme sensitivity of human 
oocytes, all the equipment in use (including Petri 
dishes and Pasteur pipettes) should be pre-warmed 
at 37°C (Fig.  6.1 ). In order to maintain a stable 
temperature in the dishes, the working areas (hood 
and microscope) and the thermo plates should be 
calibrated regularly. Daily, in the early morning, 
an external calibrated certi fi ed  thermometer 

  Fig. 6.1    Media and dish preincubation in daily IVF laboratory practice       
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should be used to monitor the temperature of all 
the heating devices. The observed values should 
be reported and compared to the tolerance limits 
de fi ned for each instrument. For a detailed discus-
sion on quality management issues, see Chap.   15    .  

 As mentioned by Mortimer et al.  [  11  ] , a poorly 
recognized aspect of temperature maintenance is 
that most disposable plastic platforms are 
designed in a way that does not allow the medium 
to come into direct contact with the microscope 
stage. This air gap reduces the ef fi cacy of heated 
stages, making it very dif fi cult to stabilize the 
temperature when using standard IVF dishes. 

 One of the most important roles of the han-
dling media is to prevent a pH shift.   Although 
there is agreement regarding the need to moni-
tor pH during IVF culture, there seems to be a 
less consensus regarding the actual correct 
value. In 1998, Dale et al.  [  12  ]  demonstrated 
that the baseline intracellular pH (pHi) of the 
human oocyte is 7.4 ± 0.1 in HCO  

3
  −  /CO 

2
 -

buffered medium. Recently, a lower pH (approx-
imately 7.30) was found to be the optimum for 
culturing up to the pronuclear stage  [  13  ] . Unlike 
cleavage-embryos that have mechanisms for pH 
regulation, human oocytes lack the ability to 
regulate their internal pH; a problem that is even 
more marked in the cumulus-corona-free 
oocyte. Therefore, excursions in the extracellu-
lar pH can easily translate into deleterious intra-
cellular perturbations that can compromise 
subsequent embryogenesis. Only 2–3 h after 
fertilization does the oocyte begin to recover 
the exchanger activity and the consequent abil-
ity to regulate its pH. The extracellular pH is 
generated by dynamic equilibrium between the 
CO 

2
  concentration in the incubator and the 

amount of bicarbonate in the media. For that 
reason, monitoring and stabilizing the extracel-
lular pH is particularly challenging during the 
handling of oocytes and embryos outside the 
incubator. 

 Speci fi c buffer systems are currently used in 
commercially available handling media for assisted 
reproduction treatment: 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) and 
3-( N -morpholino)-propanesulphonic acid (MOPS). 
Since concerns have been raised regarding  potential 

detrimental effects of these organic buffers on 
gamete competence  [  14,   15  ] , media containing 
bicarbonate/CO 

2
  buffers are preferable, although 

they require controlled chambers to maintain a 
5–7% CO 

2
  atmosphere. However, it is essential to 

note that many of the adverse effects of these buf-
fer systems are largely dependent on interactions 
with other compounds in the media, and are not 
due to toxicity of the buffers themselves  [  16  ] . 
Regardless of the buffer chosen, it is crucial to 
maintain an appropriate and constant temperature, 
since temperature itself may alter the buffering 
ability of these compounds.  

   Cumulus–Corona–Oocyte Complex 
Grading 
 At the end of the retrieval process, the matura-
tional stage of the oocyte may be evaluated. 
Several scoring systems of the cumulus corona 
oocyte complex have been introduced to predict 
the nuclear maturity of the enclosed oocytes and 
identify the proper timing for insemination 
 [  17–  24  ] , although it is generally acknowledged 
that these assessment systems are not perfect. 

 Early studies from Rattanachaiyanont et al. 
 [  17  ] , performed on oocytes collected for IVF 
treatment, reported no correlation between 
oocyte–corona–cumulus complex morphology 
and nuclear maturity, fertilization rate, and 
embryo cleavage. On the contrary, other authors 
reported that CCOC scoring was related to fertil-
ization and pregnancy rates  [  22  ]  as well as to 
blastocyst quality and development  [  23  ] . Lin and 
colleagues  [  23  ] , proposed a grading system for 
CCOCs based on the morphology of the oocyte 
cytoplasm, cumulus mass, corona cells, and 
membrane granulosa cells, to select oocytes prior 
to insemination by conventional IVF. Five grades 
( Mature Group ,  Approximately Mature, Immature , 
 Post-mature, and Atretic ) were described. The 
authors reported higher fertilization rates for the 
oocytes belonging to the Mature Group compared 
to those belonging to the other groups. Moreover, 
the Immature Group was characterized by a 
higher incidence of poor morphology day 3 
embryos as compared to the Mature Group. 

 It has also been suggested that the presence of 
either CCOC anomalies such as amorphous 
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clumps, or blood clots, may be an index of a sub-
optimal follicular maturation  [  25,   26  ] , and may 
impair the ability of the embryo to develop to the 
blastocyst stage. Oocytes from these CCOCs 
showed a signi fi cant alteration in the cytoplasmic 
texture probably related to the reduced fertiliza-
tion rate obtained when those oocytes are used 
for insemination  [  26,   27  ] . Moreover, variations in 
temperature and pH as well as reactive oxygen 
species induced by the presence of blood clots 
have been suggested as responsible for the com-
promised competence of those oocytes  [  20  ] . 

 Although cumulus-corona mass assessment is 
limited in terms of its ability to accurately predict 
oocyte maturity and competence, there is clearly 
some association between cumulus-corona dis-
position and meiotic status, with a fully expanded 
“sun burst” cumulus mass being associated with 
a mature oocyte (Fig.  6.2 ). Therefore, a careful 
assessment of CCOC morphology may be a use-
ful tool to aid in oocyte selection when the 
oocytes are destined for standard insemination, 
rather than ICSI.   

   Insemination Procedures 
 Fertilization is achieved by conventional in vitro 
insemination procedure or ICSI according to the 
patients’ history and sperm parameters. Although 
both these procedures are well established, there 
is no universal agreement regarding the elapsed 
number of hours to perform them after oocyte 
retrieval. We observed that a pre-incubation 
period of 3 h after oocyte retrieval may improve 
the fertilization rate and embryo quality after 

ICSI  [  28  ] . Other studies have been published 
regarding the time of injection post-retrieval, but 
without reaching consistent conclusions  [  29–  35  ] . 
Oocyte nuclear maturity can be easily assessed 
before ICSI by visualization of the  fi rst polar 
body, which is a characteristic of the mature, MII 
oocyte. However, nuclear and cytoplasmic matu-
ration are acquired independently during oocyte 
maturation and both of them are required for nor-
mal fertilization  [  36  ] . Therefore oocyte preincu-
bation prior to IVF or ICSI may induce 
cytoplasmic maturation that could eventually 
increase fertilization and also pregnancy rates. 
Balakier and colleagues  [  37  ]  reported that human 
oocytes progressively develop the ability for full 
activation and normal development during the 
MII arrest stage. An improvement in fertilization 
rates was obtained when ICSI was carried out 
6–8 h after the polar body extrusion. Presumably, 
the different optimum time intervals identi fi ed in 
the various studies re fl ect differences in patient 
populations and stimulation regimens used and, 
possibly, variations in culture systems. 

 Conventional insemination can be carried out 
using various platforms including multi-well 
dishes, microdrops, or tubes. Our current approach 
is to perform insemination in Nunc four-well 
dishes containing 600  m l of fertilization medium 
with an oil overlay. Up to three oocytes/well are 
inseminated with about 120,000–150,000 sper-
matozoa/mL. After 16–18 h of incubation, oocytes 
are then denuded to assess fertilization. Some 
studies have hypothesized a detrimental effect of 
prolonged oocyte exposure to spermatozoa in vitro 

  Fig. 6.2    A mature human oocyte ( a ) before cumulus removal; ( b ) after cumulus-corona removal       
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due to the production of free oxygen radicals, 
present especially in high concentrations of sper-
matozoa  [  38–  41  ] . Therefore, reducing exposure 
of oocytes to spermatozoa has been proposed to 
improve embryo viability, possibly due to decreas-
ing potential damage from sperm metabolic waste 
products  [  42  ] .   

   Embryo Culture 

   Media and Platforms 
 Efforts to improve culture conditions have 
resulted in a substantial breakthrough in the past 
10 years, with widespread application of new 
approaches including the use of atmospheric 
oxygen (so-called low oxygen tension), elimina-
tion of toxic components, and the introduction of 
sequential and single medium systems to culture 
embryos to the blastocyst stage. As a result, cul-
ture to the blastocyst stage has become an achiev-
able goal which, in turn, has facilitated selection 
of the most viable embryos. This approach allows 
for single blastocyst transfer with acceptably high 
pregnancy and birth rates, at least in selected 
good prognosis patients.  

   Embryo Culture Media Composition 
 In the last decade, knowledge acquired from sev-
eral studies regarding embryo physiology and bio-
chemistry has led to signi fi cant improvements in 
media formulations used for embryo culture, result-
ing in a remarkable increase in ef fi ciency of human 
assisted reproduction all over the world  [  43  ] . 

 Media for human embryo culture should con-
tain the following basic components: pure water, 
common salts, plus sodium bicarbonate as a 
buffer, sodium salt of EDTA or another chelator, 
pyruvate and lactate, amino acids, macromole-
cules, and antibiotics. However, commercially 
available human embryo culture media use dif-
ferent concentrations of each component, and 
many include other constituents as well. There 
are marked differences even in concentrations 
of the simplest elements, such as potassium 
chloride and magnesium sulphate  [  44  ] . Similarly, 
the optimal osmolality for development of 
human embryos in culture has not yet been 

determined. Moreover, almost all media require 
supplementation with chemically unde fi ned or 
partially de fi ned factors as albumin or synthetic 
serum substitutes. 

 The composition of the majority of IVF media 
is based on one of three physiological salines: 
Earle’s balanced salt solution, Krebs-Ringer 
bicarbonate, and Tyrode’s solution  [  45–  47  ] . So 
far, two major approaches have been used to 
determine the media composition and concentra-
tion of each compound. The  fi rst approach is the 
“empirical optimization” of components by bio-
assays—also known as “let the embryos choose” 
principle—established by Biggers and colleagues 
 [  48  ] . The common principles of this approach 
are: (1) that only a single medium is used to sup-
port development from the zygote to blastocyst 
stage; and (2) the concentration of constituents is 
de fi ned according to bioassays using a systematic 
approach to measure the response of embryos to 
several combinations and concentrations of test 
components. The concentration and type of com-
ponent selected for the medium is usually that 
which gives a maximum response. One of the 
limitations of the “empirical optimization” 
approach is the theoretical requirement of astro-
nomic numbers of experiments and some com-
promises in the interpretation of the mathematical 
models to determine the most suitable medium 
composition  [  48,   49  ] . Nevertheless, KSOM AA , 
the optimum medium for mouse embryo culture, 
was developed using this approach (reviewed by 
 [  49  ] ), and a slightly modi fi ed version of this for-
mulation (Global medium) is a very effective 
medium for culturing human embryos to the blas-
tocyst stage. 

 In contrast to the “let the embryos choose” 
approach, the “back to nature” approach uses the 
concentration of a substance that approximates 
the concentration to which the embryo is natu-
rally exposed  [  50  ] . This approach was introduced 
by Leese  [  51  ] . The major problem with this prin-
ciple is the extremely low amounts of the  fl uids in 
the oviduct and uterus available for assay, and the 
technical and ethical problems related to its col-
lection and measurement. So far, investigations 
have been performed in vivo (by micropuncture, 
chronic, or acute in situ cannulation) or in vitro 
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(by vascular and luminar perfusion). However, 
the composition of oviduct and uterine  fl uids 
likely differ from the in vivo microenvironment 
around the embryo  [  52  ] . 

 Numerous studies supporting the ef fi cacy of 
both sequential and single media have been pub-
lished  [  48,   49,   53–  62  ] , and the overall weight of 
the evidence indicates that probably neither sys-
tem is superior to the other for growth of human 
embryos to the blastocyst stage. Indeed, both 
systems are used worldwide, with each having 
potential advantages and disadvantages 
(reviewed by Vajta et al.  [  63  ] ). As a side note, 
since most of the data used for development of 
commercially available human media are 
derived from experiments performed on animal 
embryos, it is likely that a more intensive dia-
logue between human and domestic animal 
embryologists may eventually improve the com-
position of human media  [  64  ] .  

   Oxygen Concentration During 
Embryo Culture 
 Until recently, human embryos have been cul-
tured under atmospheric oxygen (20%), a proce-
dure adapted from earlier somatic tissue culture 
protocols  [  65  ] . However, in the early 1990s three 
different research groups observed the bene fi cial 
effect of reduced oxygen concentration (5%) on 
embryo development in a protein-free medium 
without somatic cell support  [  66–  68  ] . 

 Supporting evidence of using reduced oxygen 
concentrations for human embryo culture is the 
low oxygen concentration measured within the 
oviduct and uterus of different mammalian spe-
cies (2–8%)  [  69–  71  ] . Moreover, by continuous 
assessment of embryo development, using time-
lapse microscopy, the temporal effect of atmo-
spheric oxygen on embryo development has been 
studied and the embryos response to either static 
or changing concentration of oxygen has been 
evaluated  [  72  ] . Authors have showed detrimental 
effects of atmospheric oxygen on mouse embryos 
during in vitro culture, as re fl ected by slower 
cleaving embryos and decreased cell numbers in 
cleavage-stage embryos, and poorer blastocyst 
development  [  72  ] . Compared with embryos cul-
tured in 5% oxygen, embryos cultured in 20% 

oxygen were delayed at the  fi rst cleavage by 
0.45 h ( P  < 0.05), at the second cleavage by 0.84 h 
( P  < 0.01) and at the third cleavage by 3.19 h 
( P  < 0.001). Importantly, these detrimental effects 
of atmospheric oxygen were irreversible, as 
switching the embryo to reduced oxygen concen-
tration for the second 48 h of development (post-
compaction) did not alleviate the developmental 
perturbations induced during the initial 48 h. A 
prospective, randomized study conducted by 
Waldenstrom et al.  [  73  ]  on human embryos 
showed that blastocyst culture with low-oxygen 
(5%) versus high-oxygen (19%) concentration 
yielded a higher conversion rate to blastocyst and 
a marked improvement in birth rate. Recently, a 
meta-analysis has been accomplished to clarify 
whether or not the low O 

2
  concentration 

signi fi cantly improves clinical outcomes com-
pared to atmospheric O 

2
  concentration  [  74  ] . When 

embryos were transferred on days 5 and 6, the 
meta-analysis showed a statistically signi fi cantly 
higher implantation rate in the group of embryos 
cultured at low oxygen tension as compared with 
those cultured in 20% oxygen ( P  = 0.006)  [  74  ] . 

 The above published data suggest that, unless 
a future strong contra-indication is documented, 
low oxygen concentration should be a principle 
for culture of human embryos in all ART labora-
tories. This is one of the few questions where a 
de fi nite answer is available and a worldwide 
consensus is currently being formed. However, a 
further decrease in oxygen concentration below 
5% may have negative consequences. In fact, 
setting the oxygen concentration at 2%, although 
leading to increased blastocyst rates, may cause 
developmental abnormalities in ruminants  [  75  ] . 
On the other hand, there is no evidence that 
embryos need a continuous gas supply. A gas 
mixture volume of 50 ml in a closed system gen-
erously covers the requirements of 200 bovine 
embryos for 1 week, from the zygote to the 
 blastocyst stage  [  76  ] .  

   Embryo Culture Platforms 
 In sharp contrast to the widespread research 
regarding the design and utilization of optimum 
culture media, very little attention has been paid 
to devices used for embryo culture. 
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 In routine IVF, gametes and embryos are 
 cultured on inert surfaces such as glass or plastic 
polymers of varying con fi guration considered as 
“static” platforms, since they do not employ 
active means to agitate or stimulate embryo or 
media movement  [  77  ] . Usually, the media prepa-
ration consists of placing media in disposable 
polystyrene multiwell or Petri dishes, in 10–80  m l 
drops covered with oil with a subsequent over-
night equilibration in the proper gas mixture at 
37°C to stabilize the pH, temperature and achieve 
proper saturation with gasses. In most systems, 
the medium is changed on Day 3 (Day 0 being 
the day of oocyte retrieval), whether to a fresh 
drop of the same medium (the one-step system) 
or to a drop of a second growth medium (the 
sequential system). As discussed above, there is 
no consensus as to whether one of these systems 
affords an advantage over the other. As previ-
ously described  [  78  ] , what is perhaps of greater 
importance is the fact that fundamental differ-
ences exist between these conventional culture 
systems and the oviduct. During the progression 
through the female tract, embryos are exposed to 
changing components of oviductal  fl uid. In addi-
tion, embryos in vivo develop in a dynamic envi-
ronment and are subjected to changing 
gravitational positions. In contrast, in the in vitro 
environment, embryos are submerged in modi fi ed 
salt solutions, where autocrine factors are often 
diluted, and some of them diffuse into the oil 
layer; any change in composition of media occurs 
only once during the culture period, and not nec-
essarily according to the proper metabolic needs 
of the embryo; no dynamic movements are 
ensured. Moreover, most dishes are not devel-
oped for embryological purposes, and the stan-
dard embryo culture system is based on 
monolayer culture methods developed more than 
50 years ago for primary cultures of somatic 
cells and cell lines. 

 Fortunately, serious efforts are currently being 
focused on exploring the physical requirements 
of the embryo in the hope of optimizing embryo 
development in vitro. New culture platforms have 
been developed utilizing lower volumes of media 
with a limited surface area since it has been found 
in many animal models that co-culture of embryos 

in reduced volumes improves development, 
 potentially through secretion of autocrine/para-
crine factors  [  79–  81  ] . However, this approach 
requires careful attention in media handling since 
shifts in pH and osmolality are more frequent. 

 In order to exploit the potential bene fi cial 
effects of increased embryo density, other plat-
forms that combine the communal effect while 
allowing individual identi fi cation of embryos 
have been established. The Well of the Well or 
WOW system consists of small microwells pro-
duced on the bottom of a culture dish aiming to 
create a small microenvironment for individual 
embryos, while allowing them to share a larger 
common culture media reservoir above  [  80–  82  ] . 
Improvement in the percentage of embryos devel-
oping into blastocysts can be achieved in WOWs 
compared to traditional cultures (56% vs. 37%, 
respectively), and promising pregnancy and birth 
rates have also been reported  [  82  ] . 

 As an alternative to microwells, use of micro-
channels has been proposed for culturing 
embryos. The Glass Oviduct or GO system pro-
posed by Thouas  [  81  ]  is based on an open-ended 
2  m l sterile capillary with 200  m m inner diameter. 
The GO system is an extremely simpli fi ed and 
static version of the microchannel system that 
allows embryos to be cultured vertically promot-
ing increased cell contact. 

 Recently some special specialized surface-
coated dishes have been proposed as intriguing 
means of potentially improving current in vitro 
embryo culture systems (reviewed by Swain and 
Smith  [  77  ] ), however their application remains 
modest. Special surface treatments of dishes do 
not seem to have obvious bene fi ts; therefore, fur-
ther studies are required before drawing any con-
clusion regarding their true potential. 

 In order to implement a radically new embryo 
culture system, the possibility to employ 
dynamic culture platforms has been investi-
gated, including those speci fi cally engineered to 
stimulate controlled media  fl ow/movement. 
Macroscopically, the usual micro fl uidic device 
consists of the following parts: a glass micro-
scopic slide base; a plastic (for example 
 polydimethylsiloxane) layer with the channels 
and valves; and connections to mechanical or 
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pneumatic pumps. Sporadic and isolated 
attempts in the past decade to improve culture 
systems have demonstrated that micro fl uids are 
suitable to perform almost all steps of human 
IVF varying from selection of motile spermato-
zoa, oocyte cumulus removal, in vitro fertiliza-
tion by insemination and embryo culture 
 [  83–  85  ] . Initial steps to assemble the isolated 
steps into a production line have also been suc-
cessfully performed. Accordingly, there is a 
chance to make complex procedures completely 
automated including the whole human IVF lab-
oratory process  [  83  ] . The only unproven step 
that would need to be adopted into the 
micro fl uidic system is ICSI; however, this pro-
cedure may ultimately be replaced with alterna-
tive solutions, or performed in a semi-automated 
way  [  86  ] .   

   Embryo Grading and Selection 

   Static Morphology Evaluation 
 Embryo morphological grading remains the stan-
dard method for evaluation and selection because 
of its simplicity and cost-effectiveness, and due 
to the failure of recent “-omics” technologies 
(metabolomics, transcriptomics, and proteomics) 
to improve selection (reviewed by  [  87  ] ). Different 
morphological criteria for cleavage embryo 
assessment have been described through the 
years and a variety of characteristics have been 
proposed as indicative of embryo viability: early 
cleavage  [  88–  108  ] , cleavage rate  [  95–  98  ] , blasto-
mere size  [  96,   97,   99  ] , presence of multinucle-
ation  [  99–  104  ] , extent of fragmentation  [  96, 
  97,   105–  109  ]  and distribution of fragments 
 [  107,   108  ] . 

 One of the most critical factors in the evalua-
tion of cleavage-stage embryos is the strict timing 
for the assessment. For standardization, a 
European consensus was reached to perform the 
2-day and 3-day evaluation respectively at 44 ± 1 
and 68 ± 1 h post insemination  [  110  ] . Early cleav-
age in two daughter cells has been associated with 
higher development and pregnancy and implanta-
tion rates  [  88,   90–  93  ] , indicating its use as a valu-
able additional embryo selection criterion. 

 A great number of embryo morphology scor-
ing systems have been proposed  [  111–  115  ] . 
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 
unequivocal interpretation of the different results. 
Therefore, two consensus groups have proposed 
standardized systems for staging the embryos, 
one group from the Society for Assisted 
Reproductive Technology/American Society for 
Reproductive Medicine (SART/ASRM)  [  116  ] , 
the other from Alpha  [  110  ] . In addition, both 
groups proposed the simple categories of “good,” 
“fair,” and “poor” as related to embryo quality 
 [  110,   116  ] , and the Alpha group further de fi ned 
these categories with regards to blastomere num-
ber, degree of fragmentation, extent of blastom-
ere asymmetry, and presence of multinucleation 
(Fig.  6.3 )  [  110  ] .  

 It has been also suggested that the capacity of 
the embryo to reach the blastocyst stage could 
have additional prognostic value in identifying 
the best embryo(s). Indeed, increases in preg-
nancy and implantation rates have been reported 
after both fresh and cryopreserved blastocyst 
transfers  [  117–  121  ] . However data are still con-
troversial, since some authors found comparable 
results after cleavage embryo transfers  [  113,   122, 
  123  ] . Moreover, a large number of embryos fail 
to develop to the blastocyst stage in extended cul-
ture and it is not possible to know which of these 
embryos would have implanted if they had been 
replaced earlier  [  113,   124  ] . 

 Since blastocyst development is dynamic, 
grading should be evaluated 112–114 h post 
insemination when a de fi ned inner cell mass, a 
blastocoel cavity, and a ring of evenly spaced 
and sized trophectoderm cells should be 
observed  [  110  ] . 

 Different scoring systems for blastocysts have 
been described  [  125–  127  ]  however, the most 
commonly used is that described by Gardner 
et al.  [  125  ] . The authors de fi ned an alphanumeric 
scoring system on the basis of degree of blasto-
cyst expansion and hatching status, the develop-
ment of the inner cell mass and the development 
of the trophectoderm (Figs.  6.4  and  6.5 ).    
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   Time-Lapse Imaging 
 One major limitation to classic morphology grad-
ing is the static evaluation of the embryos at one, 
or at the most, a few discrete time points. 
Continual monitoring by means of time-lapse 
cinematography allows noninvasive, dynamic 
imaging of embryo morphological changes and 
permits correlations to be made among mor-
phokinetics, further development and clinical 
fate. Indeed, timing of different embryonic devel-
opmental events post-insemination has been pro-
posed as an additional criterion in embryo 
selection  [  128–  130  ] . A 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  [  130  ] . 

 Various combinations of different morphologi-
cal criteria, from the oocyte, to the cleavage-stage 

embryo, to the blastocyst have been evaluated, 
and many have proven to have predictive power 
for selecting developmentally competent embryos 
(reviewed by  [  87  ] ). Indeed, morphological grad-
ing remains the  fi rst-line method for evaluation 
and selection of embryos in clinical IVF.  

   Noninvasive Media Pro fi ling 
 Improving knowledge about gamete and embryo 
physiology should allow the identi fi cation of 
novel markers of embryo quality that may be use-
ful as additional selection criteria. In this regard, 
targeted approaches that measure speci fi c com-
ponents in the culture medium (such as amino 
acids  [  131  ] ), as well as the application of recent 
“-omics” technologies  [  132,   133  ]  hold promise. 
Among these new methods, the employment of a 
noninvasive screening technology using near 
infrared  spectroscopy to analyze the  metabolomic 

  Fig. 6.3    Day 3 embryos of varying quality: ( a ) Good 
quality, characterized by mild fragmentation (<10%), 
stage-speci fi c cell size and absence of multinucleation; 
( b ) Fair quality, characterized by the presence of moderate 
fragmentation (10–25%), stage-speci fi c cell size for the 

majority of blastomeres and no evidence of multinucle-
ation; ( c ) Poor quality, characterized by severe fragmenta-
tion (>25%), cell size not stage-speci fi c and evidence of 
multinucleation       
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  Fig. 6.4    Blastocyst grading according to Gardner and 
Schoolcraft. Blastocysts are classi fi ed by a numerical 
score from 1 to 6 on the basis of their degree of expansion 
and hatching status: (1) an early blastocyst with a blasto-
coel that is less than half of the volume of the embryo; (2) 
a blastocyst with a blastocoel that is half of or greater 
than half of the volume of the embryo; (3) a full blasto-
cyst with a blastocoel completely  fi lling the embryo; 
(4) an expanded blastocyst with a blastocoel volume 
larger than that of the early embryo, with a thinning zona. 

For fully developed blastocysts, the development of the 
inner cell mass is assessed: (A) tightly packed, many 
cells; (B) loosely grouped, several cells; (C) very few 
cells. The trophectoderm is assessed according to the 
number and appearance of trophectoderm cells: (A) many 
cells forming a cohesive epithelium; (B) few cells form-
ing a loose epithelium; (C) very few large cells. Adapted 
from Sakkas and Gardner,  Textbook of Assisted 
Reproductive Techniques: Laboratory and Clinical 
Perspectives, Second Ed.        

  Fig. 6.5    Examples of blastocysts of contrasting stage and quality: ( a ) Blastocyst with grade 4AA; ( b ) Blastocyst with 
grade of 3CC       
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pro fi ling of embryo culture medium has been 
proposed as one of the most promising selection 
methods. However, besides the initial bene fi ts 
reported in retrospective studies  [  132,   134–  139  ] , 
recent prospective randomized studies have 
shown that the evaluation of metabolomic pro fi les 
by near infrared spectroscopy does not improve 
implantation rates  [  140,   141  ] .    

   Concluding Remarks 

 Applications of new culture approaches including 
use of atmospheric oxygen level and the introduc-
tion of single-step and sequential media have 
resulted in several signi fi cant breakthroughs in 
the clinical IVF laboratory. The ability to improve 
preservation of embryonic developmental poten-
tial has increased the likelihood of obtaining a 
consistent number of embryos reaching the blas-
tocyst stage. With these improvements, applica-
tion of single blastocyst transfer should continue 
to increase, at least in good prognosis patients. 
This, in turn, will continue to decrease the inci-
dence of multiple pregnancies while preserving 
the overall ef fi ciency of the treatment. 

 Notwithstanding the demonstrated bene fi ts of 
innovative and sophisticated platforms, the wide-
spread use of these technologies is currently lim-
ited due to the costs of these devices and design 
pitfalls that can make them more labor intensive 
to utilize. In a futuristic view, a complex, auto-
mated system may be established to perform all 
steps that lead to embryo production  [  77  ] . The 
system could also be enhanced with a time lapse 
imaging system to allow noninvasive detailed 
analysis of embryo development and with vari-
ous sensors to measure, for instance, embryo-
derived biomarkers (metabolomics) or gene 
expression pro fi les (transcriptomics). The enor-
mous amount of information derived from mor-
phological (including phase-contrast) images and 
time-lapse videos together with biochemical 
parameters may prove invaluable for determining 
the optimal time for embryo transfer, for select-
ing the best embryo(s) for transfer, and for com-
parison of various versions of culture methods 
and parameters. 

 Although improvements in the IVF culture 
system have resulted in signi fi cantly improved 
clinical outcomes, one of the major limitations in 
IVF laboratory technology still relates to 
identi fi cation of the most viable embryo(s) to 
transfer. Currently, selection of the best embryo(s) 
is based on static assessment of morphological 
features, but most of the embryos transferred fail 
to implant. In the future, implementation of cur-
rent culture systems with time lapse cinematog-
raphy and “-omics” technology may improve the 
identi fi cation of novel markers of embryo quality 
to provide additional selection criteria. 
Furthermore, preimplantation genetic screening 
may help in the determination of embryonic 
“health” through screening the genetic constitu-
tion of the embryo (see Chap.   8    ). However, this 
technology is still far from being routinely used 
in IVF clinics and further investigations are 
needed to ensure the reliability and sensitivities 
of these methods.      
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