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Key Points
 5 Proper assessment, processing, and 

handling of gametes are essential to 
attain normal fertilization and high- 
quality embryo development.

 5 Many of the clinically relevant results 
reported from the IVF laboratory are 
largely based on visual morphologic 
assessments which can be highly subjec-
tive.

 5 Technologies such as preimplantation 
genetic testing for aneuploidy, time- 
lapse imaging, and artificial intelligence 
have been used as methods to select 
high-quality embryos for transfer.

 5 A well-established quality management 
plan is essential for monitoring the per-
formance of laboratory procedures and 
maintaining optimal embryo culture 
conditions.

18.1  Introduction

The concept of IVF as a treatment for infertil-
ity is straightforward: obtain eggs from the 
ovaries, mix them with sperm in a dish con-
taining culture medium, and transfer the eggs 
back to the woman after fertilization has 
occurred. However, this technique took over 
100 years to develop. The initial development 
of IVF in humans can be attributed directly to 
a team of two investigators, Drs. Patrick 
Steptoe and Robert Edwards. It was in 1969 
that Dr. Edwards first stated, “Human oocytes 
have been matured and fertilized by sperma-
tozoa in  vitro. There may be certain clinical 
and scientific uses for human eggs fertilized by 
this procedure” [1]. This understated conclu-
sion marked the first successful attempt to fer-
tilize human eggs in a laboratory.

In 1959, successful IVF was reported using 
rabbits [2]. The first human birth to result 
from IVF was achieved in England in 1978 [3]. 
John and Lesley Brown had 9 years of infertil-
ity secondary to bilateral fallopian tube 
obstruction. Dr. Patrick Steptoe surgically 
retrieved a single mature oocyte from one of 
Lesley’s ovaries during a natural cycle. Dr. 

Robert G.  Edwards combined John’s sperm 
with the oocyte in the laboratory, and the 
resulting embryo was placed into Lesley’s 
uterus a few days later. On July 25, 1978, 
Louise Joy Brown was delivered by cesarean 
section at approximately 37  weeks of gesta-
tion and weighed 5 lb., 12 oz. In 2010, 32 years 
later, Robert G.  Edwards was awarded the 
Nobel Prize for Physiology or Medicine “for 
the development of IVF.” Today, most IVF is 
performed after ovarian stimulation so that 
multiple eggs can be retrieved transvaginally 
with a sonographically guided needle, fol-
lowed by transcervical embryo transfer.

Currently, more than 300,000  cycles of 
human IVF and similar techniques are per-
formed each year in the United States, result-
ing in the birth of over 80,000 babies. 
Far-reaching advances in laboratory tech-
niques and culture conditions have been made 
since 1978, when the first IVF baby was born 
in England. Today, ART procedures are 
responsible for over 2% of all children born in 
the United States annually [4].

Case Vignette

ART Laboratory- A 30-year-old woman 
with polycystic ovary syndrome has under-
gone IVF. She had 25 oocytes retrieved of 
which 5 fertilized normally and only 2 
embryos made it to the blastocyst stage for 
transfer.

18.2  Oocyte Assessment

Mammalian oocytes are maintained in mei-
otic arrest throughout most of follicular 
development; the resumption of meiosis I 
(MI) is induced by the preovulatory surge of 
LH, which is emulated during an IVF cycle by 
administration of hCG. Retrieval of oocytes 
is generally performed 34–36 h after adminis-
tration of hCG in order to allow adequate 
time for oocyte maturation and to avoid pre-
mature ovulation. During the oocyte retrieval, 
each follicle is punctured with a biopsy needle 
under the guidance of a transvaginal ultra-
sound. The fluid from within the follicle is 
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gently aspirated by the physician into a sterile 
test tube containing a processing medium. 
Heparin may be added to the processing 
medium to help prevent blood from clotting 
in the tube or search dishes. In the laboratory, 
aspirates are examined quickly for the pres-
ence of cumulus-oocyte complexes. Oocytes 
are rinsed thoroughly and placed in holding 
medium until the time of conventional 
 insemination or cumulous cell removal.

Immature oocytes are defined as being at a 
stage of meiosis prior to metaphase of meiosis 
II (MII). This includes oocytes in prophase of 
meiosis I, which are identified by the presence 
of a germinal vesicle or nuclear envelope in 
the cytoplasm, without any polar body pres-
ent in the perivitelline space (. Fig. 18.1). If  
present, cumulus and corona cells are com-
monly very tightly condensed. As prophase I 
resumes, the oocyte enters into metaphase of 
meiosis I (MI). This intermediate stage of 
maturation is recognized by the disappear-
ance of the germinal vesicle and the absence 
of the first polar body (. Fig. 18.2). For MI 
oocytes, cumulus cells may be expanded, but 
the corona cell layer can still be compact. The 
extrusion of the first polar body marks the 
transition to a mature oocyte, which is now 
considered to be at MII (. Fig.  18.3). 
Metaphase II oocytes will usually have a fully 
expanded cumulus cell complex. Under nor-
mal circumstances, the oocyte will remain at 
MII until fertilization; when meiosis II 
resumes, the second polar body is extruded, 

and the male and female pronuclei form 
(. Fig. 18.4).

18.3  In Vitro Maturation

In vitro maturation (IVM) of oocytes is a pro-
cedure in which eggs are collected from antral 
follicles at a stage prior to selection and domi-
nance. These immature oocytes are cultured 
under conditions that facilitate the cytoplas-
mic and nuclear maturation of eggs to meta-
phase II.  This procedure is especially 
important for cancer patients, where the time 
and hormonal milieu associated with a tradi-
tional IVF cycle may adversely affect the 
patient’s treatment and medical outcome. 
Likewise, patients with contraindications for 

       . Fig. 18.1 Germinal vesicle intact representing an 
immature oocyte after cumulus removal. (Courtesy of 
Dr. Nina Desai, Cleveland Clinic)

       . Fig. 18.2 Metaphase I (MI) human oocyte without 
a polar body after cumulus cell removal. (Courtesy of 
Dr. Nina Desai, Cleveland Clinic)

       . Fig. 18.3 Metaphase II (mature) oocyte. Denuded 
oocyte showing the presence of  the first polar body. 
(Courtesy of  Dr. Nina Desai, Cleveland Clinic)
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ovarian stimulatory drugs such as those with 
polycystic ovary syndrome (PCOS) and those 
that are at higher risk of hyperstimulation 
with ovulation induction agents may be candi-
dates for IVM [5].

Although the precise mechanisms that reg-
ulate the control of oocyte maturation remain 
obscure, it has been recognized for over 
70 years that immature oocytes removed from 
antral follicles may undergo spontaneous 
maturation in culture, termed “in vitro matu-
ration” (IVM), without the need for hormonal 
stimulation. With IVM, immature oocytes are 
typically obtained in the mid- to late follicular 
phase of the menstrual cycle. To date, IVM 
has been most successful in young women 
with multiple antral follicles that typically 
have a high chance of pregnancy with conven-
tional IVF.  Despite this selection bias, IVM 
pregnancy rates remain lower than in stimu-
lated IVF cycles [6]. As culture conditions for 
IVM are optimized and pregnancy rates 
improve, this technology may offer a safer, less 
expensive, more convenient alternative to 
stimulated IVF.

18.4  Spermatozoa Collection, 
Evaluation, and Processing

The most common method of  obtaining a 
semen sample is through masturbation and 
ejaculation into a sterile cup. In cases where 

ejaculation cannot be achieved via masturba-
tion, whether due to religious or psychologi-
cal reasons, non-toxic condoms can be used 
to collect the ejaculation following sexual 
intercourse. In cases where there is no pres-
ence of  an ejaculate following orgasm, 
patients are asked to immediately urinate in a 
sterile cup, and the sample is analyzed for the 
presence of  sperm. The presence of  semen in 
the urine is a clear indicator of  a retrograde 
ejaculation. Men with this condition may be 
prescribed stomach acid buffering medica-
tions in order to neutralize the pH of the 
urine and thus provide a more hospitable 
environment for the sperm during collection 
and processing.

In cases where men cannot achieve an 
erection, or ejaculation due to neurologic or 
psychogenic reasons, semen can still be col-
lected via prostate massage, electrical stimula-
tion of the prostate, or applied vibration to 
the penis. Samples collected from men with 
spinal cord injuries typically have high con-
centrations of sperm and poor motility, con-
tain red blood cell contamination in the 
ejaculate, and require rigorous washing steps 
to isolate highly motile sperm for ICSI.

In cases of non-obstructive and obstruc-
tive azoospermia where sperm are not present 
in the ejaculate, spermatozoa can be collected 
by way of testicular dissection or percutane-
ous needle biopsy. This method of collection 
is highly invasive and is generally the last 
resort in obtaining sperm for ICSI. Samples 
obtained by testicular dissection contain large 
amounts of red blood cells and testicular tis-
sues; thus requiring additional steps to isolate 
a clean sample of spermatozoa.

18.5  Sperm Isolation for IVF 
and ICSI

One of the oldest and most used methods of 
sperm isolation is the swim-up procedure. This 
sperm separation technique is mostly used on 
normozoospermia males. The swim- up method 
is based on the active movement of motile 
sperm from a pre-washed pellet of sperm into 
an above layer of fresh medium. The first step 
in swim-up involves repeat dilution and cen-

       . Fig. 18.4 Normal zygote showing the presence of 
two polar bodies (only one seen in this view) and two 
pronuclei. (Courtesy of  Dr. Nina Desai, Cleveland 
Clinic)
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trifugation (two to three times) of the semen 
sample to separate spermatozoa from seminal 
plasma. Following centrifugation, the pelleted 
spermatozoa can be both suspended and over-
laid with media, or the pellet can be uninter-
rupted and overlaid with media. If one chooses 
to disrupt the pellet, extreme care must be 
taken when overlaying with media to prevent 
mixing and contamination with immotile 
sperm, debris, and other cell types.

The swim-up method using either the 
intact or disrupted sperm pellet is incubated 
at 37 °C for 30–60 min in a buffered media to 
allow spermatozoa to swim from the pellet to 
the culture medium. Following incubation, 
the upper layer of culture media is carefully 
aspirated without disrupting the pellet and is 
transferred to a clean test tube for further 
analysis. One advantage of this technique is 
that it isolates a population of sperm with 
greater than 90% motility and without cellu-
lar debris. The disadvantages of this technique 
are in the low overall recovery of motile sper-
matozoa due to the limited surface area of the 
pellet and culture media. Another disadvan-
tage of this technique is that repeat centrifu-
gation forces viable spermatozoa to be in close 
contact with immotile spermatozoa, cellular 
debris, and leukocytes, which are known to 
produce very high levels of ROS and affect 
subsequent fertilization ability.

Density gradient centrifugation is the sec-
ond most common method for isolating 
motile sperm for ART purposes. Most of the 
density gradient systems used to isolate sper-
matozoa are discontinuous and consist of two 
to three layers. The most used materials for 
density gradients are colloidal silica with 
covalently bound silane molecules, which have 
a low viscosity, are non-toxic, and are 
approved for human use.

During centrifugation, highly motile 
sperm migrate faster in the direction of the 
sedimentation gradient and can penetrate this 
interface faster than low-motile or non-motile 
spermatozoa. This unimpeded density gradi-
ent separation produces a clean fraction of 
highly motile spermatozoa. The pellet is 
washed with culture media and centrifuged at 
300 g for 10 min. This process is repeated two 

times to ensure complete removal of the den-
sity gradient medium prior to insemination.

There are many advantages in using a den-
sity gradient to process spermatozoa for IVF 
and ICSI. The entire ejaculate is used during 
the centrifugation process, resulting in a sig-
nificantly higher yield of motile spermatozoa 
than can be obtained using other separation 
techniques. This makes this technique ideal 
for patients with suboptimal semen parame-
ters (e.g., oligozoospermia and asthenozoo-
spermia). Another advantage of this technique 
is that it produces a relatively clean sample of 
spermatozoa, free of cellular debris and 
 leukocyte contamination. This property sig-
nificantly reduces the ROS and problems 
associated with its contamination.

18.6  In Vitro Fertilization (IVF)

18.6.1  Conventional Insemination

Oocytes are routinely inseminated 3–6 h after 
oocyte retrieval is performed, depending on 
oocyte maturity. Individual or groups of 
oocytes can be incubated and inseminated 
either in organ culture dishes, four-well dishes, 
or test tubes containing equilibrated medium, 
with or without oil overlay. Individual oocytes 
can also be inseminated in 30–50-μL drops of 
equilibrated medium in culture dishes with oil 
overlay, thus reducing the number of sperma-
tozoa necessary for the insemination. Generally, 
concentrations range from 50,000 to 100,000 
motile spermatozoa/mL.  Spermatozoa con-
centrations that are too high can result in 
increased incidence of polyspermic fertiliza-
tions (more than one spermatozoon penetrat-
ing an oocyte). Concentrations that are too low 
may compromise fertilization rates.

18.6.2  Intracytoplasmic Sperm 
Injection (ICSI)

ICSI consists of  insertion of  a single sper-
matozoon directly into the oocyte cyto-
plasm. This technique was first successfully 
applied to human oocytes in 1992 and has 
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since revolutionized the treatment of  severe 
male factor infertility [7]. By injecting a 
spermatozoon into the oocyte cytoplasm, 
many steps of  spermatozoa processing and 
developmental prerequisites are bypassed 
without compromising fertilization rates. 
There is currently a debate regarding the 
appropriate indications for ICSI. Current 
evidence supports the following indications 
for the use of  ICSI:

 5 Prior failed fertilization by conventional 
insemination

 5 Prior IVF cycle with <50% fertilization of 
MII oocytes

 5 Prior IVF cycle with a high rate of poly-
spermic fertilization

 5 Total motile spermatozoa concentration 
less than ten million/mL

 5 Poor forward progressing sperm score
 5 Spermatozoa morphology less than 4% 

normal forms based on Kruger strict  criteria

18.6.3  Fertilization Assessment

Fertilization assessments are performed 
15–18 h after insemination for both IVF and 
ICSI procedures. It is necessary to examine 
the oocytes/zygotes within this time period to 
visualize the presence of pronuclei and 
extruded polar bodies. Normal fertilization is 
characterized by the presence of two pronu-
clei, one male and one female, in the ooplasm 
and two polar bodies in the perivitelline space 
(. Fig. 18.4). If  oocytes have undergone con-
ventional IVF, the cumulus cells must be 
removed to clearly see the oocyte.

Abnormal fertilization may also be repre-
sented by oligopronuclear zygotes. The term 
applies to zygotes that have single pronuclei. 
Only one pronuclei and the presence of two 
polar bodies may be observed in cases when 
the oocyte undergoes parthenogenic activa-
tion or failure of the spermatozoa head to 
decondense. It is possible that a second pro-
nucleus will be developed later than the first 
one; therefore, a repeat observation 2–4 h after 
the first check is recommended. Failed fertil-
ization is represented by the absence of pronu-
clei and presence of one or two polar bodies 
that may be in the process of degeneration.

18.6.4  Embryo Assessment

Embryos can be assessed and graded daily 
while they are in culture. Standard morphologic 
methods of grading can be applied according 
to observations made on embryo development 
until their transfer to the uterus on day 3 (~68 h 
post fertilization) (. Tables 18.1 and 18.2) or 
on day 5 or 6 at the blastocyst stage 
(. Table 18.3) [8, 9]. There are numerous scor-
ing systems proposed for embryo development. 
Criteria for grading include the rate of division 
as judged by the number of blastomeres, size, 
shape, symmetry, appearance of the cytoplasm, 
and presence of cytoplasmic fragments.

 ► Example

The grade is recorded as (cell number) C (size 
fragmentation); therefore, an eight-cell embryo 
with even cell division and approximately 15% 
fragmentation by volume will be scored as an 
“8C,1-2.” ◄

       . Table 18.1 Cleavage-stage embryo single- 
step grading system

Parameter 
measured

Score Description of embryo 
grade

Cell number # Total number of 
blastomeres

Blastomere 
symmetry

1 Regular, even 
blastomere division

2 <20% difference 
between blastomeres

3 20–50% difference 
between blastomeres

4 >50% difference 
between blastomeres

Fragmenta-
tion

1 <10% fragmentation of 
embryo

2 10–20% fragmentation 
of embryo

3 20–50% fragmentation 
of embryo

4 >50% fragmentation of 
embryo
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       . Table 18.2 Cleavage-stage embryo two-step grading system

Embryo score Blastomere cell number

A Minimum of four cells by 40 h post- insemination
Minimum of eight cells by 64 h post- insemination

B Minimum of two cells by 40 h post- insemination
Minimum of four cells by 64 h post- insemination

C Minimum of two cells by 64 h post- insemination

D No minimums (lowest possible grade). Do not make 
subtractions

Subtract from the grade for irregularities as follows:

Description of embryo Subtractions

Spherical blastomeres with no fragmentation No subtractions

Spherical blastomeres with ≤20% fragmentation Subtract one grade

Slightly irregular blastomeres with ≤50% fragmen-
tation

Subtract two grades

Irregular blastomeres with >50% fragmentation Subtract three grades

       . Table 18.3 Blastocyst-stage embryo grading system

Parameter 
measured

Score Description of embryo grade

Expansion 
status

1 Early blastocyst; blastocoel less than half  the volume of the embryo, little or no 
expansion in overall size, zona pellucida (ZP) still thick

2 Blastocyst; blastocoel more than half  the volume of the embryos, some expansion 
in overall size, ZP beginning to thin

3 Full blastocyst; blastocoel completely fills the embryo

4 Expanded blastocyst; blastocoel volume now larger than that of the early embryo. 
ZP very thin

5 Hatching blastocyst; trophectoderm has started to herniate through the ZP

6 Hatched blastocyst; the blastocyst has evacuated the ZP

Inner cell mass A ICM prominent, easily discernible, and consisting of many cells, cells compacted 
and tightly adhered together

B Cells less compacted so larger in size, cells loosely adhered together, some 
individual cells may be visible

C Very few cells visible, either compacted or loose, may be difficult to completely 
distinguish from trophectoderm

D No viable ICM cells discernible in any focal plane

Trophectoderm A Many small identical cells forming a continuous trophectoderm layer

B Fewer, larger cells, may not form a completely continuous layer

C Sparse cells, may be very large, very flat or appear degenerate

D No viable trophectoderm cells discernible in any focal plane

 C. L. Bormann
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 ► Example

The grade is recorded as (expansion stage) 
(ICM score, trophectoderm score); there-
fore, an expanded blastocyst with a large 
tightly compacted ICM and sparse elongated 
Trophectoderm cells will be scored as “5A,C.”

It is important to note that evaluation and 
scoring by morphology alone can be highly 
subjective and may not necessarily reveal 
embryos with the best developmental potential. 
Currently, there are numerous groups working 
on translational research focused on noninva-
sive means of assessing embryos for biomark-
ers that are indicative of embryonic 
developmental competence and implantation 
potential. Such evaluation, in concert with 
morphology and genetic analysis, has an enor-
mous potential to reshape the practice of 
embryo selection in the future. ◄

18.6.5  Time-Lapse Imaging

Time-lapse imaging (TLI) of embryos was 
introduced in the field as an alternative 
method for assessing the competency of 
developing embryos. This technology allows 
embryologists to grade embryos at specific 
time points without disturbing the culture 
environment. This method of grading opened 
the door to using a variety of quantifiable 
morphokinetic measurements to aid in 
embryo selection. The first scientific evidence 
for time-lapse selection markers was discov-
ered by a group of researchers from Stanford 
in 2008 [10]. They found that three cell divi-
sion time intervals could predict successful 
development to blastocyst by day 2, the four- 
cell stage. The cell division timing parameters 
were unique, because:
 1. They formed a distinct timing window 

where blastocysts clustered very closely 
compared to arrested embryos.

 2. They correlated with the underlying 
molecular health of the embryo, as gene 
expression analysis showed that embryos 
with abnormal cell division timings had 
defective RNA patterns.

Since the initial identification of developmental 
markers for blastocyst development, numerous 
studies have identified a multitude of parame-
ters that have been reportedly associated with 
embryo implantation potential. Some of the 
positive predictors of implantation include 
timing of compaction, timing of early blastula-
tion, and rate of blastocoel expansion. Addi-
tionally, negative predictors of implantation 
have been identified using TLI. This includes 
the following early-stage abnormal cleavage 
(AC) events: AC1 (where the zygote divides to 
more than two daughter cells) and AC2 (where 
one of the daughter cells divides to more than 
two daughter cells). In many cases, standard 
morphology grading alone is unable to detect 
AC embryos, and these embryos are selected 
for freezing or transfer.

Time-lapse embryo selection algorithms 
(ESAs) have shown promising results in iden-
tifying embryos with low developmental 
potential when used by trained embryologists. 
The addition of TLI systems to conventional 
manual embryo grading has not consistently 
demonstrated an improvement in clinical out-
comes. These systems have led to lengthier 
embryo morphology assessment times [11–
15]. Despite the increasing use of TLI in this 
field for selecting embryos for transfer, there 
continues to be a large gap in high-quality evi-
dence that supports its utility.

18.6.6  Assisted Hatching

One of the most common unsolved problems 
in IVF is the fact that embryos with appar-
ently good developmental potential do not 
always implant. It has been proposed that this 
may be due impart to defects of the zona pel-
lucida, uterine receptivity, extensive fragmen-
tation, modifications after freezing and 
thawing, or even suboptimal culture condi-
tions. An important observation leading to 
the clinical introduction of assisted hatching 
was the finding that there were higher implan-
tation rates from embryos that were fertilized 
using microsurgical techniques such as 
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ICSI. In addition, it was observed that cleaved 
embryos with thinner zonae had higher 
implantation rates than those with thick zona 
pellucidas. It has also been reported that a 
naturally thick zona or hardening of the zona 
pellucida due to cryopreservation or subopti-
mal in vitro culture conditions may interfere 
with (and prevent) the natural hatching pro-
cess, leading to implantation failure.

To overcome hatching failure, three differ-
ent micromanipulation procedures (mechani-
cal, chemical, and laser-induced hatching) 
have been used to thin or produce holes in the 
zona pellucida of cleavage-stage embryos. 
Assisted hatching techniques, designed to 
facilitate embryo escape from the zona, have 
been used in IVF centers since 1992. The ini-
tial indications for assisted hatching were 
patient age, zona thickness, high basal FSH 
value, and repeated IVF failure. Several retro-
spective and prospective studies assessing 
assisted hatching in these cases have given dis-
parate results. Therefore, the clinical relevance 
of assisted hatching in cleavage-stage embryos 
within an assisted reproduction program is 
heavily debated [16].

18.6.7  Preimplantation Genetic 
Testing

Preimplantation genetic testing (PGT) 
includes preimplantation genetic diagnosis 
(PGD) performed for monogenic diseases and 
translocations, as well as preimplantation 
genetic screening (PGS) for aneuploid screen-
ing. The PGT procedure is a very early form 
of prenatal diagnosis for patients with a pre-
existing genetic risk. Technically, PGT con-
sists of micromanipulation (biopsy) and DNA 
analysis of gametes and/or embryos.

18.6.8  Embryo Biopsy

Micromanipulation for the biopsy includes 
the mechanical opening of the zona pellucida 
and retrieval of one or two polar bodies (when 
performed on oocytes or zygotes), one or two 
blastomeres (when performed on cleavage- 
stage embryos), and five to ten cells (when per-

formed on blastocysts). With the improvements 
in embryo culture, blastocyst conversion, and 
high success rates with blastocyst vitrification, 
an increasing number of labs are performing 
blastocyst-stage biopsy. The human blasto-
cyst, depending upon the developmental stage, 
can contain more than 100 cells. As such, the 
biopsy of five to ten cells from the outer layer 
of the trophectoderm is less likely to have a 
detrimental effect on the developing embryo. 
Additional advantages of performing biopsies 
at the blastocyst stage include:
 1. Improved development to the blastocyst 

stage
 2. Pre-selection of top-quality embryos for 

biopsy
 3. Improved DNA amplification with more 

cells biopsied
 4. Lower rate of mosaicism

To aid in the biopsy of  trophectoderm cells, 
a small opening may be made in the zona 
pellucida of  the embryo during the cleavage 
stage of  development. As the embryo devel-
ops and the blastocoel cavity expands, a por-
tion of  the blastocyst will herniate through 
the zona breach making it easily accessible 
for biopsy. Trophectoderm cells can be gen-
tly biopsied using a glass needle or a laser. 
Following biopsy, blastocysts will immedi-
ately collapse due to the opening in the zona 
pellucida. Blastocysts should be cryopre-
served while in the collapsed state as this 
facilitates adequate exposure of  cryoprotec-
tants to all cells.

18.6.9  Cryopreservation

Cryopreservation of gametes and embryos 
maximizes success in any IVF program and 
prevents wastage of specimens. It is important 
to realize, however, that there are many ethi-
cal, religious, legal, and social implications 
involving embryo storage. Some countries, 
such as Germany, Austria, Switzerland, 
Denmark, and Sweden, have restricted or for-
bidden cryopreservation of embryos [8]. There 
are currently two primary categories of gam-
ete/embryo cryopreservation strategies: slow- 
rate freezing and vitrification.
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18.6.10  Slow-Rate Freezing

Slow-rate freeze protocols vary in permeating 
cryoprotectants, non-permeating cryoprotec-
tants, and cooling and warming rates, thus 
making it difficult to generalize or compare 
cryopreservation results. The following is one 
general example of a cleavage-stage embryo 
slow-rate cryopreservation protocol.

Prior to cryopreservation, embryos that 
meet the program-specific freeze criteria are 
selected and assigned to cryopreservation. 
After washing embryos through processing 
media with 12–15 mg/mL of protein, they are 
exposed to the same media containing 
1.5  mol/L of propylene glycol (propanediol) 
and then 1.5  mol/L propylene glycol plus 
0.1  mol/L sucrose. Embryos are loaded into 
plastic straws or vials and placed in a pro-
grammable freezer, where they will be cooled 
at −2 °C/min from room temperature down to 
−4 to −6 °C. After a period of 5 min of hold-
ing the temperature, a supercooled object is 
pressed against the side of the container to 
induce “seeding.” The hold is continued for a 
period of time, followed by continued tem-
perature drop at a rate of −0.3 °C/min until it 
reaches −32 °C. At this point, the containers 
can be plunged directly into liquid nitrogen 
for storage.

18.6.11  Vitrification

Vitrification is a form of rapid cooling that 
utilizes very high concentrations of cryopro-
tectant that solidify without forming ice crys-
tals. Ice crystals are a major cause of 
intracellular cryo-damage [17]. The vitrified 
solids contain the normal molecular and ionic 
distributions of the original liquid state and 
can be considered an extremely viscous, super-
cooled liquid. In this technique, oocytes or 
embryos are dehydrated by brief  exposure to a 
concentrated solution of cryoprotectant 
before plunging the samples directly into liq-
uid nitrogen.

Both slow-rate freezing and vitrification 
are being used extensively in the United States. 
For oocyte cryopreservation, vitrification is 
superior to slow-rate freezing. For cleavage- 

stage embryos, both approaches seem to be 
equally successful. For freezing at the blasto-
cyst stage, vitrification may offer more consis-
tent results, although slow cooling is also 
quite efficacious [18]. With continued research, 
protocols for both techniques will likely be 
optimized.

18.6.12  Artificial Intelligence 
in the IVF Laboratory

Many of the clinically relevant results 
reported from the IVF laboratory are largely 
based on visual morphology assessments. 
Similarly, some of the most complex labora-
tory procedures performed in the IVF lab, 
such as ICSI, assisted hatching and embryo 
biopsy are guided by visual morphologic 
cues. Manual gamete and embryo assess-
ments are highly practice-dependent and sub-
jective. Deep learning artificial intelligence 
technology has been demonstrated to help 
overcome the labor constraints and subjective 
nature of  visually performing morphologic 
assessments in the IVF laboratory [19]. 
Artificial intelligence algorithms have been 
developed to aid embryologists with the fol-
lowing procedures:

 5 Kruger strict morphology assessments for 
semen analyses [20].

 5 Assessment of oocyte stage and quality 
[21, 22].

 5 Properly align oocytes for safe intracyto-
plasmic sperm injection [23].

 5 Perform fertilization assessment on day 1 
of development [24, 25].

 5 Assess and select embryos for transfer at 
the cleavage stage of development [26].

 5 Identify the proper location on the zona 
pellucida to perform laser-assisted hatch-
ing [27].

 5 Assessment of blastocyst quality for PGT 
trophectoderm biopsy and vitrification 
[19, 28].

 5 Selection of embryos for transfer at the 
blastocyst stage (. Fig. 18.5) [29–31].

 5 Prediction of embryo karyotype based on 
morphology [32–34].

 5 Cell tracking and witnessing of cleavage 
and blastocyst stage embryos [35].
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 5 Development of key performance indica-
tors (KPIs) to monitor laboratory perfor-
mance [36].

18.6.13  Laboratory and Media 
Preparation

Advances in culture medium composition 
have significantly influenced embryo quality 
and pregnancy rates over the years. All media 
for ART can now be purchased commercially. 
Prior to use, they must be tested for toxins and 
their ability to support growth and develop-

ment of embryos. Media should only be 
opened in a laminar flow hood, with attention 
to maintaining sterility during the addition of 
protein.

There are two basic kinds of media used 
for ART procedures: one used during the han-
dling of gametes and embryos out of the CO2 
incubator, called “processing medium,” and 
another used for culture while in CO2 incuba-
tors, called “culture medium.” Both consist of 
a combination of nutrients necessary to main-
tain early embryo metabolism and proper pH 
and osmolarity. A source of protein, such as 
albumin or synthetic serum, must be added in 
a percentage that can vary from 2 to 15 mg/L.

       . Fig. 18.5 Day 0, 1, 3, and 5 images of  the first baby born that was evaluated and selected for transfer using 
artificial intelligence. (Courtesy of  Dr. Charles L. Bormann, Massachusetts General Hospital)
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Media used for the culture of embryos are 
usually bicarbonate buffered and kept in an 
incubation chamber. It is very important that 
this medium is maintained at a stable pH and 
temperature, because embryos are extremely 
sensitive to variations of these two factors. 
Culture media, used for embryo development 
inside incubation chambers, should always be 
equilibrated inside the CO2 environment prior 
to use. Overlaying of the medium with min-
eral oil is recommended to help avoid evapo-
ration and increase stability of pH while the 
dish is temporarily out of the CO2 environ-
ment. Oil overlay provides an effective barrier 
to atmospheric volatile organic compounds 
(VOCs), which can be embryotoxic if  exposed 
directly to the culture medium.

18.6.14  Culture Conditions

Traditionally, laboratories have cultured 
embryos at an atmospheric oxygen concentra-
tion of approximately 20%. In contrast, the 
oxygen concentration in the fallopian tube 
and uterus is approximately 5% [37]. In ani-
mal models, high oxygen concentrations 
increase the production of reactive oxygen 
species. This increased oxidative stress may 
have deleterious effects on embryo quality 
[38]. Several studies suggest that culturing 
embryos at a lower oxygen concentration, 
about 5%, may improve live birth rates with 
IVF and ICSI [39]. Additionally, there is no 
evidence to date that culturing embryos under 
low oxygen concentrations is associated with 
an increased risk of any adverse outcomes, 
such as multiple pregnancies, miscarriages, or 
congenital abnormalities [39].

18.7  Monitoring Clinical Outcomes

Data analysis is a crucial part of maintaining 
a successful ART laboratory and practice. 
Routine review of identified key performance 
indicators (KPIs) is important to ensure 
proper laboratory functioning and, perhaps 
more importantly, to identify potential prob-
lems to permit timely correction. In fact, this 
is the primary reason for data analysis: to 

achieve early identification of factors that 
could negatively impact laboratory function 
which, in turn, allows timely insight into tar-
gets for corrective action. While KPIs may 
vary among laboratories, some are routinely 
assessed and considered standard. These 
include the following:

Fertilization Rates This is a useful indicator 
that provides real- time insight into variance in 
laboratory performance in addition, possibly, 
to changes in stimulation protocols. Fertilization 
rates from both standard IVF and ICSI should 
be evaluated with data stratified by the embry-
ologists inseminating or injecting the oocytes.

Day 2 Cleavage The rate of embryo develop-
ment is a predictive indicator of embryo qual-
ity. The number of four-cell embryos on day 2 
is a common indicator of quality of the culture 
system.

Day 3 Embryo Development The number of 
cells on day 3 gives a considerable insight into 
performance of the lab’s culture system. 
Embryos developing along the normal timeline 
should have progressed to the seven- to eight-
cell stage. Therefore, the percentage of two pro-
nuclei (2PN) zygotes with more than seven- cell 
embryos provides a useful marker of overall 
embryo quality.

Blastocyst Formation and Embryo 
Freezing Tracking total blastocyst formation, 
as well as quality of blastocysts as evidenced by 
those that meet a minimal freeze criterion, 
helps give insight into quality of the culture 
system. These parameters can be measured on 
day 5 and/or on day 6 of culture.

Cryo-survival: Tracking cell survival following 
cryopreservation/thawing of oocytes and 
embryos is an important marker of technical 
efficiency of a cryopreservation program. 
Though success rates may vary based on the 
stage of tissue frozen as well as method of cryo-
preservation (slow-rate vs. vitrification).

Pregnancy, Implantation, and Live Birth 
Outcomes The clinical outcome of an IVF 
cycle is perhaps the best indicator of system 
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efficiency with implantation rates providing the 
most robust and timely marker of embryo 
quality. Assessment of pregnancy rates per 
physician and embryologist performing the 
transfer is critical.

Advancements in artificial intelligence 
may be used to automate and improve the way 
we monitor laboratory performance. AI algo-
rithms developed to assess oocyte quality can 
predict with high accuracy which oocytes will 
fertilize successfully [22]. This type of moni-
toring system will allow practices to monitor 
factors which may impact oocyte quality or 
suboptimal fertilization rates. AI has also 
been used to develop an accurate KPI to pre-
dict the developmental fate of cleavage-stage 
embryos. This novel KPI has been shown to 
have a direct correlation with ongoing preg-
nancy outcomes [36]. Utilization of early- 
stage KPIs that can predict treatment 
outcomes will allow us to identify and correct 
factors which may be altering performance 
within the practice and laboratory.

18.8  Future Directions

Over the past three decades, few areas of med-
icine have experienced the rapid evolution that 
has occurred within the field of ART. Despite 
this progress, success rates have plateaued in 
recent years, and many new challenges and 
opportunities for improvement lie ahead. With 
growing pressure to decrease multiple gesta-
tions, methods to improve embryo selection 
(such as PGS, transcriptomic/metabolomic 
profiling, time-lapse imaging, and artificial 
intelligence) will become increasingly impor-
tant. Finally, as a result of these innovations 
within our field, we will likely see a greater 
shift toward eSET in all patient populations.

18.9  Review Questions

 ?  1.  Which of the following are not indica-
tors for performing ICSI?
 A. Prior failed fertilization by conven-

tional insemination

 B. Sperm motility score < 50%
 C. Prior IVF cycle with <40% fertil-

ization of  MII oocytes
 D. Prior IVF cycle with a high rate of 

polyspermic fertilization
 E. Total motile spermatozoa concen-

tration less than five million/mL

 ?  2.  Which of the following is not a benefit 
for performing PGT biopsy at the blas-
tocyst stage?
 A. Improved development to the blas-

tocyst stage
 B. Higher survival rate of  vitrified 

blastocysts
 C. Pre-selection of  top-quality 

embryos for biopsy
 D. Improved DNA amplification with 

more cells biopsied
 E. Lower rate of  mosaicism

 ?  3.  Which of the following IVF cycle results 
are primarily determined based on 
highly subjective morphologic assess-
ments?
 A. Sperm morphology score
 B. Oocyte maturation classification
 C. Fertilization assessment
 D. Cleavage-stage embryo selection 

for transfer
 E. Blastocyst-stage embryo selection 

for transfer
 F. Blastocyst selection for trophecto-

derm biopsy
 G. Blastocyst selection for cryopreser-

vation
 H. Embryo selection for disposition
 I. All the above

 ?  4.  True or false: Artificial intelligence has 
been demonstrated to help overcome 
the labor constraints and subjective 
nature of visually performing morpho-
logic assessments in the IVF laboratory.
 A. True
 B. False

 C. L. Bormann
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18.10  Answers

 v  1. B

 v  2. B

 v  3. I

 v  4. A
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