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Embryo selection methods and criteria

Embryo morphology and growth rate

Preparation for mitotic division begins with two
haploid pronuclei duplicating their DNA, the two
pronuclei then come together and syngamy occurs at
20–34 hours after insemination followed by division
at approximately 35.6 hours which results in the
formation of two diploid blastomeres containing
approximately half the cytoplasm of the fertilized
oocyte (1). Mitotic division during the preimplanta-
tion period results in a rapid increase in blastomere
numbers, as there is no cell growth phase prior to
mitosis. This results in daughter cells that are smaller
than parent blastomeres, leading to a progressive
reduction in individual blastomere volume. With the
use of co-culture methods and the advent of complex
and sequential culture media, the embryo quality and
growth rate have improved and there are variations in
the cell number and morphology of the embryo
depending on the culture media and culture conditions
employed.

Once the sperm has fertilized the oocyte, the
centriole and microtubules arising from the sperm
bring the male and female pronuclei into juxtaposition
(2). Pronuclear alignment occurs 16–18 hours post-
insemination and failure to do so is indicative of one
or more fertilization events failing to occur (3) .
Nucleoli are visible within the respective pronuclei
during this period and are responsible for rRNA

synthesis, which resumes at fertilization (4,5). The
nucleoli or nuclear precursor bodies show various
patterns of presentation which are suggestive of the
chromosomal status and developmental inferiority of
the embryo. Tesarik and Greco (6) examined the
pronuclear morphogenesis in an attempt to determine
embryo viability dependent on distribution and
alignment of the nucleolar precursor bodies in the
respective nuclei. Embryos resulting from certain
distribution patterns exhibited greater viability and
lower rates of embryonic arrest. This group constitu-
ted the “normal” pronuclear stage morphology, with
the remaining groups described as abnormal,
attributed to asynchronous pronuclear development,
which the authors believe is harmful to embryo
viability. Pronuclear alignment in relation to the polar
body axis, positioning of the nucleoli, and cytoplasmic
consistency have also been shown to affect embryo
viability. Sadowy et al. (7) suggested that size
variation between the two pronuclei may indicate
chromosomal anomalies. The authors showed an
increase in embryonic arrest in zygotes with pronuclei
that differ by four microns from each other. A higher
incidence of multinucleation and mosaicism was also
observed in zygotes with dysmorphic pronuclei.
Recent evidence suggests that polarity in mammalian
oocytes, including human oocytes, exists and can be
evidenced in the distribution of surface structures
and molecules, cytoplasmic organelles, and RNA. The
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animal pole of the oocyte may be estimated by the
location of the first polar body, whereas after
fertilization, the second polar body marks the so-
called embryonic pole (8). In human oocytes, there is
a differential distribution of the molecules leptin and
STAT3 to the cortical region of the oocytes containing
the animal pole and subsequent mitotic divisions
produce blastomeres with different allocations of
these polarized molecules (9) . Prior to syngamy,
pronuclei can be observed to rotate within the
ooplasm, directing their axes towards the second polar
body (10). Theoretically, embryos that do not achieve
an optimal pronuclear orientation may exhibit cleavage
anomalies that may be observed as poor morphology,
uneven cleavage or fragmentation. Garello et al. (11)
demonstrated that there is no relationship between the
magnitude of the angle between the first and second
polar body and subsequent embryo morphology,
probably due to the fact that the first polar body is
capable of moving over an angle of 30° while the
second polar body remains stationary. However, these
authors provided some evidence in support of the
hypothesis that the orientation of the pronuclei
relative to the polar bodies relates to the subsequent
morphological grade of the embryo (11). Although the
absolute magnitude of the angle between the pronuclei
and polar bodies did not relate to embryo grade, the
angle increased significantly with decreasing embryo
quality.

Tripronuclear oocytes are usually formed by
dispermic fertilization and, as a result of the formation
of a tripolar spindle, the majority (62%) divide into 3
cells with severely abnormal chromosome numbers
(12). Some oocytes with a bipolar spindle (24%) form
triploid embryos and some (14%) regain a diploid
karyotype by expulsion of a set of chromosomes in a
nucleated fragment (12). As a consequence, it is
recommended that tripronuclear oocytes are discarded.

Monopronuclear oocytes may be diploid and
some will develop to a blastocyst and to term when
transferred to patients (13–15). As a result, it has been
recommended that monopronuclear oocytes are
rechecked for multiple pronuclei within a few hours
(16) and cultured for biopsy to confirm diploidy or to
the blastocyst stage for transfer.

In normally fertilized oocytes, the two pronuclei
come together, the chromosomes arrange themselves
along a common spindle and syngamy occurs. The
centrioles pull the chromatids apart, a furrow appears
between the two poles and the zygote cleaves into a
two-cell embryo at a mean of 35.6 hours post-

insemination (1,17). Evidence from the distribution
of surface markers on the human oocyte and embryo
confirm observations in other mammalian embryos
that the first cell division is meridional, with the polar
bodies marking one pole (reviewed in (18)), and the
second cell division involves a meridional division for
one blastomere and an equatorial division for the
other (9). Early entry into the first cell division has
been used as an indicator of embryo viability.
Selection of embryos for transfer on Day 2 from the
cohort that had undergone early cleavage by 25 hours
postinsemination resulted in higher pregnancy rates
(19,20). Sakkas et al. (20) postulated this increase in
viability in early cleaving embryos was due to intrinsic
factors regulating cleavage within the oocyte or
embryo rather than the timing of fertilization.

On Day 2, embryos are at the four-cell stage of
development by 45.5–45.7 hours postsperm insemina-
tion, and three days after fertilization are at the eight-
cell stage by 54.3–56.4 hours (1,17). The individual
cells of the embryo may be asynchronous in their cell
division resulting in embryos with uneven cell
numbers. Between the four-cell and the eight-cell
stage, the transition from maternal to embryonic gene
expression occurs; therefore, during the first 48 hours
after sperm insemination the embryo primarily relies
on maternal transcripts rather than its own activated
genome (21).

A morphological criterion used to assess embryo
quality throughout human embryology is embryonic
fragmentation. Fragmentation is the extrusion of the
plasma membrane and subjacent cytoplasm of an
embryo into the extracellular region. Fragmentation is
not an in vitro phenomenon due to compromised
embryonic development but appears to be a natural
occurrence in human embryos as it is evident in in vivo
grown embryos (22). The intracellular mechanisms
causing fragmentation are not fully known, although
it has been speculated that the process may be caused
by developmentally lethal defects or apoptotic events
(23). Hoover et al. (24) examined blastomere size and
embryo fragmentation as an indicator of embryo
viability and pregnancy potential. The authors found
blastomere size influenced the developmental
potential; however, no correlation was observed with
cellular fragmentation. Contrary to this, Giorgetti et al.
(25)  suggested that the embryo developmental
potential decreased significantly as the number of
cytoplasmic fragments increased. Furthermore,
Antczak and Van Blerkom (9) suggested that the
amount of fragmentation an embryo has is not the
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determining factor; it is what is being extruded that
relates to embryo viability. These authors showed that
several regulatory proteins are localized to polarized
domains in the oocyte and are asymmetrically
distributed to individual cells during developmental
progression. A decrease or elimination of these
necessary proteins by fragmentation may then lead
to blastomere apoptosis. Therefore, the size and
distribution of fragments may have different conse-
quences for the developmental competence of the
embryo as a whole (26). Small, scattered fragments
may be due to imperfect cytokinesis during successive
divisions and not specific anomalies, as may be the
case with greater localized fragmentation.

Embryo morphology has been associated with
chromosomal abnormalities. Almeida and Bolton (27)
showed that 63.4% of embryos that arrest between the
pronucleate and the eight-cell stage are chromo-
somally abnormal. Embryos exhibiting irregular-
shaped blastomeres and severe fragmentation are
considered poor quality embryos and show a higher
incidence of chromosomal abnormalities (62%)
compared to embryos of good quality (22.2%) (28).
Fragmentation has been shown to be correlated to
chromosomal mosaicism (29). Slow cleaving (two to
six cells on Day 3) and rapidly cleaving (nine or more
cells on Day 3) embryos show a higher incidence of
chromosomal aneuploidy than those embryos
showing normal cleavage kinetics (seven to eight cells
on Day 3) (30).

On Day 2 or Day 3 an embryo may exhibit blasto-
meres with more than one nucleus. The incidence of
embryos containing multinucleated blastomeres is not
uncommon. These embryos are not necessarily
degenerate and some are capable of DNA and RNA
synthesis (31). However, Munne and Cohen (32)
showed that 30.4% of arrested embryos were multi-
nucleated. Kligman et al. (33) found that 74.5% of
multinucleated embryos are chromosomally abnormal
compared to 32.3% of nonmultinucleated embryos.
Multinucleated blastomeres have been speculated to
result from accelerated ovulation induction response
(34) or cytokinetic failure (32) and are indicative of
poor development.

During Day 3 postinsemination, the cytoplasm of
the embryo may become granular and tiny pits appear
(cytoplasmic pitting). There is an increase in cell–cell
adhesion early in the morning of Day 3 at the eight-
cell stage and loss of definition between individual
blastomeres of embryos that are likely to undergo
compaction (35) . The blastomeres of the embryo

undergo a rearrangement process during compaction
with the establishment of cell–cell adhesions leading
to communication between blastomeres. Desai et al.
(36) speculate that cytoplasmic pitting and increased
cell–cell adherence may be early markers of
cytoplasmic activity and potential for embryonic
activation, as embryos exhibiting these features were
more likely to proceed to the next stages of preimplan-
tation development—the morula and blastocyst
stages.

The embryo is termed a morula approximately four
days after fertilization when it has undergone
compaction, the formation of tight junctions and gap
junctions and polarization of the blastomeres,
resulting in communication between blastomeres and
segregation of two cellular populations of inside and
outside cells (37).

Once a cavity forms within the morula it is termed
a blastocyst (38). Cavitation involves the formation
of the blastocoele, the fluid filled cavity necessary for
blastocyst formation. Wiley (39) showed that Na+/K+

ATPase, located on the basolateral membrane, pumps
sodium out of the cell and into the intercellular spaces
and water passively follows, thereby forming the
blastocoele cavity. As cavitation proceeds, the two
populations of cells formed by polarization of the
blastomeres during compaction become (i) the
trophectoderm that forms extraembryonic tissue; and
(ii) the inner cell mass that forms the embryo lineage
(39).

In vitro  blastocyst formation occurs between Day
5 and 7 postinsemination (40,41). Blastocysts that
occur on the respective days do not appear
morphologically different, although their growth rate
differs, nor do they have significant differences in hCG
secretions, the latter suggesting comparable mature
trophectodermal tissue (40). The blastocyst has
several different appearances depending on its
development (42,43). When a cavity is apparent and
the inner cell mass and trophectoderm are distinct, the
embryo is termed an early blastocyst. The blastocyst
begins to increase in size, termed expanding blasto-
cyst, until it has fully expanded. The expansion of the
blastocyst causes thinning of the zona pellucida. The
zona pellucida is an acellular glycoprotein coat that
surrounds oocytes and embryos and is important
during fertilization and early preimplantation develop-
ment as it keeps the blastomeres of the embryos
together when there are no intercellular junctions. The
zona pellucida thins with the growing blastocyst until
it ruptures and the blastocyst begins to herniate
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through the zona pellucida in a process called
hatching. This occurs on approximately Day 6 or 7.
When the blastocyst fully escapes from the zona
pellucida it is termed a hatched blastocyst.

A morula may become vacuolated and appear to
be cavitated. The vacuoles do not appear to be lined
with the trophectoderm or inner cell mass (40). These
embryos do not hatch from the zona pellucida,
degenerate with ongoing culture (Day 8 or 9) and have
significantly less cells than true blastocysts (41).
These embryos are termed vacuolated morulae and
should be distinguished from blastocysts.

Blastocysts can appear morphologically similar
but may contain significantly different cell numbers
(38,41,44–47) and have a different ability to hatch
from the zona pellucida (46). Blastocyst cell numbers
may be correlated with embryo viability. Hardy et al.
(44) found expanded blastocysts on Days 5, 6 and 7
had an average of 37.9, 40.3 and 80.6 trophectoderm
cells and 20.4, 41.9 and 45.6 inner cell mass cells,
respectively, using a simple culture medium. The
authors also observed that the total cell numbers were
lower in morphologically abnormal blastocysts and
blastocysts arising from abnormally fertilized zygotes.
Van Blerkom (46)  found that the stage-specific
differentiation of the cells and, in particular, the inner
cell mass, may be a function of age of the embryo rather
than the overall number of cells that constitute the
embryo. The distribution of the cells between the inner
cell mass and trophectoderm also affects embryo
viability (44).

Therefore, embryo morphology and growth rate
are determinants of embryo quality. The overall
embryo quality differs markedly and this variation is
evident in embryos produced in vivo (48). Patients
generally do produce a similar embryo quality from
cycle to cycle independent of maternal age. Embryo
quality may be an inherent feature of the female and
probably depends in part on oocyte maturity (49).
There is a decline in embryo quality in embryos
generated from oocytes from ageing women. Janny
and Menezo (50) speculate that this may be due to
increased chromosomal abnormalities, the role of
maternally inherited products from the oocyte, time
of genomic activation, and the temporal pattern of gene
expression during the initial embryo development.
Munne et al. (51) have also shown that embryos that
appear morphologically normal contain chromosomal
abnormalities and the frequency of these abnormalities
increases with maternal age.

Human embryo culture media and culture
conditions

Culture conditions for human embryos have evolved
over the past decade; significantly increasing the
viability of in vitro  fertilized embryos. Improvements
in culture media and the physical environment in which
embryos are cultured have resulted from an increased
understanding of both the physiology of the embryo
and the environment of the oviduct and uterus.
Conventional media for culture of human embryos to
Day 2 or Day 3 postinsemination were simple media
such as T6 (52), HTF (53) and EBSS (54) containing
a serum additive. Development to the blastocyst
stage, however, was limited (55,56) because these
simple media lack important regulators of embryo
development. Co-culture of human embryos with
various somatic cell monolayers with more complex
media and serum additives was shown to support
development of embryos to the blastocyst stage (57–
60).

Co-culture of human embryos with somatic cells
has been reported to improve blastocyst development,
decrease fragmentation and/or improve pregnancy
and implantation rates (57,61–63), particularly for
patients with repeated IVF failures (61,64,65) .
Somatic cells may benefit embryo development by
providing trophic factors and/or by modifying
inhibitory media components (66–68). There is not
general consensus, however, that co-culture systems
improve pregnancy rates (46,60,69). Co-culture is
time-consuming with an associated risk of pathogen
transmission.

A greater understanding of both the physiological
requirements of the embryo as it develops from the
zygote to the blastocyst stages in vitro  [reviewed in
(70,71)], and the composition of oviduct and uterine
fluids (72–74) has led to the more recent development
of stage-specific or “sequential” complex media for
extended culture. The first of such media was G1/G2
(75)  which was recently modified, resulting in
increased pregnancy rates after blastocyst transfer
(76,77). Currently, conditions employed for human
embryo culture have been largely based on studies
using mouse, rabbit and hamster models. Due to the
restricted use of human embryos for research
purposes, there is a general lack of prospective
randomized clinical trial data relating to the effects of
variable culture conditions on embryo viability.

The most abundant chemical constituents of
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culture media (next to water) include solubilized ions.
Ionic components detected in oviduct and uterine
fluids (72) are present in formulations of both simple
and complex media that support human embryo
cleavage and blastulation in vitro , yet vary markedly
in comparative concentration (78). Little evidence
exists as to the significance of single ions on the
development of human embryos. Many reports
implicate the presence and variable concentrations of
most of the dissolved salts [e.g. potassium (79,80)]
in regulation of mouse embryo growth. Only the
putative inhibitory effects of inorganic phosphate ions
have been investigated clinically (81) with contradic-
tory pregnancy results (82,83). The subtle, integrated
effects of ions may be better assessed with simulta-
neous optimization of concentrations, e.g. KSOM
medium (84,85), which was recently reported to
enhance human blastocyst formation (86).

Irrespective of concentration, ions should be
solubilized in injection-quality, filter-purified and
toxicity-tested water (87)  to minimize the risk of
biological contamination and to perhaps improve long-
term outcome (88). Together with purified water, ionic
constituents contribute largely to the osmolality of a
medium (or osmotic pressure imparted by dissolved
particles)—a testable physical parameter (89). Media
that range from 250–290 mOsmols can satisfactorily
support mammalian embryo development (90,91).
Deviation from this range and especially above 300
mOsmols (92,93) can induce deleterious changes in
cell volume and hydration resulting in the compensa-
tory uptake of organic osmolytes (94,95).

Protein sources in culture medium, aside from
playing a major role in preventing embryo adhesion,
may also act as organic osmolytes and pH buffers
(reviewed in (78)). Filtered, heat-inactivated maternal
serum, a traditional additive with undefined, variable
composition (96,97), was found to have no effect on
in vitro  fertilization (IVF) pregnancy rates when
compared to media without protein supplementation
(98). Since then, several attempts have been made to
compare fractionated serum proteins to whole sera
with equivocal results with respect to embryo quality
and development (99–108) . Presently, there are
several risk factors associated with supplementation
of culture media with patient serum such as potential
viral transmission (99) and the negative effects on
embryo development of sera from various subgroups
of infertile women (109,110). Other negative effects
have included impaired blastocyst development (55),
possible trophectodermal (111) and mitochondrial

deterioration (112) and metabolic perturbations (113).
More chemically defined alternatives to human sera
include purified albumin (99), recombinant serum
albumin (synthesized by bacteria) (114) and glyco-
saminoglycan molecules (115).

Media with conventional ionic and protein
supplements vary little in their composition of the
main energy substrates pyruvate, glucose and lactate
which regulate mammalian embryo metabolism in a
stage-specific manner (70). Glucose, however, has
been excluded from some media formulations (81,
105) . Only a small number of studies of human
embryos exist that confirm the mammalian evidence
suggesting that pyruvate is a requirement to support
cleavage and blastulation (116,117). However, there
is a shift in preference from pyruvate to glucose with
the onset of embryo compaction (118,119). There is
little evidence on the effects of energy substrates and
their concentrations in IVF culture media formulations
on embryo viability. Sequential media were designed
to vary in concentrations of carbohydrates to more
adequately reflect the difference in composition of
fluid components in the oviduct and uterus (120).

Amino acids are found in the fluids of the human
reproductive tract (72,73); however, there has been
minimal research on the effects of amino acids on the
human embryo. Studies in other mammalian species
have found amino acids to be important regulators of
embryo development [for review see (78)]. Glutamine
(1 mM) was found to significantly increase develop-
ment of human embryos to the morula and blastocyst
stages and increase energy metabolism (121). Taurine
(94) and glycine (95) have been shown to act as
osmolytes and therefore may help to minimize the
stress induced by osmotic fluctuations. Interestingly,
isoleucine (0.2 mM) and phenylalanine (0.1 mM), both
constituents of Eagle’s essential amino acids (122),
were found to inhibit cleavage and implantation of
human embryos (123). Based on mouse and hamster
embryo studies, sequential media for human embryos
typically contain glutamine, taurine and Eagle’s
nonessential amino acids for development from Day
1 to Day 3 postinsemination, and glutamine and Eagle’s
essential amino acids for culture to the blastocyst
stage (75).

Vitamins are key components of cellular meta-
bolism and have been shown to have significant
effects on embryo quality during culture of rabbit,
mouse and hamster embryos (124–126). Despite the
presence of B-group vitamins in recently developed
sequential media for the development of human
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embryos from Day 3 to Day 5, there is no information
as to the effects of these vitamins on the human
embryo. Ascorbic acid (vitamin C) had no significant
effect on embryo development or morphology up to
Day 2 or 3 postinsemination (127).

The addition of growth factors such as leukaemia
inhibitory factor (LIF) (128), epidermal growth factor
(EGF) (129) and insulin-like growth factor-I (IGF-I)
(130), and the cytokine granulocyte-macrophage
colony stimulating factor (GM-CSF) (131), has been
shown to increase development of human embryos
to the blastocyst stage. Furthermore, IGF-I (130) and
GM-CSF (131) stimulated development of the inner
cell mass. Thus, further studies are required to
determine whether growth factors and cytokines have
a significant impact on embryo viability.

EDTA and transferrin have also been added to
many media for their potential function as chelators
of metal ions. Careful consideration should be given,
however, to the addition of EDTA to media for
blastocyst development as EDTA has been shown to
reduce glycolytic activity and thus inhibit blastocyst
development in the mouse (132).

Human embryos have typically been cultured
individually in large volumes of media (usually one
millilitre). Studies in the mouse have found that
embryo density has a significant effect on cleavage
rate and blastocyst development (133,134), possibly
due to embryo-derived trophic factors. Culture of
human embryos in groups for up to 48 hours post-
insemination was associated with an increased rate
of cleavage (135,136) ; however, the effects on
pregnancy rates have been variable (135–138) .
Rijnders and Jansen (139) reported that culture of
human embryos to the blastocyst stage in either
reduced volumes of media and/or groups, had no
effect on pregnancy rates; however, the culture media
was not sequential and the sample size was low.

Further improvements could be made to the
formulation of media for human embryo culture
through determination of the effects of individual
medium components on embryo development and
viability. The physical conditions under which
embryos are cultured also have a significant impact
on viability. The majority of culture systems for human
embryos use a bicarbonate/CO2 buffered medium to
maintain a physiological pH of 7.2–7.4. Embryos are
typically cultured in an incubator at a gas atmosphere
containing 5% CO2 (76,139,140). According to the
Henderson-Hasselbalch equation, the combination of
25 mM sodium bicarbonate in the culture medium and

a 5% CO2 gas atmosphere, results in a pH of 7.45 at
sea level. Thus, it would be prudent to culture
embryos at a slightly elevated concentration of 6%
CO2 (123), which theoretically results in a pH of 7.37.
The optimal concentration of CO2 for culture of human
embryos is yet to be determined. An N-2-hydroxy-
ethylpiperazine-N´-2-ethanesulfonic acid (HEPES)
buffered medium is often used to maintain a pH of 7.3–
7.4 when embryos are exposed to atmospheric oxygen
tensions for an extended period of time. It is important
to consider, however, that exposure to atmospheric
CO2 and a reduced concentration of HCO3

– may affect
the embryo’s ability to regulate its intracellular pH,
specifically acidosis, via the HCO3

–/Cl– exchanger
(141).

The oxygen tension in the reproductive tract of
mammalian species has been reported to be lower than
atmospheric O 2, ranging between 1.5% and 8%
(142,143). Recent evidence indicates a low pO2 in the
human vaginal epithelium (144). Culture of mammalian
embryos at low concentrations of O2  (5%–7%) is
thought to minimize the formation of embryotoxic
reactive oxygen species; however, studies on human
embryos are few. Culturing human embryos at a
reduced oxygen tension (5%) for up to 46 hours
following insemination had no effect on cleavage
rates or subsequent pregnancy rates (140). Culture
of frozen-thawed pronuclear stage embryos for four
days at a reduced oxygen tension (5%) did not affect
blastocyst development but did significantly increase
total cell number compared to culture at 20% O2 (145).
Thus, it may be prudent to culture human embryos at
a reduced oxygen tension.

Further optimization of human embryo culture
systems is needed to gain a fuller understanding of
the specific requirements of the human embryo for
regulatory support.

Selection of embryos for transfer

One of the most difficult aspects of assisted reproduc-
tive technology (ART) is the determination of which
embryos are most suitable for transfer into the uterus.
Two factors requiring consideration include the
choice of embryos with the best developmental
competence and the risks of multiple pregnancy
associated with the number of embryos transferred.
The development of technological advances such as
micromanipulation and a wealth of experience in
embryo culturing techniques have resulted in an
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increase in embryo implantation potential. Numerous
criteria have been suggested to optimize the selection
process. These include: the rate of embryo develop-
ment; blastocyst development; pronuclei expression
and nucleoli orientation; ovarian/follicular vascular-
ity; noninvasive assessment of metabolic products of
embryos during development; preimplantation
genetic diagnosis; and morphological assessment.
Embryo scoring techniques have been developed to
aid in evaluating the potential of embryo implantation.

Morphological assessment has been employed for
many years as a tool in determining which embryos
display the greatest pregnancy potential (146) .
Embryos are scored based on cell number, fragmenta-
tion pattern and extent, cytoplasmic pitting, blasto-
mere regularity, presence of vacuoles and blastomere
expansion (36,147–151).

Fragmentation is one of the most common
morphological features used in assessing embryo
quality. Grading systems have gauged embryo quality
based on the percentage of fragmentation observed
within the embryo. Low implantation rates have been
reported from embryos with 10%–50% fragmentation
on Day 2 of development (25,152). Not all fragmenta-
tion appears to be detrimental to embryo development
but the pattern of fragmentation has a profound effect
on the embryo’s developmental potential. Large
fragments formed at the two-cell to four-cell stage
appear more detrimental due to the depletion of
essential organelles such as mitochondria, or
structures such as pinocytotic caveolae, involved in
exogenous protein uptake (26). The presence of small
fragments does not appear to effect developmental
rates to the same degree as large fragments. The
formation of small fragments may represent
incomplete cytokinesis. Implantation rates are similar
between embryos without fragmentation and those
with moderate fragmentation. Antczak et al. (9)
compared the relationship between blastomere
fragmentation and the effect on the distribution of
regulatory proteins. The findings demonstrated that
certain patterns of fragmentation might result in partial
loss of certain regulatory proteins from specific
blastomeres, resulting in compromised development
if fragmentation occurs during the one-cell or two-cell
stages. Correlation between fragmentation and
apoptosis is not clear but fragmentation may be an
initiator of apoptosis if regulatory proteins are altered.

Embryo development rates were initially used in
scoring for embryo’s developmental competency (17).
Early cleavage of fertilized oocytes to the two-cell

stage is used for its prognostic value in determining
embryos for transfer (19). A study by Giorgetti et al.
(25) involving single embryo transfers, concluded that
the use of embryo scoring based on cleavage rate and
morphology was advantageous in maximizing
pregnancy rates. One of the shortcomings of early
cleavage as a selection criterion relates to oocyte
maturity. Immature oocytes may fertilize later than
mature oocytes under standard IVF culture condi-
tions. Oocytes selected for intracytoplasmic sperm
injection (ICSI) are biased due to maturation status.
Sakkas et al. (20) concluded that early cleavage rate
was not entirely influenced by timing of fertilization
but is more likely influenced by intrinsic factors within
the oocyte or embryo. The expression of human
leukocyte antigen G (HLA-G) has been demonstrated
to correlate with mRNA expression and improve
cleavage rates (153). Embryos that have undergone
early cleavage may be less likely to experience
critically low reserves of maternal mRNA prior to
embryonic genome activation (154).

Cell stage at the time of transfer has become a
significant factor in determining which embryos have
the greatest potential for implantation. Embryonic
genome activation occurs between the four-cell and
eight-cell stages of preimplantation development (21).
Delaying embryo transfer to Day 3 of development
allows a selection of embryos undergoing embryonic
activation.

In an attempt to further refine selection criterion
based on morphology, zygote scoring of pronuclei
was investigated. Scott et al. (155) outlined scoring
systems based on the alignment of nucleoli at the
junction of the two pronuclei and the appearance of
the cytoplasm. These systems have been refined over
time to encompass embryo morphology and develop-
ment rates and now include nucleoli alignment,
appearance of cytoplasm and the incidence of
blastomere multinucleation.

The scoring system, often classified as a “Z”
rating, for zygote, records a number of crucial phases
of development. The first record of pronuclei align-
ment or appearance of “touching” at 16–18 hours
postinsemination relates to activation of the oocyte
by the introduction of the spermatozoon. The sperm-
derived centriole and the microtubules arising from it
are responsible for alignment of the pronuclei. If this
fails to occur, developmental potential is limited (29).
Pronuclei are often slightly different in size but large
differences have been associated with chromosomal
defects such as aneuploidy (7). Another aspect of
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“Z” scoring relates to size, number and distribution
of nucleoli. Nucleoli are the sites where pre-rRNA is
synthesized. Following fertilization, rRNA synthesis
resumes and the nucleoli reform and grow. It is
presumed that “Z” scoring allows observation of the
resumption of rRNA synthesis (155). Zygotes with
three to seven even-sized nucleoli per nucleus appear
to give rise to embryos with greater developmental
potential. Pronuclei scoring used in association with
embryo development and morphology may offer a
technique for determining which embryos would
benefit from prolonged in vitro  culture (156–158),
particularly as the score has been related to the ability
to continue development to the blastocyst stage (3).

Extended embryo culture to the blastocyst stage
was proposed as a possible solution to the risks of
multiple pregnancy. Determination of which embryos
survive to the blastocyst phase was considered the
most vital criterion for selection of embryos with the
greatest implantation potential. Blastocyst culture
addresses the issue relating to endometrial asyn-
chrony, uterine hostility associated with early
cleavage-stage embryos, and the assumption that all
embryos have equal implantation potential. Selection
of blastocyst-stage embryos may allow for the transfer
of a single blastocyst.

Blastocyst culture has developed significantly
over the past few years but is still fraught with the
inherent problem of zygote development potential
(159). Only half of all zygotes have the potential to
develop to the blastocyst stage. Aneuploidy can be
used as an explanation for approximately half of the
embryos failing to develop to the blastocyst stage
(160). Extended culture to the blastocyst stage does
not eliminate those embryos displaying chromosome
abnormalities (160) as 40% of embryos displaying
normal morphological development to blastocyst are
aneuploid.

Blastocyst development occurs between Day 5
and 7 postinsemination. Menezo et al. (161) observed
that the transfer of embryos at the compacting morula
stage resulted in poor pregnancy rates. This is thought
to be associated with the fragile nature of the embryo
at this phase of development. Pregnancies have been
noted from the transfer of blastocysts ranging from
Day 5 to Day 7 of development. Shoukir et al.(162)
suggested that “good” quality blastocysts not only
displayed well expanded blastocoelic cavities and
well-defined inner cell masses but also had attained
this stage by Day 5 or 6. A scoring system for
blastocyst development was first described by Dokras

et al. (41) .  This system uses three grades for
blastocyst classification based on the timing of
cavitation, cavity formation and inner cell mass
definition and trophectoderm distinction. Scoring
systems have undergone further refinement and now
include blastocoele volume, zona thinning and
blastocyst hatching (120). Scholtes et al. (163)
suggested the success of blastocyst culture tech-
niques depends primarily on the number of oocytes
retrieved and not maternal age. Others have also noted
that there is a reduction in the number of blastocysts
formed in cases of male infertility (42,164,165).

Assessment of embryo metabolism presents
another potential technique for viable embryo
selection. Gardner et al. (70) suggested that glucose
uptake and metabolism might be used to predict the
embryos most suitable for transfer. The noninvasive
measurement of glucose and pyruvate uptake by
human embryos (166), the measurement of ATP and
ADP levels (167,168) , the expression of EGF,
transforming growth factor alpha and EGF receptor
(169), extracellular matrix protein production (170),
the role of pregnancy-specific b -1 glycoprotein
(86,171), production of human chorionic gonado-
trophin (hCG) and HLA-G and pregnancy-specific
b-1 glycoprotein (86), and expression of IGF (172)
have all been suggested as having potential value in
predicting those embryos with high implantation
competency. Jones (159) concludes that pregnancy;
specific b -1 glycoprotein appears to be the bio-
chemical factor with the greatest potential to act as a
prognostic indicator of blastocyst viability. The use
of biochemical factors as predictive markers in embryo
selection is limited to those techniques that use
noninvasive assessments or measurements. Further
investigation of such markers is required. Follicular
vascularity has also been suggested as another tool
in determining follicles containing oocytes with
greater developmental potential. Nargund et al. (173)
concluded that a statistical correlation does exist
between follicular peak systolic velocity, the ability
to retrieve an oocyte and morphological development.
Van Blerkom et al. (174) suggested an association
between intrafollicular oxygen content and peri-
follicular vascularity, which may provide a useful
indicator in oocyte developmental potential. Defects
in chromosomal number, spindle organization and
cytoplasmic structure have been observed in embryos
developing from oocytes retrieved from hypoxic
follicles. Colour Doppler imaging has been used as a
predictive tool in analysing which preovulatory
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follicles may contain oocytes with the potential to
develop to normal embryos (175,176). The predictive
value of perifollicular blood flow on embryo develop-
ment remains to be determined but it may offer
additional information useful in predicting embryos
with high implantation potential.

Embryonic developmental failures have been
associated with cleavage arrest and chromosomal
abnormalities. Aneuploidy is commonly associated
with embryo arrest (51). Preimplantation genetic
diagnosis offers another useful technique to eliminate
chromosomally abnormal embryos with little to no
developmental potential prior to transfer. Sex
selection of embryos for couples with sex-linked
genetic disorders offers the possibility of eliminating
carrier embryos prior to transfer.

Numerous embryo scoring systems have been
designed to assist in determining which embryos have
the greatest developmental potential. Regardless of
the many criteria proposed to aid in the selection
process, no single criterion has been identified which
offers a significant benefit over the others. The
majority of embryo selection systems are based on a
combination of criteria, including morphology,
cleavage rate and embryonic genome activation. The
use of blastocyst culture, first suggested as the most
useful embryo selection process, does not take into
consideration reduced oocyte numbers and embryo
production due to maternal age and ovulatory defects.
Nor does it overcome the problem of identifying
embryos with potential genetic abnormalities.
Racowsky et al. (177) suggested an embryo selection
process which compensated for maternal age and
etiology. This selection process incorporates the
number of eight-cell embryos available for transfer on
Day 3 postinsemination. Patients with greater than
three morphologically “good” embryos are encouraged
to undergo Day 5 (blastocyst) embryo transfer. This
process not only attempts to address endometrial
asynchrony but also to reduce the risks of multiple
pregnancy due to the transfer of fewer embryos.

Preimplantation genetic diagnosis (PGD) is
becoming a useful adjunct in embryo selection with
the development of additional DNA probes, parti-
cularly in cases of advanced maternal age. DNA
fingerprinting may prove to be a significant tool in
finally assessing which of the simple selection criteria
are beneficial. The current practice of transferring
multiple embryos precludes the identification of which
embryo is responsible for the pregnancy and DNA
fingerprinting may provide conclusive evidence as to

which embryo is responsible for each live birth.
Although a long-term assessment technique, even-
tually embryologists may be able to quantify,
retrospectively, the criteria that are essential in
determining the “best” embryos for transfer.

Despite all the advances in determining embryo
developmental competence, no consensus has been
reached on how many embryos to transfer. Multiple
pregnancy rates remain high with recommendations
of three or more embryos for transfer, depending on
maternal age, still being promoted (178). One of the
potential benefits of refining embryo selection criteria
is to reduce the number of embryos for transfer and
thus the high multiple pregnancy rates.

 Embryo transfer

The embryo transfer procedure should be considered
as important to the success of ART as embryo quality
and uterine receptivity. However, embryo transfer is
perhaps the least understood link in the chain of
procedures. Embryos from the one-cell stage (pro-
nucleate embryos or zygotes) to the blastocyst stage
of development may be transferred to either the
fallopian tube or the uterus.

The fallopian tube can be cannulated from either
the fimbrial end (orthograde transfer) or the uterine
end (retrograde transfer) (179). The surgical tech-
niques of laparoscopy or laparotomy (orthograde
transfer), or the nonsurgical techniques of trans-
cervical or transvaginal cannulation (retrograde
transfer) under ultrasound guidance, hysteroscopic
guidance or by tactile sensation, can be used to
cannulate the fallopian tube (180). Laparotomy is no
longer needed for tubal catheterization, as the
procedure can be performed successfully via laparo-
scopy, using video guidance (180) . However,
laparoscopy usually requires the patient to have a
general anaesthetic and the abdomen insufflated with
CO2 (181) with attendant risks and side-effects. For
these reasons, laparoscopic intrafallopian transfer has
been attempted with success under local anaesthesia,
but has not received wide acceptance (181,182).
Laparoscopic transfer has fallen out of favour since
the introduction of transvaginal ultrasound-guided
oocyte retrieval, which is usually performed with no
anaesthesia, with or without light sedation. Cannula-
tion of the fallopian tube via the cervix under
ultrasound guidance, hysteroscopic guidance or by
tactile impression, without general anaesthesia has
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been performed with success for transcervical zygote
intrafallopian transfer (ZIFT), tubal embryo stage
transfer (TEST), tubal embryo transfer (TET).
However, complications such as uterine anomalies, a
retroverted uterus, or unsuspected tubal cornual
obstruction may make it impossible to regularly
cannulate the fallopian tube (183). Transcervical
transfer to the uterus can then be undertaken but it is
possible the endometrium may have already been
traumatized during the initial attempts to cannulate the
fallopian tube with a consequent reduction in the
chance of implantation (184). There are also side-
effects of the procedure including the possibility of
flushing the embryos from the fallopian tube if
injection flow rates are too high (185) ,  tubal
perforation, vasovagal faintness and pelvic dis-
comfort in some (less than 10%) patients (179).

Zygote or embryo transfer into the fallopian tube
is not possible in all patients, and in order to minimize
the risk of ectopic pregnancy, should only be
performed when the fallopian tube is patent and when
the patient has had no previous history of pelvic
inflammatory disease, ectopic pregnancy, or tubal
surgery (179,184,186). The fallopian tube transfer
procedures include pronucleate stage transfer
(PROST) in which pronucleate-stage embryos are
transferred to the fallopian tube, ZIFT in which
pronuclear to early cleavage-stage embryos are
transferred to the fallopian tube, and TET or TEST in
which early cleavage-stage embryos are transferred
to the fallopian tube.

PROST has been used for patients in whom the
etiology of infertility is unexplained or due to
moderately severe male factor, antisperm antibodies
or endometriosis. Similarly, the techniques of ZIFT,
TET and TEST have been used for patients with male
factor or immunological infertility and, in addition to
confirming successful fertilization, offer the further
possibility of eliminating those zygotes that fail to
undergo the first cleavage divisions.

Until recently, one of the disadvantages of
transferring early zygotes was the inability to select
the most viable zygotes from a large cohort for
transfer. However, high pregnancy and implantation
rates have recently been reported for PROST when
zygotes are selected for transfer according to certain
pronuclear morphological features (155). Early reports
comparing embryo transfer to the fallopian tube to
transfer to the uterus reported significantly higher
implantation, pregnancy and birth rates when embryos
were transferred to the fallopian tube (187–190).

However, others have reported no benefit when
transferring embryos to the fallopian tube instead of
the uterus (191–196).

The majority of embryo transfers are currently
carried out by nonsurgically cannulating the uterine
cavity via the cervix (transcervical transfers).
However, it is also possible to transfer embryos to the
uterus using surgical techniques; ultrasound-guided
perurethral transvaginal embryo transfer (197); or
transmyometrial transfer (198,199). These methods
have been used for patients with nonpatent tubes
when anatomical abnormalities of the uterus or severe
cervical stenosis would predict that cannulation of the
cervical canal would be difficult or impossible (180).

Transmyometrial embryo transfer is widely
practised in Asia and pregnancy rates are reported to
be high (198). However, in a randomized prospective
trial, no benefit could be demonstrated for trans-
myometrial transfer over transcervical transfer and
pregnancy rates were low (199). This difference may
be due to anatomical features of the cervix in oriental
women. A more compressed cervical canal compared
to those from other races is frequently observed, but
further studies need to be carried out to evaluate this
(200).

Transcervical embryo transfer is a rapid and easy
technique, and does not require analgesics or
anaesthetics (180) . Disadvantages include the
technical difficulty encountered in patients with
cervical stenosis (199), the risk of infection from the
introduction of microorganisms into the endometrial
cavity (179), and release of prostaglandins that may
cause myometrial contractions and loss of embryos
into the fallopian tube or vagina (179).

To perform an embryo transfer, preparation of the
patient is required. This includes positioning the
patient, introducing the speculum, cleaning the cervix
and manipulating the uterus.

The dorsal lithotomy position is most commonly
used for embryo transfer, especially for patients with
an axial or retroverted uterus, whereas for patients
with an anteverted uterus, the knee–chest position has
been recommended to eliminate expulsion of embryos
from the uterus (201). However, there is no convincing
evidence that patient position affects the outcome of
embryo transfer (202–204) and it is recommended to
choose a position most comfortable to both patient
and clinician.

A bivalve speculum is then introduced gently into
the vagina to expose the cervix. Manoeuvring the
speculum can improve cervico-uterine alignment to
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allow easier access by the catheter (200). Further
manipulation can be achieved by passive bladder
distension which has been reported to result in
significantly higher pregnancy rates than when
patients have an empty bladder (205)  and is a
requirement if abdominal ultrasound monitoring of
catheter placement is to be employed. The uterus can
also be straightened artificially by using a tenaculum
or cervical suture; however, this may stimulate uterine
junctional zone contractions and lead to implantation
failure (206) or the transportation of the embryos into
the fallopian tube, increasing the risk of ectopic
pregnancy (207). For patients with cervical stenosis
where passage of the catheter is extremely difficult,
cervical dilatation can be performed. It has been
recommended that cervical dilatation be performed at
the time of embryo transfer (208) rather than at the
time of oocyte retrieval (209) as it does not appear to
affect pregnancy rates.

The vulva and vagina require no special prepara-
tion but the cervix can be cleaned by swabbing,
vigorous flushing, or aspiration to remove excess
mucus and there is no clear consensus as to which is
the best method. Some favour complete aspiration of
cervical mucus (210) whereas others have demons-
trated improved results when the cervix is vigorously
flushed with culture medium to remove mucus (211).
As yet, no controlled, randomized studies have been
carried out to evaluate the requirement of removing
mucus prior to embryo transfer.

To gain a better understanding and knowledge of
each patient’s anatomy, a “mock” embryo transfer can
be performed. A mock transfer can take place either in
a cycle prior to the treatment cycle (201,212) or just
prior to the real embryo transfer procedure (213).
Performing a mock transfer offers many potential
advantages: the most suitable catheter can be chosen
for each patient to facilitate atraumatic transfer; the
direction of the uterus can be assessed and the length
of the uterus can be measured (213). The main
disadvantage of performing the mock transfer before
the treatment cycle is that the uterus is mobile so it is
possible that the direction of the uterus may be
different on the day of the real embryo transfer (213).
Mock embryo transfer has been shown to minimize
the problems associated with embryo transfer and to
improve pregnancy and implantation rates (212).

Medications such as anaesthesia, uterine relaxants
or prophylactic antibiotics and corticosteroids have
been given during the embryo transfer procedure.
General anaesthesia as a routine for embryo transfer

has not proven to significantly improve pregnancy
rates (202) . However, general anaesthesia is
sometimes required if the embryo transfer procedure
is extremely difficult. Care should be taken as to the
choice of anaesthetic agent used as it may affect
results (214). Tranquillizers such as diazepam have
also been used to reduce patient anxiety and promote
ease of transfer (202,212). However, it has become
common practice to withhold medication except in the
case of very difficult transfers. Instead, patient
reassurance by staff members familiar to her, previous
experience with mock embryo transfer and a physician
performing the procedure who is known to the patient,
have appeared to be sufficient to achieve patient
relaxation and improve ease of procedure.

Prostaglandins may adversely affect outcome
following embryo transfer due to their action in
stimulating uterine contractions. Prostaglandin
inhibitors such as ibuprofen (215) or indomethacin
(201) have been used to inhibit uterine contraction
but have not had any beneficial effect on pregnancy
rate (202). Similarly, administration of the smooth
muscle relaxant, glyceryl trinitrate, has no affect on
pregnancy rate (216).

Microbial contamination of the embryo transfer
catheter tip is correlated with a significant reduction
in pregnancy rate (217,218). Prophylactic antibiotics
administered at the time of oocyte retrieval signifi-
cantly reduce the incidence of positive microbial
cultures from embryo transfer catheter tips 48 hours
after antibiotic administration (219). However, no
controlled, randomized studies have been undertaken
to investigate the effect on pregnancy rates. One of
the many protective functions of the zona pellucida
surrounding the early cleavage-stage embryo is in
reducing contact with microorganisms and immune
cells. Zona-manipulated embryos when transferred to
the uterus, are potentially at risk of exposure to these
cells and for this reason, low-dose immunosuppres-
sion with corticosteroids has been advocated (220).
However, the effectiveness of this immunosuppression
and its effect on pregnancy outcome has not been
investigated in any systematic way.

There are over 50 different catheters available
commercially for clinical embryo transfer and several
studies have been undertaken to compare different
catheters (221–227) .  Catheters are classified
according to their tip, flexibility, presence of separate
outer sheath, location of the distal port (end- or side-
loading), degree of stiffness and malleability, memory,
thickness and length. Catheters are generally manu-
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factured from nontoxic plastic materials but have
different sterilization processes that may affect the
relative toxicity and handling procedures (200). There
is little difference in concept and technology between
embryo transfer catheters and so it is not surprising
that there is no clear consensus as to the one catheter
that is superior. However, soft embryo transfer
catheters are used most frequently as they produce
superior results (221,222) and are easy to use in all
but the most difficult transfers (222). The main
characteristic required of a transfer catheter is the
ability to manoeuvre into the uterine cavity while
causing no trauma to embryos and endometrium.

There is as yet no consensus as to the depth of
placement of ET catheters within the uterus. However,
contact between the catheter and the uterine fundus
stimulates junctional zone contractions that may be
responsible for relocating intrauterine embryos, and
so contribute to embryo transfer failure or ectopic
gestation (228). High-frequency uterine contractions
on the day of embryo transfer have been found to
decrease clinical and ongoing pregnancy rates as well
as the implantation rate, possibly by expelling
embryos from the uterine cavity (229). Others have
reported that there is no relationship between the site
of embryo deposition in the uterus monitored by
ultrasound (measured as distance from fundus) and
the pregnancy outcome (230). However, all embryos
were deposited at least one to two millimetres from the
fundus and no mention was made as to whether the
fundus was touched by the catheter. Although there
is no agreement as to the exact depth of placement of
the catheter within the uterus, there appears to be
general agreement on the avoidance of touching the
uterine fundus (231,232).

In order to assist more accurate catheter placement
within uteri of various dimensions (233), ultrasound-
guided embryo transfer has been developed instead
of relying on clinician “feel”. Studies comparing
ultrasound-guided embryo transfer to embryo transfer
by clinician “feel”. failed to demonstrate a significant
improvement in pregnancy and implantation rates
(234,235), with the exception of a small subgroup of
patients receiving a single embryo for transfer (234).
However, tactile assessment of embryo transfer
catheter placement has been demonstrated to be
unreliable (236): in 17.4% of cases the guiding cannula
was inadvertently abutting the fundal endometrium;
and in 7.4% of cases abutting the internal tubal ostia.
More recent studies suggest that an improvement in
both the clinical pregnancy rate and the implantation

rate can be achieved if ultrasound-guided embryo
transfer is used (221,237). Ultrasound confirmation
of the retention of the fluid droplet containing the
embryos at the site of catheter placement results in
improved clinical pregnancy rates (221).

During ultrasound-guided embryo transfer,
Woolcott and Stanger (236)  identified that the
transfer catheter embedded within the endometrium
in 24% of cases and deposition of the embryos
beneath the endometrium (intraendometrial transfers)
occurred in 22% of cases. However, this appeared to
have no effect on pregnancy outcome. Intentional
intraendometrial embryo transfer has been carried out
under direct visualization using a CO2-pulsed flexible
hysteroscope (238). A very low implantation rate
resulted and it was concluded that the acidifying
effect of the CO2 on the endometrial stroma might have
produced a suboptimal environment for early
embryonic development.

To minimize the potential for movement and
expulsion of embryos following embryo transfer, a
fibrin sealant, or biological glue, has been used to
attach embryos to the endometrium at the site of
embryo deposition (239,240) . In a prospective,
randomized study, no significant difference in clinical
pregnancy rate or ongoing pregnancy rate, but a
significant reduction in ectopic pregnancies, was
found (240) .  No follow-up studies have been
reported.

At the completion of transfer, the catheter should
be examined carefully by the embryologist for retained
embryos. Blood, mucus or uterine tissue may attach
to the end of the catheter and impede egress of the
embryos from the catheter. Blood on the outside of
the catheter has been related to poorer results (241).
Visser et al. (242) reported that failure to deliver
embryos on the first attempt at embryo transfer
resulted in a decrease in pregnancy rate and suggested
that retained embryos should be transferred one day
later. In contrast, no difference in the clinical
pregnancy rate was found in another study when all
embryos were transferred in the first attempt compared
to when repeated attempts were necessary to transfer
all embryos (243).

Historically, bed rest for up to 24 hours following
embryo transfer has been advised. Bed rest began as
a precautionary measure to try to improve implantation
rates, even though there is a lack of evidence as to its
benefit. Immediate mobilization of the patient
following embryo transfer does not, however, appear
to have a detrimental effect on pregnancy outcome
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(244–246). It has been shown by ultrasound that
standing immediately after embryo transfer resulted
in movement of embryo-associated air bubbles within
the uterine cavity in only 6% of cases (247) .
Furthermore, there was no evidence of movement of
embryo-associated air outside the uterine cavity and
it would appear that standing shortly after transfer
plays no significant role in the final position of
transferred embryos.

It is difficult to know which embryo transfer
protocol to follow to ensure the highest degree of
success, as many of the technical aspects have
undergone very little scientific evaluation, if any. In
fact, little evidence exists to support many of the
choices made in this aspect of ART. It is clear, however,
that an easy, atraumatic transfer is important with
factors such as patient preparation, medication, mock
embryo transfer, choice of catheter, transfer technique
and bed rest optimized to provide improved outcomes
and patient well-being.

 Day of transfer

Embryos may be transferred to the patient on Day 1
postinsemination at the zygote stage of development
(PROST, ZIFT), on Day 2 as two-cell to four-cell early
cleavage-stage embryos (ZIFT, TEST, TET, ET), on
Day 3 as six-cell to eight-cell early cleavage-stage
embryos (ZIFT, TEST, TET, ET), on Day 4 as morulae
(ET), or on Days 5 to 7 as blastocysts of varied
morphology (ET).

In the past 10 years, the majority of clinics have
opted to transfer embryos at the early cleavage stage
of development to the uterus on Day 2 postinsemina-
tion, despite the fact that, in vivo, the embryo would
not pass into the uterus until two to three days later
at the morula to blastocyst stage of development (22,
248). Transfer of early cleavage-stage embryos has
been the preferred option as it allows confirmation of
fertilization and a limited assessment of developmental
potential as the embryo undergoes its first few
cleavage divisions, while at the same time minimizing
the potential compromise to embryo viability posed
by prolonged exposure to suboptimal in vitro  culture
conditions. In fact, when in vitro  culture conditions
are significantly compromised, embryo transfer at the
zygote stage of development, rather than at the early
cleavage stage of development, results in much higher
pregnancy rates (249).

Recent advances in the formulation of embryo

culture medium and culture conditions has seen a shift
in interest toward transfer of later-stage embryos,
particularly blastocysts, as high pregnancy and
implantation rates have been reported despite the fact
that fewer embryos are usually transferred (77,120,
250–252). Transfer at the morula to blastocyst stage
of development allows selection of embryos that have
demonstrated the potential for continued develop-
ment under embryonic genomic control (21), although
these embryos may not necessarily have a normal
chromosome complement (160).

More recently, morphological parameters have
been established for embryos at the pronucleate or
zygote stage of development that identifies embryos
with a high viability (3,6,19,20,155–158). It is difficult
to determine which of the various options for day of
transfer will result in the highest success rates as very
few controlled, randomized comparisons using similar
patient populations have been undertaken.

van Os et al. (253) were the first to demonstrate
that embryo transfer could be delayed from Day 2 to
Day 3 without any impact on subsequent pregnancy
rates. In fact, they argued that a higher number of
viable pregnancies was established following transfer
of embryos on Day 3. In a later study, Dawson et al.
(254) demonstrated that although the pregnancy rate
is not different when embryos are transferred on Day
2 or Day 3, the implantation rate is significantly higher
on Day 3, indicating that selection of viable embryos
is improved with a further day in culture. This was
further supported by the finding that fewer embryos
miscarried before six weeks of gestation when embryos
were transferred on Day 3 (254). A recent study, using
one of the newer culture medium formulations without
glucose and phosphate, reported a significant
improvement in both pregnancy and implantation
rates when embryos were transferred on Day 3 rather
than on Day 2 (82). In contrast, Ertzeid et al. (255),
in a prospective, randomized study, showed no benefit
on the implantation rate or the live birth rate in delaying
transfer from Day 2 to Day 3.

Similarly, delaying embryo transfer until Day 4
postinsemination results in similar implantation and
pregnancy rates to those achieved following embryo
transfer on Days 2 and 3 (256,257). In addition,
Huisman et al. (256) noted that delaying transfer to
Day 4 provided the ability to identify embryos with a
very high implantation potential. Transfer of cavitat-
ing morula stages on Day 4 resulted in a 41% implanta-
tion rate per embryo (256). It was suggested that
deferring embryo transfer for a few days may provide



190 GAYLE M. JONES et al.

the possibility of selecting fewer and better quality
embryos for transfer and therefore limit the incidence
of multiple pregnancy (256).

Initial attempts at extending culture to the blasto-
cyst stage followed by embryo transfer on Day 5
resulted in disappointingly low pregnancy and
implantation rates (56, 257). However, improvements
in the culture media and culture conditions for human
embryo development in the past few years have
resulted in the successful development of viable
blastocysts (reviewed in (159) ).  Scholtes and
Zeilmaker (258), in a prospective randomized trial,
reported no significant difference in pregnancy and
implantation rates when embryo transfer was
performed on either Day 3 or Day 5. However,
deferring embryo transfer to Day 5 allowed the
identification of embryos with very high implantation
potential. Pregnancy and implantation rates were
almost double that recorded for Day 3 transfers when
exclusively cavitating embryos were transferred on
Day 5. Gardner et al . (77)  using culture media
formulated to mimic physiological parameters reported
a significantly higher implantation rate when blasto-
cysts were transferred on Day 5 compared to early
cleavage-stage embryo transfer on Day 3 (51% and
30%, respectively). They further observed that the
implantation rate following blastocyst transfer was not
affected by the number of blastocysts transferred,
suggesting that high-order multiple pregnancies could
be avoided by reducing the number of embryos
transferred without a corresponding reduction in the
pregnancy rate. Similarly, Milki et al. (252), using
similar patient populations demonstrated that the
implantation and pregnancy rates following blasto-
cyst transfer on Day 5 was higher than following
transfer on Day 3. In contrast, in prospective,
randomized trials using an unselected population of
patients, it  has been reported that there is no
difference in pregnancy and implantation rates when
a similar number of embryos are transferred on either
Day 3, Day 4 or Day 5 (259,260). Coskun et al. (259)
suggested that the superiority in selection of any
particular embryo stage should be shown by compar-
ing the result of transfer of the best single embryo at
any stage in a randomized trial.

Blastocyst development occurs in vitro  between
Days 5 and 7 (40,41). Although several studies have
reported that the rate of development to blastocyst
affects viability (162,261), others have suggested that
in some instances, blastocysts that form as late as Day
7 may have some inherent viability as there is no

difference in cumulative hCG secretion by embryos
which formed blastocysts from Days 5 to 7 (41,262)
and transfer of Day 7 blastocysts occasionally results
in pregnancies (161). The majority of programmes
transfer blastocysts on Day 5 but some programmes
have elected to delay transfer to Day 6 to allow for a
further element of selection among a cohort of
blastocysts (42,76,263,264). Delaying transfers until
a time when selection of fully expanded or hatching
blastocysts is possible, rather than automatically
transferring blastocysts on Day 5, may increase
implantation rates by providing a further element of
selection (42). Transfer of cryopreserved blastocysts
has revealed that pregnancies can be achieved
following transfer of blastocysts on Days 5–9
following the LH peak but no pregnancy resulted from
transfer of blastocysts as early as Day 4 following the
LH peak (162).

One of the advantages of deferring embryo
transfer beyond Day 3 is the possibility of performing
preimplantation genetic diagnosis. Embryo biopsy is
usually performed on Day 3 and successful
pregnancies have been established following transfer
of biopsied embryos on Day 4 which has allowed a
full day for genetic analysis by polymerase chain
reaction (PCR) (265)  or by repeated cycles of
fluorescence in situ hybridization (FISH) (266). There
is also a significant advantage to extending culture
to the blastocyst stage of development before
performing the biopsy. At this stage, more cells can
be biopsied from the extraembryonic trophectoderm
for more complex and accurate preimplantation
genetic analysis (262,267,268). Preliminary research
results on the recovery rate of biopsied human
blastocysts are promising (262,268) but as yet the
procedure has not been performed clinically.

One of the disadvantages of deferring embryo
transfer to Day 5 or beyond is that the embryo transfer
may be cancelled if no blastocysts develop in vitro .
Certainly, for some groups of patients, transfer on Day
5 may not be the best option. It has been reported that
sperm quality can affect the number of blastocysts
developing in vitro (42,164,165). In addition, several
studies have reported a maternal age-related decline
in the number of embryos developing to blastocysts
in vitro (50,269,270). This finding may be due to the
progressive reduction in the number of oocytes
retrieved with advancing maternal age (50), as the
number of oocytes retrieved is correlated to the
number of blastocysts that develop in vitro (42). An
increase in the number of oocytes retrieved can
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ameliorate the negative affect of maternal age (163).
Racowsky et al. (177) suggested that the number of
eight-cell embryos on Day 3 should be used as the
determinant for the day of transfer as this has been
correlated to the number of blastocysts developing
in vitro (42). For patients with three of more eight-
cell embryos on Day 3, transfer on Day 5 results in a
high ongoing pregnancy rate with a significant
reduction in the incidence of high-order multiple
pregnancies (177). Poor prognosis patients with no
eight-cell embryos on Day 3 do not benefit from
deferring embryo transfer from Day 3 to Day 5 (33%
and 0% pregnancy rate, respectively) (177). It has
been hypothesized that the uterus is apparently able
to “rescue” some of the suboptimal, slower cleaving
embryos and that extending the culture time to Day 5
for these suboptimal embryos, even in optimized
culture systems, reduces their viability (177,271).

In conclusion, the introduction in recent years of
more subjective selection criteria that are better able
to predict viability has resulted in reports of high
implantation rates following transfer of embryos from
the zygote to the blastocyst stage of development.
Although blastocyst transfer has not always resulted
in an improvement in pregnancy and implantation rates
in the wider population of infertile patients, it appears
to be the most likely choice if the number of embryos
transferred is to be reduced to one to eliminate multiple
pregnancies. As there is a relationship between zygote
morphology and embryo morphology at later stages
(3) ,  a combination of subjective assessments
throughout development may further improve the
chances of selecting the single most viable blastocyst
from the cohort and improve the implantation rate and
the number of healthy offspring born as a result of
assisted reproduction procedures.

Endometrial suitability for embryo transfer

Embryo implantation is the result of the successful
interaction between the embryo and the endometrium
(272). Increasing evidence indicates that steroid-
induced molecules acting as paracrine modulators are
necessary for embryo–uterine interactions. Success-
ful implantation, therefore, is determined both by the
quality of the embryo and the receptiveness of the
endometrium.

To further improve pregnancy rates, it is clear that
ART would benefit substantially from being able to
determine the exact timing of endometrial receptivity

(the implantation window). It is generally believed that
this window of opportunity occurs between Days 18
and 24 of the normal menstrual cycle (273). However,
this window may not be absolute and considerable
interindividual variability may exist. Hence, the need
to determine for each patient whether the endometrium
is adequately prepared at the time of embryo transfer.

Currently available technology for the assessment
of the endometrium prior to embryo transfer can be
divided into microscopic assessment of endometrial
biopsies and imaging techniques.

Microscopic assessment of endometrial
biopsies

The major disadvantages of endometrial biopsies are
their invasiveness, their negative impact on the
integrity of the endometrium and their interference
with the implantation process itself. These techniques
should only be used in unstimulated cycles prior to
ART. However, the extent to which assessments
performed in a natural cycle are predictive of the
quality of the endometrium in a subsequent stimulated
cycle has not yet been studied. In addition, the
literature is unclear about the intraindividual variation
from cycle to cycle. Some uncertainty also exists as
to whether one biopsy per cycle is sufficient for the
assessment of receptivity.

Histological dating used in the assessment of
morphological markers has shown that the timing of
biopsy, the methods used for chronological standard-
ization, and the extent of discrepancy required to
define an endometrial biopsy as being “out of phase”
remains unsettled (274). A high inter- and intra-
observer variation has further limited the clinical utility
of traditional dating techniques.

The formation of pinopods, which are sponge-like
smooth membrane projections that arise from the
entire surface of endometrial cells lining the uterine
cavity, has been related to the presumed time of
blastocyst implantation (275). They are detected by
electron microscopy, making it a cumbersome and
expensive technique for use in a clinical setting.
Conventional light microscopy has been shown to be
an unreliable technique for the detection of pinopods
(276).

There is a large body of evidence suggesting that
numerous factors are involved in human implantation.
The expanding group of potentially important factors
includes mucins, integrins, trophinin/tastin, EGF, HB-
EGF, amphiregulin, CSF-1, LIF, IL-1b, calcitonin, HOXa-
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10 and COX-2. Most of these biomarkers are typically
expressed around the time of the implantation window.
However, most of these putative markers of uterine
receptivity have no proven clinical relevance to date.
The expression of b3 and a4 integrins has been
studied extensively. These molecules are considered
likely to correlate to uterine receptivity. While patterns
of integrin expression cannot be used to accurately
date the endometrium (274), they may reveal sub-
groups of endometrial dysfunction in patients in the
absence of morphological abnormalities identified at
the light microscopic level (277–279). Although this
information may be useful when advising the patient
about the cause of her infertility, there are no objective
data to show that integrin expression patterns actually
predict endometrial receptivity.

Imaging techniques (ultrasound and magnetic
resonance imaging)

Because of their noninvasive nature, imaging
techniques are ideally suited to assess the endo-
metrium immediately prior to embryo transfer. In
contrast to magnetic resonance imaging (MRI),
ultrasonography is a much cheaper and more widely
available imaging technique. However, the spatial
resolution (degree of detail) of MRI is superior to that
of ultrasonography.

Conflicting results have been reported regarding
the correlation between the thickness of the endo-
metrium and pregnancy rates following ART (280–
289). Measurement of endometrial thickness, or even
endometrial volume, with three-dimensional ultra-
sound techniques does not yield better results (290).
This may be explained by the fact that the thickness
of the endometrium has been shown to be more
dependent on the time of exposure to estrogen rather
than the dose of estrogen exposure (288). In addition,
important interindividual variation in endometrial
thickness on the day of hCG administration has been
noted.

The echogenicity of a tissue is a measure of its
capability to reflect ultrasound waves. Some studies
have shown that endometrial echogenicity in the late
follicular phase predicts ART outcome (280,283,288,
291–293). Others, however, have failed to find a
relation between endometrial echogenicity and
implantation rates (294, 295). This controversy may
be explained by operator-dependent variability, the
use of arbitrary and heterogeneous classifications,
and the lack of control for confounding factors (e.g.

poor embryo quality and uterine cavity abnormalities)
that influence the analysis of results. In an encourag-
ing study, endometrial echogenicity on the day of hCG
administration was assessed objectively with a
computer-assisted module for the analysis of ultra-
sound images in a selected subset of ART patients
(289). In this study, echogenicity patterns were
strongly correlated with implantation rates. However,
the diagnostic value in an unselected population of
patients remains to be determined.

Endometrial blood flow may be used as a func-
tional marker and since the development of power
Doppler sonography and, more recently, three-
dimensional power Doppler sonography, it has become
possible to evaluate the vessel density and perfusion
in the endometrial and subendometrial layers in a
quantitative way. Most studies so far have been rather
small and conflicting results have frequently been
reported (296–301).

The junctional zone which is the myometrial layer
just underlying the endometrium, has recently been
described as a separate functional unit. One of the
functional properties of this layer is that it produces
contraction waves. Contractions can be directed
towards the uterine fundus, the cervix, or they can be
chaotic or opposing. These contractions have been
demonstrated to be strong enough to displace
embryos in the uterine cavity (204). The direction and
amplitude of these contraction waves are stimulated
by hormonal influences (302) and physical stimuli
(e.g. difficult transfer) (204,206). One study was
controlled for confounding variables and uterine
contractions were assessed objectively by a
computerized system (229). In the selected patient
population, high frequency contractions on the day
of embryo transfer were found to decrease implanta-
tion and pregnancy rates. A negative correlation
between uterine contraction frequency and serum
progesterone concentrations was also observed,
illustrating the uterine relaxant properties of
progesterone.

Ultrasonography clearly has a number of major
advantages (low cost, wide availability, possibilities
for standardization using computer software), making
it the area with the greatest potential for clinical
application. However, to become generally accepted,
any assessment will need to be rigorously tested for
its diagnostic value. Although some tests have been
shown to be quite promising in selected subpopula-
tions of patients, these same tests need to be re-
evaluated in unselected patient populations. In these
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evaluations, investigators will need to report on
commonly used parameters such as sensitivity,
specificity, positive predictive value and negative
predictive value. In particular, receiver–operator
curves should be provided with each test.

A further area of research will have to focus on
how the results of these endometrial assessments can
assist the clinician in achieving better outcomes for
the patient. Some authors have suggested that fresh
embryo transfers may need to be delayed in the event
of an unfavourable assessment of endometrial recepti-
vity. It seems unlikely that many patients will accept
this decision and therefore research efforts should
concentrate on the development of medical interven-
tions that may improve endometrial receptivity.

Luteal phase support

One area that has received a lot of attention is the need
for luteal phase support in downregulated cycles.
Since the original articles of Smitz et al. (303) and
Wildt et al. (304) were published, the use of luteal
support in downregulated ART cycles has been
accepted as best medical practice. Various methods
have been described to support the luteal phase. The
use of hCG injections has been abandoned in most
centres in favour of progesterone. The long half-life
of hCG and its direct stimulation of the ovary
contribute to the associated increased risk of ovarian
hyperstimulation syndrome (OHSS) (305). Proges-
terone can be administered in a variety of ways. The
intramuscular and vaginal routes are currently the
most widely adopted. Orally administered proges-
terone is rapidly metabolized in the gastrointestinal
tract and its use has proved to be inferior (306). A lot
of controversy still exists as to whether the vaginal
route results in better secretory endometrial
transformation. This controversy stems from the fact
that vaginally administered progesterone results in
adequate secretory endometrial transformation,
despite serum progesterone values lower than those
observed after intramuscular administration, even if
they are lower than those observed during the luteal
phase of the natural cycle. This discrepancy is
indicative of the first uterine-pass effect and therefore
of a better bioavailability of progesterone in the uterus
(306).

Recent research has highlighted the detrimental
effects of high estradiol levels on implantation
(307,308). Implantation rates are lower in patients
who are high responders. The implantation and

pregnancy rates were correlated to the peak estradiol
concentration, regardless of the number of oocytes
collected (309). The effect of estradiol was mediated
through endometrial receptivity as demonstrated in a
study involving oocyte donors. The implantation rates
in recipients of embryos derived from high responders
were similar to normal responders (309). It has been
suggested that stimulation protocols aimed at reduc-
ing the follicular response may overcome the low
implantation rates in high responders. Simon et al.
(309)  used the step-down protocol, originally
proposed by Fauser et al. (310), to successfully
improve both the implantation and pregnancy rates
in high responders. This involved the administration
of 100 or 150 IU/day recombinant FSH starting on cycle
Day 5 (311). From cycle Day 8 or later, cotreatment
was begun with 0.25 mg/day GnRH antagonist. No
luteal support was provided. This pilot study
demonstrated that IVF is feasible with a minimal
stimulation approach and that luteal support may not
be necessary.

This also raises the issue of whether the use of
the short-acting gonadotrophin-releasing hormone
(GnRH) antagonists is likely to change the need for
luteal phase support. The pilot study of de Jong et al.
(311) seems to suggest that luteal support is not
necessary following GnRH antagonist administration
in an IVF cycle. This finding is in direct contrast to
the results from another small study that concluded
that corpus luteum function may be impaired in cycles
stimulated with hMG and a GnRH antagonist (312).

Antiphospholipids

In a completely different area of research, mounting
evidence suggests that inheritable thrombophilias,
such as activated protein C resistance, Factor V Leiden
mutation, or hyperhomocysteinaemia are associated
with an increased risk of fetal loss and pre-eclampsia.
Acquired thrombophilias, such as the antiphospho-
lipid syndrome (APS), are also emerging as an
important cause of recurrent pregnancy loss. The
common pathogenic pathway is thought to be slow
progressive thrombosis and infarction in the placenta.
For patients with APS who have a history of thrombo-
sis or recurrent pregnancy losses, heparin plus low-
dose aspirin appears to be the regimen of choice
(313,314). Interestingly, antiphospholipid antibodies
(APA) have also been shown to interact with syn-
cytiotrophoblast and cytotrophoblast layers and
could, therefore, theoretically affect implantation.
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Several trials of treatment with heparin and aspirin in
women with positive APA undergoing IVF have been
completed. Although none of the studies were
randomized, prospective, blinded trials there does not
appear to be a significant effect of heparin–aspirin
treatment on implantation rate, pregnancy rate, or
ongoing pregnancy rate. Furthermore, it should be
stressed that heparin–aspirin treatment may not be
without complications. One maternal death has been
reported associated with heparin–aspirin treatment in
IVF, due to a cerebral haemorrhage in a nine-week
pregnant woman carrying triplets (315). Subcuta-
neous heparin does not cross the placenta and
therefore has no adverse effects on the fetus, but
potential side-effects for the mother include bleeding,
thrombocytopenia and osteoporosis.

Antibiotics

Recently, there has been growing interest in the effect
of infectious agents on ART pregnancy rates. The
assumption is that women with specific vaginal
pathogens may have an increased incidence of
endometritis, which would lead to a reduced implanta-
tion rate. Although it is part of good clinical practice
to treat any clinically manifest genital tract infection,
it is unclear whether screening for microorganisms
should be routine. One study assessed the impact of
individual bacteria isolated from the vagina and the
tip of the embryo transfer catheter on livebirth rates
(316). It was found that different types of bacteria
recovered from the embryo transfer catheter had
variable effects on live-birth rates. Prophylactic
doxycycline had little effect on the vaginal flora.

The issue of whether bacterial vaginosis, if present
at the time of oocyte recovery, adversely affects
fertilization and implantation has been investigated
more closely. The prevalence of bacterial vaginosis
was much higher in infertile patients undergoing ART
treatment than found by others in antenatal and
general gynaecological populations (317). In all
studies to date, no significant effect of bacterial
vaginosis on fertilization and implantation rates has
been demonstrated (317–319). Therefore, routine
screening and treatment for bacterial vaginosis before
ART treatment would appear to be unwarranted.

Furthermore, antibiotic therapy may increase the
likelihood of inoculation of antibiotic-resistant patho-
genic bacteria from the vagina into the embryo culture
system during vaginal oocyte collection (320) .
Whether screening and treatment of bacterial

vaginosis would result in a reduction in later complica-
tions during pregnancy remains an open question
(317).

In summary, ultrasound techniques seem to hold
the greatest promise of becoming clinically useful
tools to assess endometrial receptivity. Most of the
ultrasound techniques still await proper validation in
unselected patient populations. Further research is
required to investigate how patients with a poorly
prepared endometrium should be managed clinically.

Impact on offspring

Since the birth of the first IVF baby in 1978, several
hundred thousand babies have been born worldwide
as a result of assisted conception. Several interna-
tional registers of births resulting from IVF have been
established to enable assessment of the health of
these children and several analyses of the data
recorded in these registers have been published to
date and are summarized in Table 1.

The majority of studies have demonstrated no
major differences in outcomes for singleton preg-
nancies except perhaps for an increased incidence of
premature and low-birth-weight babies. However,
these findings seem to be dependent more on patient
characteristics than on the ART per se, as no major
differences can be found for ART children compared
to the general population when patients are matched
for parity, maternal age and year of delivery (321,
322).

By far the greatest adverse impact on offspring
born as a result of ART is as a direct result of the
increased incidence of multiple pregnancy. The

Table 1. Summary of national registers of ART and
outcomes

Publication reference Register Years

(330,338,340,372–378) Australia and 1979–1997
New Zealand

(321) Denmark 1994–1995

(332) Finland 1991–1993

(328,329) France 1986–1990

(327) Great Britain 1978–1987

(337) Israel 1982–1989

(323) Sweden 1982–1985

(339,379–387) USA and Canada 1988–1997
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Swedish registry study showed a 20-fold increased
risk of being born as a multiple birth baby for an ART
child compared with the general population (323).
The last world collaborative report on ART recorded
a multiple birth rate of 29%, the majority of which were
twins (324). Multiple birth infants, regardless of
whether they originate from ART or spontaneous
conception, have an increased risk of preterm delivery,
low birth weight, congenital malformations, fetal and
infant deaths and long-term morbidity and disability
as survivors (325,326). There is a fivefold increase
in premature delivery of children resulting from ART
(323). This can be explained in the main part by the
incidence of multiple births but is also true for
singleton births (323,327–331).

There is also an increased incidence of low-birth-
weight babies following ART compared to the general
population, even when only singleton pregnancies
are considered(323,327–330,332). More recently,
with the increasing use of extended culture followed
by blastocyst transfer, concerns have been expressed
about the potential for producing babies with high
birth weights similar to the “large offspring syndrome”
reported following blastocyst transfer in domestic
animal species (333,334). However, human infants
conceived following blastocyst transfer are not
significantly different in birth weight from infants
conceived spontaneously (335)  or from infants
conceived following transfer of early cleavage-stage
embryos (336). Perinatal and infant mortality is 1.7–
3 times the national average (323,327–330,337) and,
in some ART populations, is accounted for entirely
by the high percentage of multiple births (327,328).

Children born as a result of ART have an increased
risk of malformations compared with the general
population; however, this risk can be partly explained
by the high proportion of multiple births in the ART
group (323). An increased incidence of neural tube
defects (anencephaly, hydrocephaly, spina bifida)
(323,327,328,338), oesophageal atresia (323) and
transposition of the great vessels (338) has been
reported for ART infants. In the Swedish study, ten
ART infants (0.2%) had neural tube defects (anen-
cephaly and spina bifida) compared with the expected
number of three to four. Seven of these ten infants and
six of seven ART infants with hydrocephalus were
from sets of twins (323). Similarly, in the Australian
study, three of six infants born with spina bifida and
two of four infants born with transposition of the great
vessels were from multiple births (338). Other studies
have reported no increase in congenital malformations

in large numbers of ART children, despite a very high
incidence of multiple pregnancy (339).

Multiple pregnancies are also associated with
increased infant and childhood morbidity such as
cerebral palsy and mental retardation, due primarily
to the increased incidence of prematurity and low
birth weight (325,326). The Swedish study failed to
identify any increase in the incidence of cancer in
children resulting from ART (323) which is in contrast
to a previous report indicating a possible increase in
neuroectodermal tumours (340). Most follow-up
studies of children born as a result of ART have not
been running for long enough to assess the risks of
long-term handicap.

A follow-up study of singleton infants conceived
by ART to first-time mothers for the first year
following birth has shown no difference in mental,
motor, speech and social development compared to a
matched control from the general population (341).
Similarly, the mental development of children
conceived by ART at the age of 12 months was normal
and not different from matched controls (342) .
However, children of multiple births score lower on
average, both on physical and mental scales (342).
Brandes and co-workers (342) concluded that when
an ART pregnancy is carried to term, yielding an
apparently healthy infant, the infant can be expected
to develop and thrive similarly to non-ART-conceived
peers. Similarly, Wennerholm and co-workers (331)
concluded that if the neonatal period is uncomplicated,
subsequent growth and development of children
conceived by ART will be normal. In studies of older
children, no independent ART effect has been found
for growth and physical outcome (when matched for
plurality and weeks of gestation) (343)  or for
cognitive, behavioural and social development (344).

In very large studies, the sex ratio for births
resulting from ART does not differ significantly from
the national ratios (327,328), although it has been
suggested that sex selection may be inadvertently
performed in ART programmes by selecting for the
faster cleaving embryos (345). It has, however, been
reported that the sex ratio for births resulting from
blastocyst transfer, when the fastest cleaving embryos
are selected for transfer, favours males and represents
a significant shift in the sex ratio for births resulting
from spontaneous conceptions (335).

The high incidence of multiple births following
assisted conception is largely due to the practice of
transferring multiple embryos. This practice has arisen
from the data indicating that at least for the first three



196 GAYLE M. JONES et al.

to four early cleavage-stage embryos transferred,
there is a positive correlation between the number of
embryos transferred and the pregnancy rate (346).
However, progress in the past decade has seen the
introduction of improved culture media, culture
conditions and selection criteria for embryo transfer
and the corresponding implantation rates have
increased dramatically. The improvement in implanta-
tion rates allows, for the first time, the consideration
of reducing the number of embryos for transfer to two
(152,250,347–356), and possibly even one (120,
149,151,357,358), to eliminate the risks associated
with multiple pregnancy whilst still maintaining high
pregnancy rates.

However, reducing the number of embryos for
transfer will not entirely eliminate multiple pregnancies.
Monozygotic twinning (identical twins formed from
the one embryo) has been reported to be higher
following assisted reproduction (359,360) than in the
general population. Monozygous twins, and in
particular monozygous, monochorionic twins
(identical twins which share the same chorion), add
significantly to the risks associated with multiple
pregnancy and to the poorer health and survival of
offspring. The incidence of monozygotic twinning has
been reported to be very high in the subgroup of ART
patients whose embryos have been zona manipulated,
either for assisted fertilization (SUZI or ICSI) or
assisted hatching (creating a small hole in the zona
by mechanical, chemical or laser methods) (361–
364) .  Others, however, have reported that the
frequency of monozygotic twinning is not different
for patients whose embryos have been zona manipula-
ted and those that remain zona intact (365). The
incidence of monozygotic twinning has also been
reported to be very high following blastocyst transfer
(366,367).

Although the exact mechanism of monozygotic
twin formation in ART is unknown, it has been ascribed
to ovulation induction (368), ART culture conditions
(359), zona architecture or micromanipulation (364),
or asynchrony between the uterus and embryo (369).
The observation that the incidence of monozygotic
twinning following ovulation induction is also higher
than that of the general population (368) suggests a
role for hormonal manipulation rather than in vitro
embryo culture conditions. Alterations in the
hormonal milieu may lead to delays in oocyte or embryo
transport and implantation at crucial developmental
moments resulting in induction of twinning (360).
Alternatively, exposure to high concentrations of

gonadotrophins may lead to zona hardening (370)
resulting in impaired hatching at the blastocyst stage
and retention of part of the embryo within the zona.
This could result in two separate embryos forming if
the inner cell mass is bisected (371). Exposure to in
vitro  culture conditions rather than oviductal and
uterine secretions containing lysins may similarly
result in zona hardening and impaired hatching (359).
The higher incidence of monozygotic twinning
observed following transfer of embryos that have
undergone zona manipulation suggests an additional
role for the architecture of the zona (364).  The
dimensions of the artificial gap created during assisted
fertilization or assisted hatching, particularly if small,
may impose a physical restriction to the emerging
embryo causing it to split (364). The size of the
artificial gap, however, varies significantly according
to the method of assisted hatching and according to
the degree of technical expertise of the embryologist
performing the procedure. This variation may help to
explain the discrepancy in the reported incidence of
monozygotic twinning following assisted hatching
(365). Zona trapping, however, cannot be the entire
explanation for the increased incidence of monozygo-
tic twinning reported following blastocyst transfer, as
the incidence remains high despite transfer of blasto-
cysts that have had the zona chemically removed prior
to transfer (G.M. Jones and A.O. Trounson, personal
communication). The findings of Meintjes et al. (369)
that the incidence of monozygotic twinning following
blastocyst transfer and in patients using donor
oocytes lends some support to the idea that mono-
zygotic twinning arises due to some compromised
endometrial–embryo communication and subsequent
asynchrony between the uterus and endometrium.

References

1. Trounson AO et al. Effect of delayed insemination on
in-vitro fertilization, culture and transfer of human
embryos. Reproduction, Fertility, and Development,
1982, 64:285–294.

2. Sathananthan AH et al. Centrioles in the beginning of
human development. Proceedings of the National
Academy of Sciences the United States of America,
1991, 88:4806–4810.

3. Scott L et al. The morphology of human pronuclear
embryos is positively related to blastocyst develop-
ment and implantation. Human Reproduction, 2000,
15:2394–2403.

4. Tesarik J, Kopecny V. Nucleic acid synthesis and
development of human male pronucleus. Reproduction,



Embryo culture, assessment, selection and transfer 197

Fertility, and Development, 1989, 86:549–558.
5. Tesarik J, Kopecny V. Assembly of the nucleolar

precursor bodies in human male pronuclei is correlated
with an early RNA synthetic activity. Experimental
Cell Research, 1990, 191:153–156.

6. Tesarik J, Greco E. The probability of abnormal
preimplantation development can be predicted by a
single static observation on pronuclear stage morphol-
ogy. Human Reproduction, 1999, 14:1318–1323.

7. Sadowy S et al. Impaired development of zygotes with
uneven pronuclear size. Zygote, 1998, 6:137–141.

8. Gardner RL. The early blastocyst is bilaterally
symmetrical and its axis of symmetry is aligned with
the animal–vegetal axis of the zygote in the mouse.
Development, 1997, 124:289–301.

9. Antczak M, Van Blerkom J. Temporal and spatial
aspects of fragmentation in early human embryos:
possible effects on developmental competence and
association with the differential elimination of
regulatory proteins from polarized domains. Human
Reproduction, 1999, 14:429–447.

10. Payne D et al. Preliminary observations on polar body
extrusion and pronuclear formation in human oocytes
using time-lapse video cinematography. Human
Reproduction, 1997, 12:532–541.

11. Garello C et al. Pronuclear orientation, polar body
placement, and embryo quality after intracytoplasmic
sperm injection and in-vitro fertilization: further
evidence for polarity in human oocytes? Human
Reproduction, 1999, 14:2588–2595.

12. Kola I et al. Tripronuclear human oocytes: altered
cleavage patterns and subsequent karyotypic analysis
of embryos. Biology of Reproduction, 1987, 37:395–
401.

13. Plachot M, Crozet N. Fertilization abnormalities in
human in-vitro fertilization. Human Reproduction,
1992, 7:89–94.

14. Staessen C, Van Steirteghem AC. The chromosomal
constitution of embryos developing from abnormally
ferti l ized oocytes after intracytoplasmic sperm
injection and conventional in-vitro fertilization.
Human Reproduction, 1997, 12:321–327.

15. Gras L, Trounson AO. Pregnancy and birth resulting
from transfer of a blastocyst observed to have one
pronucleus at the time of examination for fertilization.
Human Reproduction, 1999, 14:1869–1871.

16. Staessen C et al. Cytogenetic and morphological
observations of single pronucleated human oocytes
after in-vitro fertilization. Human Reproduction,
1993, 8:221–223.

17. Cummins JM et al. A formula for scoring human
embryo growth rates in in vitro fertilization: its value
in predicting pregnancy and in comparison with visual
estimates of embryo quality. Journal of In Vitro
Fertility and Embryonic Transfer, 1986, 3:284–295.

18. Edwards RG, Beard HK. Oocyte polarity and cell
determination in early mammalian embryos. Molecular
Human Reproduction, 1997, 3:863–905.

19. Shoukir Y et al. Early cleavage of in-vitro fertilized
human embryos to the 2-cell stage: a novel indicator
of embryo quality and viability. Human Reproduction,
1997, 12:1531–1536.

20. Sakkas D et al. Early cleavage of human embryos to
the two-cell stage after intracytoplasmic sperm
injection as an indicator of embryo viability. Human
Reproduction, 1998, 13:182–187.

21. Braude P, Bolton V, Moore S. Human gene expression
first occurs between the four- and eight-cell stages of
preimplantation development. Nature, 1988, 332:
459–461.

22. Buster JE et al. Biologic and morphologic development
of donated human ova recovered by nonsurgical uterine
lavage. American Journal  of  Obstetrics  and
Gynecology, 1985, 153:211–217.

23. Jurisicova A, Varmuza S, Casper RF. Programmed cell
death and human embryo fragmentation. Molecular
Human Reproduction, 1996, 2:93–98.

24. Hoover L et al. Evaluation of a new embryo-grading
system to predict pregnancy rates following in vitro
fertilization. Gynecologic and Obstetric Investigation,
1995, 40:151–157.

25. Giorgetti C et al. Embryo score to predict implanta-
tion after in-vitro fertilization: based on 957 single
embryo transfers. Human Reproduction ,  1995 ,
10:2427–2431.

26. Alikani M et al. Human embryo fragmentation in vitro
and its implications for pregnancy and implantation.
Fertility and Sterility, 1999, 71:836–842.

27. Almeida PA, Bolton VN. Cytogenetic analysis of
human preimplantation embryos following develop-
mental arrest in vitro. Reproduction, Fertility, and
Development, 1998, 10:505–513.

28. Almeida PA, Bolton VN. The relationship between
chromosomal abnormality in the human preimplanta-
tion embryo and development in vitro. Reproduction,
Fertility, and Development, 1996, 8:235–241.

29. Munne S, Cohen J. Chromosome abnormalities in
human embryos. Human Reproduction Update, 1998,
4:842–855.

30. Magli MC et al. Incidence of chromosomal abnormal-
ities from a morphologically normal cohort of embryos
in poor-prognosis patients. Journal of Assisted
Reproduction and Genetics, 1998, 15:297–301.

31. Tesarik J et al. Ultrastructural and autoradiographic
observations on multinucleated blastomeres of human
cleaving embryos obtained by in-vitro fertilization.
Human Reproduction, 1987, 2:127–136.

32. Munne S, Cohen J. Unsuitability of multinucleated
human blastomeres for preimplantation genetic
diagnosis. Human Reproduction, 1993, 8:1120–1125.

33. Kligman I et al. The presence of multinucleated
blastomeres in human embryos is correlated with
chromosomal abnormalities. Human Reproduction,
1996, 11:1492–1498.

34. Jackson KV et al. Multinucleation in normally fertilized
embryos is associated with an accelerated ovulation



198 GAYLE M. JONES et al.

induction response and lower implantation and
pregnancy rates in in vitro  fertilization-embryo
transfer cycles. Fertility and Sterility, 1998, 70:60–66.

35. Wiemer KE et al. Beneficial aspects of co-culture with
assisted hatching when applied to multiple-failure in-
vitro fertilization patients. Human Reproduction,
1996, 11:2429–2433.

36. Desai NN et al. Morphological evaluation of human
embryos and derivation of an embryo quality scoring
system specific for day 3 embryos: a preliminary study.
Human Reproduction, 2000, 15:2190–2196.

37. Elder K, Dale B. In vitro  fertilization ,  2nd ed.
Cambridge, Cambridge University Press, 2000.

38. Mohr LR, Trounson AO. Comparative ultrastructure
of hatched human, mouse and bovine blastocysts.
Reproduction, Fertility, and Development,  1982 ,
66:499–504.

39. Wiley LM. Development of the blastocyst: role of cell
polarity in cavitation and cell differentiation. In:
Bavister BD, ed. The mammalian preimplantation
embryo: regulation of growth and differentiation in
vitro . New York, Plenum Press, 1987:65–93.

40. Dokras A et al. The human blastocyst: morphology
and human chorionic gonadotrophin secretion in
vitro. Human Reproduction, 1991, 6:1143–1151.

41. Dokras A, Sargent IL, Barlow DH. Human blastocyst
grading: an indicator of developmental potential?
Human Reproduction, 1993, 8:2119–2127.

42. Jones GM et al. Factors affecting the success of human
blastocyst development and pregnancy following in
vitro fertilization and embryo transfer. Fertility and
Sterility, 1998, 70:1022–1029.

43. Gardner DK, Schoolcraft WB. In vitro culture of
human blastocyst. In: Jansen R, Mortimer D, eds.
Towards reproductive certainty: infertility and genetics
beyond 1999. Carnforth, Parthenon Press, 1999:378–
388.

44. Hardy K, Handyside AH, Winston RM. The human
blastocyst: cell number, death and allocation during late
preimplantation development in vitro . Development,
1989, 107:597–604.

45. Vlad M, Walker D, Kennedy RC. Nuclei number in
human embryos co-cultured with human ampullary
cells. Human Reproduction, 1996, 11:1678–1686.

46. Van Blerkom J. Development of human embryos to
the hatched blastocyst stage in the presence or absence
of a monolayer of Vero cells. Human Reproduction,
1993, 8:1525–1539.

47. Fong CY, Bongso A. Comparison of human blastulation
rates and total cell number in sequential culture media
with and without co-culture. Human Reproduction,
1999, 14:774–781.

48. Sauer MV et al. In-vivo blastocyst production and
ovum yield among fertile women. Human Reproduc-
tion, 1987, 2:701–703.

49. Devreker F et al. Effects of taurine on human embryo
development in vitro. Human Reproduction, 1999,
14:2350–2356.

50. Janny L, Menezo YJ. Maternal age effect on early
human embryonic development and blastocyst
formation. Molecular Reproduction and Development,
1996, 45:31–37.

51. Munne S et al. Embryo morphology, developmental
rates, and maternal age are correlated with chromo-
some abnormalities. Fertility and Sterility,  1995 ,
64:382–391.

52. Trounson AO et al. The investigation of idiopathic
infertility by in vitro fertilization. Fertility and
Sterility, 1980, 34:431–438.

53. Quinn P, Kerin JF, Warnes GM. Improved pregnancy
rate in human in vitro fertilization with the use of a
medium based on the composition of human tubal fluid.
Fertility and Sterility, 1985, 44:493–498.

54. Edwards RG. Test-tube babies. Nature, 1981, 293:253–
256.

55. Lopata A, Hay DL. The potential of early human
embryos to form blastocysts, hatch from their zona
and secrete HCG in culture. Human Reproduction,
1989, 4:87–94.

56. Bolton VN, Wren ME, Parsons JH. Pregnancies after
in vitro fertilization and transfer of human blastocysts.
Fertility and Sterility, 1991, 55:830–832.

57. Menezo YJ, Guerin JF, Czyba JC. Improvement of
human early embryo development in vitro by coculture
on monolayers of Vero cells. Biology of Reproduction,
1990, 42:301–306.

58. Wiemer KE et al. Embryonic morphology and rate of
implantation of human embryos following co-culture
on bovine oviductal epithelial cells. Human Reproduc-
tion, 1993, 8:97–101.

59. Hu Y et al. Co-culture with assisted hatching of human
embryos using buffalo rat liver cells. Human Reproduc-
tion, 1998, 13:165–168.

60. Wetzels AM et al. The effects of co-culture with
human fibroblasts on human embryo development in
vitro and implantation. Human Reproduction, 1998,
13:1325–1330.

61. Menezo Y et al. Coculture of embryos on Vero cells
and transfer of blastocysts in humans. Human
Reproduction, 1992, 7:101–106.

62. Ben-Chetrit A, Jurisicova A, Casper RF. Coculture with
ovarian cancer cell enhances human blastocyst
formation in vitro. Fertility and Sterility,  1996 ,
65:664–666.

63. Freeman MR, Whitworth CM, Hill GA. Granulosa cell
co-culture enhances human embryo development and
pregnancy rate following in-vitro fertilization. Human
Reproduction, 1995, 10:408–414.

64. Olivennes F et al. Four indications for embryo transfer
at the blastocyst stage . Human Reproduction, 1994,
9:2367–2373.

65. Schillaci R, Ciriminna R, Cefalu E. Vero cell effect on
in-vitro human blastocyst development: preliminary
results. Human Reproduction, 1994, 9:1131–1135.

66. Bongso A et al. Cocultures: a new lead in embryo
quality improvement for assisted reproduction.



Embryo culture, assessment, selection and transfer 199

Fertility and Sterility, 1991, 56:179–191.
67. Liu LP et al. Partial purification of embryotrophic

factors from human oviductal cells. Human Reprodu-
ction, 1998, 13:1613–1619.

68. Edwards LJ et al. Modifications made to culture
medium by bovine oviduct epithelial cells: changes to
carbohydrates stimulate bovine embryo development.
Molecular Reproduction and Development,  1997,
46:146–154.

69. Sakkas D et al. Comparison of results after in vitro
fertilized human embryos are cultured in routine
medium and in coculture on Vero cells: a randomized
study. Fertility and Sterility, 1994, 61:521–525.

70. Gardner DK, Lane M. Culture and selection of viable
blastocysts: a feasible proposition for human IVF?
Human Reproduction Update, 1997, 3:367–382.

71. Gardner DK. Changes in requirements and utilization
of nutrients during mammalian preimplantation
embryo development and their significance in embryo
culture. Theriogenology, 1998, 49:83–102.

72. Borland RM et al. Elemental composition of fluid in
the human fallopian tube. Reproduction Fertility and
Development, 1980, 58:479–482.

73. Casslen BG. Free amino acids in human uterine fluid.
Possible role of high taurine concentration. Journal
of Reproductive Medicine, 1987, 32:181–184.

74. Gardner DK et al. Environment of the preimplantation
human embryo in vivo: metabolite analysis of oviduct
and uterine fluids and metabolism of cumulus cells.
Fertility and Sterility, 1996, 65:349–353.

75. Barnes FL et al. Blastocyst development and birth after
in-vitro maturation of human primary oocytes, intra-
cytoplasmic sperm injection and assisted hatching.
Human Reproduction, 1995, 10:3243–3247.

76. Jones GM et al. Evolution of a culture protocol for
successful blastocyst development and pregnancy.
Human Reproduction, 1998, 13:169–177.

77. Gardner DK et al. A prospective randomized trial of
blastocyst culture and transfer in in-vitro fertilization.
Human Reproduction, 1998, 13:3434–3440.

78. Gardner DK, Lane M. Embryo culture systems. In:
Trounson AO, Gardner DK, eds. Handbook of in vitro
fertilization,  2nd ed. Boca Raton, CRC Press,
2000:205–264.

79. Roblero LS, Riffo MD. High potassium concentration
improves preimplantation development of mouse
embryos in vitro. Fertility and Sterility, 1986, 45:412–
416.

80. Lawitts JA, Biggers JD. Joint effects of sodium
chloride, glutamine, and glucose in mouse pre-
implantation embryo culture media. Molecular
Reproduction and Development, 1992, 31:189–194.

81. Quinn P. Enhanced results in mouse and human embryo
culture using a modified human tubal fluid medium
lacking glucose and phosphate. Journal of Assisted
Reproduction and Genetics, 1995, 12:97–105.

82. Carrillo AJ et al. Improved clinical outcomes for in
vitro fertilization with delay of embryo transfer from

48 to 72 hours after oocyte retrieval: use of glucose-
and phosphate-free media. Fertility and Sterility, 1998,
69:329–334.

83. Barak Y et al. Does glucose affect fertilization,
development and pregnancy rates of human in-vitro
fertilized oocytes? Human Reproduction ,  1998 ,
13:203–211.

84. Lawitts JA, Biggers JD. Optimization of mouse embryo
culture media using simplex methods. Reproduction
Fertility and Development, 1991, 91:543–556.

85. Erbach GT et al. Differential growth of the mouse
preimplantation embryo in chemically defined media.
Biological Reproduction, 1994, 50:1027–1033.

86. Jurisicova A et al. Variability in the expression of
trophectodermal markers beta-human chorionic
gonadotrophin, human leukocyte antigen-G and
pregnancy specific beta-1 glycoprotein by the human
blastocyst. Human Reproduction, 1999, 14 :1852–
1858.

87. Wiemer KE, Anderson A, Sterwart B. The importance
of water quality for media preparation. Human
Reproduction, 1998, 13:166–172.

88. Vlaisavljevic V, Kovacic B. Evaluation of embryo-
toxicity of materials used in the IVF laboratory. Jugosl
Ginekol Perinatol, 1991, 31:45–48.

89. Beyler SA, Chong AP. In vitro fertilization culture
medium surveys. A College of American Pathologists
pilot proficiency testing survey. Archives of Pathology
and Laboratory Medicine, 1992, 116:425–429.

90. Brinster RL. Studies on the development of mouse
embryos in vitro. I. The effect of osmolarity and
hydrogen ion concentration. Journal of Experimental
Zoology, 1965, 158:49–58.

91. McKiernan SH, Bavister BD. Environmental variables
influencing in vitro development of hamster 2-cell
embryos to the blastocyst stage. Biological Reproduc-
tion, 1990, 43:404–413.

92. Beckmann LS, Day BN. Effects of media NaCl
concentration and osmolarity on the culture of early-
stage porcine embryos and the viability of embryos
cultured in a selected superior medium. Theriogenology,
1993, 39:611–622.

93. Li J, Foote RH. Culture of rabbit zygotes into
blastocysts in protein-free medium with one to twenty
per cent oxygen. Reproduction Fertility and Develop-
ment, 1993, 98:163–167.

94. Dumoulin JC et al. Taurine acts as an osmolyte in
human and mouse oocytes and embryos. Biological
Reproduction, 1997, 56:739–744.

95. Hammer MA et al. Glycine transport by single human
and mouse embryos. Human Reproduction,  2000,
15:419–426.

96. Chui TT, Tam PP. A correlation of the outcome of
clinical in vitro fertilization with the inositol content
and embryotrophic properties of human serum. Journal
of Assisted Reproduction and Genetics, 1992, 9:524–
530.

97. Bavister BD. Culture of preimplantation embryos:



200 GAYLE M. JONES et al.

facts and artefacts. Human Reproduction Update,
1995, 1:91–148.

98. Caro CM, Trounson A. Successful fertilization, embryo
development, and pregnancy in human in vitro
fertilization (IVF) using a chemically defined culture
medium containing no protein. Journal of In Vitro
Fertility and Embryonic Transfer, 1986, 3:215–217.

99. Ashwood-Smith MJ, Hollands P, Edwards RG. The use
of Albuminar 5 as a medium supplement in clinical
IVF. Human Reproduction, 1989, 4:702–705.

100. Staessen C et al. Comparison between human serum
and Albuminar-20 (TM) supplement for in-vitro
fertilization. Human Reproduction, 1990, 5:336–341.

101. Holst N et al. Optimization and simplification of
culture conditions in human in vitro fertilization (IVF)
and preembryo replacement by serum-free media.
Journal of In Vitro Fertility and Embryonic Transfer,
1990, 7:47–53.

102. Khan I et al. Human serum albumin versus serum: a
comparative study on embryo transfer medium.
Fertility and Sterility, 1991, 56:98–101.

103. Huisman GJ et al. Comparison of results obtained with
human serum and a protein solution as a supplement
for in vitro fertilization culture medium. Fertility and
Sterility, 1992, 58:637–639.

104. Adler A et al. Plasmanate as a medium supplement
for  in  v i t ro  fe r t i l iza t ion .  Journal of  Assisted
Reproduction and Genetics, 1993, 10:67–71.

105. Pool TB, Martin JE. High continuing pregnancy rates
after in vitro fertilization-embryo transfer using
medium supplemented with a plasma protein fraction
containing alpha- and beta-globulins. Fertility and
Sterility, 1994, 61:714–719.

106. Desai NN et al. Clinical experience with synthetic
serum substitute as a protein supplement in IVF culture
media: a retrospective study. Journal of Assisted
Reproduction and Genetics, 1996, 13:23–31.

107. Tucker KE et al. Evaluation of synthetic serum
substitute versus serum as protein supplementation for
mouse and human embryo culture. Journal of Assisted
Reproduction and Genetics, 1996, 13:32–37.

108. Laverge H et al. Prospective randomized study
comparing human serum albumin with fetal cord serum
as protein supplement in culture medium for in-vitro
fertilization. Human Reproduction, 1997, 12:2263–
2266.

109. Dokras A et al. Sera from women with unexplained
infertility inhibit both mouse and human embryo
growth in vitro. Fertility and Sterility, 1993, 60:285–
292.

110. Ito F, Fujino Y, Ogita S. Serum from endometriosis
patients impairs the development of mouse embryos
in vitro—comparison with serum from tubal obstruc-
tion patient and plasmanate. Acta Obstetricia et
Gynecologica Scandinavica, 1996, 75:877–880.

111. Mortell KH, Marmorstein AD, Cramer EB. Fetal
bovine serum and other sera used in tissue culture
increase epithelial permeability. In Vitro Cellular and

Developmental Biology, 1993, 29A:235–238.
112. Dorland M, Gardner DK, Trounson AO. Serum in

synthetic oviduct fluid causes mitochondrial degenera-
tion in bovine embryos. Reproduction, Fertility, and
Development, 1994, 102:S25.

113. Gardner DK. Mammalian embryo culture in the
absence of serum or somatic cell support. Cell
Biolology International, 1994, 18:1163–1179.

114. Hooper K. Toward defined physiological embryo
culture media: replacement of BSA with recombinant
albumin. Biology of Reproduction, 2000, 62:S249.

115. Gardner DK, Rodriegez-Martinez H, Lane M. Fetal
development after transfer is increased by replacing
protein with the glycosaminoglycan hyaluronan for
mouse embryo culture and transfer. Human Reproduc-
tion, 1999, 14:2575–2580.

116. Conaghan J et al. Effects of pyruvate and glucose on
the development of human preimplantation embryos
in vitro. Reproduction, Fertility, and Development,
1993, 99:87–95.

117. Conaghan J et al. Culture of human preimplantation
embryos to the blastocyst stage: a comparison of 3
media. International Journal of Developmental
Biology, 1998, 42:885–893.

118. Gott AL et al. Non-invasive measurement of pyruvate
and glucose uptake and lactate production by single
human preimplantation embryos. Human Reproduc-
tion, 1990, 5:104–108.

119. Leese HJ. Metabolism of the preimlantation embryo.
In: Milligan SR, ed. Oxford reviews of reproductive
biology. New York, Oxford University Press, 1992:
35–52.

120. Gardner DK et al. Blastocyst score affects implantation
and pregnancy outcome: towards a single blastocyst
transfer. Fertility and Sterility, 2000, 73:1155–1158.

121. Devreker F, Winston RM, Hardy K. Glutamine
improves human preimplantation development in
vitro. Fertility and Sterility, 1998, 69:293–299.

122. Eagle H. Amino acid metabolism in mammalian cells.
Science, 1959, 130:432–437.

123. Mortimer D et al. Inhibitory effects of isoleucine and
phenylalanine upon early human development. Human
Reproduction, 1998, 13:S218–S219.

124. Kane MT, Bavister BD. Vitamin requirements for
development of eight-cell hamster embryos to hatching
blastocysts in vitro. Biological Reproduction, 1988,
39:1137–1143.

125. Tsai FC, Gardner DK. Nicotinamide, a component of
complex culture media, inhibits mouse embryo
development in vitro and reduces subsequent develop-
mental potential after transfer. Fertility and Sterility,
1994, 61:376–382.

126. McKiernan SH, Bavister BD. Culture of one-cell
hamster embryos with water soluble vitamins:
pantothenate stimulates blastocyst production. Human
Reproduction, 2000, 15:157–164.

127. Tarin JJ et al. Ascorbate-supplemented media in short-
term cultures of human embryos. Human Reproduc-



Embryo culture, assessment, selection and transfer 201

tion, 1994, 9:1717–1722.
128. Dunglison GF, Barlow DH, Sargent IL. Leukaemia

inhibitory factor significantly enhances the blastocyst
formation rates of human embryos cultured in serum-
free medium. Human Reproduction, 1996, 11:191–
196.

129. Martin KL, Barlow DH, Sargent IL. Heparin-binding
epidermal growth factor significantly improves human
blastocyst development and hatching in serum-free
medium. Human Reproduction, 1998, 13:1645–1652.

130. Lighten AD et al. Routine addition of human insulin-
like growth factor-I ligand could benefit clinical in-
vitro fertilization culture. Human Reproduction, 1998,
13:3144–3150.

131. Sjöblom C, Wikland M, Robertson SA. Granulocyte-
macrophage colony-stimulating factor promotes
human blastocyst development in vitro. Human
Reproduction, 1999, 14:3069–3076.

132. Lane M, Gardner DK. Nonessential amino acids and
glutamine decrease the time of the first three cleavage
divisions and increase compaction of mouse zygotes
in vitro. Journal of Assisted Reproduction and
Genetics, 1997, 14:398–403.

133. Lane M, Gardner DK. Effect of incubation volume and
embryo density on the development and viability of
mouse embryos in vitro. Human Reproduction, 1992,
7:558–562.

134. Salahuddin S et al. Effects of embryo density and co-
culture of unfertilized oocytes on embryonic develop-
ment of in-vitro fertilized mouse embryos. Human
Reproduction, 1995, 10:2382–2385.

135. Moessner J, Dodson WC. The quality of human
embryo growth is improved when embryos are cultured
in groups rather than separately. Fertility and Sterility,
1995, 64:1034–1035.

136. Sjöblom C et al. Group culture increases the rate of
embryo development in vitro. Human Reproduction,
1998, 13:S217–S218.

137. Almagor M et al. Pregnancy rates after communal
growth of preimplantation human embryos in vitro.
Fertility and Sterility, 1996, 66:394–397.

138. Spyropoulou I ,  Karamalegos C, Bolton VN. A
prospective randomized study comparing the outcome
of in-vitro fertilization and embryo transfer following
culture of human embryos individually or in groups
before embryo transfer on day 2. Human Reproduc-
tion, 1999, 14:76–79.

139. Rijnders PM, Jansen CA. Influence of group culture
and culture volume on the formation of human
blastocysts: a prospective randomized study. Human
Reproduction, 1999, 14:2333–2337.

140. Dumoulin JC et al. Effect of oxygen concentration
on in vitro fertilization and embryo culture in the
human and the mouse. Fertility and Sterility, 1995,
63:115–119.

141. Phillips KP et al. Intracellular pH regulation in human
preimplantation embryos. Human Reproduction, 2000,
15:896–904.

142. Fischer B, Bavister BD. Oxygen tension in the oviduct
and uterus of rhesus monkeys, hamsters and rabbits.
Journal of Reproduction and Fertility, 1993, 99:673–
679.

143. Maas DH, Storey BT, Mastroianni L. Oxygen tension
in the oviduct of the rhesus monkey (Macaca mulatta ).
Fertility and Sterility, 1976, 27:1312–1317.

144. Fukuda M, Fukuda K, Ranoux C. Unexpected low
oxygen tension of intravaginal culture. Human
Reproduction, 1996, 11:1293–1295.

145. Gardner DK et al. Reduced oxygen tension increases
blastocyst development, differentiation and viability.
Fertility and Sterility, 1999, 72:S30.

146. Steer CV et al. The cumulative embryo score: a
predictive embryo scoring technique to select the
optimal number of embryos to transfer in an in-vitro
fertilization and embryo transfer programme. Human
Reproduction, 1992, 7:117–119.

147. Claman P et al. The impact of embryo quality and
quantity on implantation and the establishment of
viable pregnancies.  Journal of In Vitro Fertility and
Embryonic Transfer, 1987, 4:218–222.

148. Ziebe S et al. Embryo morphology or cleavage stage:
how to select the best embryos for transfer after in-
vitro fertilization. Human Reproduction,  1997,
12:1545–1549.

149. Gerris J et al. Prevention of twin pregnancy after in-
vitro fertilization or intracytoplasmic sperm injection
based on str ict  embryo cri teria:  a  prospective
randomized clinical trial. Human Reproduction, 1999,
14:2581–2587.

150. Kahraman S et al. Relationship between granular
cytoplasm of  oocytes  and pregnancy outcome
following intracytoplasmic sperm injection. Human
Reproduction, 2000, 15:2390–2393.

151. Van Royen E et al. Characterization of a top quality
embryo, a step towards single-embryo transfer. Human
Reproduction, 1999, 14:2345–2349.

152. Staessen C et al. Avoidance of triplet pregnancies by
elective transfer of two good quality embryos. Human
Reproduction, 1993, 8:1650–1653.

153. Jurisicova A et al. HLA-G expression during pre-
implan ta t ion  human embryo  deve lopment .
Proceedings of the National Academy of Sciences of
the United States of America, 1996, 93:161–165.

154. Clegg KB, Piko L. Quantitative aspects of RNA
synthesis and polyadenylation in 1-cell and 2-cell
mouse embryos. Journal of Embryology and Experi-
mental Morphology, 1983, 74:169–182.

155. Scott LA, Smith S. The successful use of pronuclear
embryo transfers the day following oocyte retrieval.
Human Reproduction, 1998, 13:1003–1013.

156. Tesarik J et al. Embryos with high implantation
potential after intracytoplasmic sperm injection can
be recognized by a simple, non-invasive examination
of pronuclear morphology. Human Reproduction,
2000, 15:1396–1399.

157. Ludwig M et al. Clinical use of a pronuclear stage score



202 GAYLE M. JONES et al.

following intracytoplasmic sperm injection: impact on
pregnancy rates under the conditions of the German
embryo protection law. Human Reproduction, 2000,
15:325–329.

158. Wittemer C et al. Zygote evaluation: an efficient tool
for embryo selection. Human Reproduction, 2000,
15:2591–2597.

159. Jones GM. Growth and viability of human blastocysts
in vitro . Reproductive Medicine Review, 2000, 8:203–
249.

160. Magli MC et al. Chromosome mosaicism in day 3
aneuploid embryos that develop to morphologically
normal blastocysts in vitro. Human Reproduction,
2000, 15:1781–1786.

161. Menezo YJ, Sakkas D, Janny L. Co-culture of the early
human embryo: factors affecting human blastocyst
format ion  in  v i t ro .  Microscopy Research and
Technique, 1995, 32:50–56.

162. Shoukir Y et al. The rate of development and time of
transfer play different roles in influencing the viability
of human blastocysts. Human Reproduction, 1998,
13:676–681.

163. Scholtes MC, Zeilmaker GH. Blastocyst transfer in
day-5 embryo transfer depends primarily on the
number of oocytes retrieved and not on age. Fertility
and Sterility, 1998, 69:78–83.

164. Janny L, Menezo YJ. Evidence for a strong paternal
effect on human preimplantation embryo development
and blastocyst formation. Molecular Reproduction
and Development, 1994, 38:36–42.

165. Shoukir Y et al. Blastocyst  development  from
supernumerary embryos after intracytoplasmic sperm
injection: a paternal influence? Human Reproduction,
1998, 13:1632–1637.

166. Devreker F et al. Noninvasive assessment of glucose
and pyruvate  uptake by human embryos af ter
intracytoplasmic sperm injection and during the
formation of pronuclei. Fertility and Sterility, 2000,
73:947–954.

167. Slotte H et al. ATP and ADP in human pre-embryos.
Human Reproduction, 1990, 5:319–322.

168. Van Blerkom J, Davis PW, Lee J. ATP content of
human oocytes and developmental potential and
outcome after in-vitro fertilization and embryo
transfer. Human Reproduction, 1995, 10:415–424.

169. Chia CM, Winston RM, Handyside AH. EGF, TGF-
alpha and EGFR expression in human preimplantation
embryos. Development, 1995, 121:299–307.

170. Turpeenniemi-Hujanen T et al. Extracellular matrix
interactions in early human embryos: implications for
normal implantation events. Fertility and Sterility,
1995, 64:132–138.

171. Saith RR et al. The role of pregnancy-specific beta-1
glycoprotein (SP1) in assessing the human blastocyst
quality in vitro. Human Reproduction, 1996, 11:1038–
1042.

172. Liu HC et al. Expression of IGFs and their receptors
is a potential marker for embryo quality. American

Journal of Reproduction Immunology, 1997, 38:237–
245.

173. Nargund G et al.  Associations between ultrasound
indices of follicular blood flow, oocyte recovery and
preimplantation embryo quality. Human Reproduction,
1996, 11:109–113.

174. Van Blerkom J,  Antczak M, Schrader R. The
developmental potential of the human oocyte is
related to the dissolved oxygen content of follicular
fluid: association with vascular endothelial growth
factor levels and perifollicular blood flow character-
istics. Human Reproduction, 1997, 12:1047–1055.

175. Chui DK et al. Follicular vascularity—the predictive
value of transvaginal power Doppler ultrasonography
in an in-vitro fertilization programme: a preliminary
study. Human Reproduction, 1997, 12:191–196.

176. Huey S et al. Perifollicular blood flow Doppler indices,
but not follicular pO2, pCO2, or pH, predict oocyte
developmental competence in in vitro fertilization.
Fertility and Sterility, 1999, 72:707–712.

177. Racowsky C et al. The number of eight-cell embryos
is a key determinant for selecting day 3 or day 5
transfer. Fertility and Sterility, 2000, 73:558–564.

178. Svendsen TO et al. The incidence of  mult iple
gestations after in vitro fertilization is dependent on
the number of embryos transferred and maternal age.
Fertility and Sterility, 1996, 65:561–565.

179. Tan SL, Bennett S, Parsons J. Surgical techniques of
oocyte collection and embryo transfer. British Medical
Bulletin , 1990, 46:628–642.

180. Friedler S, Lewin A, Schenker JG. Methodology of
human embryo transfer following assisted reproduction.
Journal of Assisted Reproduction and Genetics ,
1993,10:393–404.

181. Milki AA et al. Local anesthesia with conscious
sedation for laparoscopic intrafallopian transfer.
Fertility and Sterility, 1992, 58:1240–1242.

182. Waterstone JJ et al. Laparoscopic zygote intrafallopian
transfer using augmented local anesthesia. Fertility and
Sterility, 1992, 57:442–444.

183. Hurst BS et al. Conversion from a failed transcervical
zygote intrafallopian transfer to a successful delayed
uterine embryo transfer. Journal of Assisted Reproduc-
tion and Genetics, 1993, 10:439–442.

184. Bauer O et al. Preliminary results on transvaginal tubal
embryo stage transfer (TV–TEST) without ultrasound
guidance. Human Reproduction, 1990, 5:553–556.

185. Woolcott R, Stanger J. The fluid dynamics of injection:
variables as they relate to transvaginal gamete intra-
fallopian transfer and tubal embryo transfer. Human
Reproduction, 1994, 9:1670–1672.

186. al-Hussaini T et al. Pregnancies following transvaginal
gamete  intrafal lopian t ransfer  (GIFT),  zygote
intrafallopian transfer (ZIFT), and tubal embryo-stage
transfer (TEST) in an in vitro fertilization (IVF)
program. Journal of Assisted Reproduction and
Genetics, 1992, 9:402–404.

187. Asch RH. Uterine versus tubal embryo transfer in the



Embryo culture, assessment, selection and transfer 203

human. Comparative analysis of implantation,
pregnancy, and live-birth rates. Annals of the New York
Academy of Sciences, 1991, 626:461–466.

188. Hammitt DG et al.  Comparison of  concurrent
pregnancy rates for in-vitro fertilization-embryo
transfer, pronuclear stage embryo transfer and gamete
intra-fallopian transfer. Human Reproduction, 1990,
5:947–954.

189. Pool TB et al. Zygote intrafallopian transfer as a
treatment for nontubal infertility: a 2-year study.
Fertility and Sterility, 1990, 54:482–488.

190. Boldt J et al. Success rates following intracytoplasmic
sperm injection are improved by using ZIFT vs IVF
for embryo transfer. Journal of Assisted Reproduction
and Genetics, 1996, 13:782–785.

191. Amso NN, Shaw RW. A critical appraisal of assisted
reproduction techniques. Human Reproduction, 1993,
8:168–174.

192. Toth TL et al. Embryo transfer to the uterus or the
fallopian tube after in vitro  fertilization yields similar
results. Fertility and Sterility, 1992, 57:1110–1113.

193.  Tanbo T, Dale PO, Abyholm T. Assisted fertilization
in infertile women with patent fallopian tubes. A
comparison of in-vitro fertilization, gamete intra-
fallopian transfer and tubal embryo stage transfer.
Human Reproduction, 1990, 5:266–270.

194. Tournaye H et al. Zygote intrafallopian transfer or in
vitro ferti l ization and embryo transfer for the
treatment of male-factor infertility: a prospective
randomized trial. Fertility and Sterility, 1992, 58:344–
350.

195. Balmaceda JP et al. Embryo implantation rates in
oocyte donation: a prospective comparison of tubal
versus uterine transfers. Fertility and Sterility, 1992,
57:362–365.

196. Fluker MR, Zouves CG, Bebbington MW. A prospective
randomized comparison of zygote intrafallopian
transfer and in vitro fertilization-embryo transfer for
nontubal factor infertility. Fertility and Sterility, 1993,
60:515–519.

197. Parsons JH et al. Pregnancies following in vitro
fertilization and ultrasound-directed surgical embryo
transfer by perurethral and transvaginal techniques.
Fertility and Sterility, 1987, 48:691–693.

198. Kato O, Takatsuka R, Asch RH. Transvaginal–
transmyometrial  embryo transfer:  the Towako
method; experiences of 104 cases. Fertility and
Sterility, 1993, 59:51–53.

199. Groutz A et al. Comparison of transmyometrial and
transcervical embryo transfer in patients with
previously failed in vitro fertilization-embryo transfer
cycles and/or cervical stenosis. Fertility and Sterility,
1997, 67:1073–1076.

200. Cohen J. Embryo replacement technology. 31st Annual
Postgraduate Programme of the American Society for
Reproductive Medicine, San Francisco, California,
October 3-4, 1998:177–184.

201. Knutzen V et al. Mock embryo transfer in early luteal

phase, the cycle before in vitro fertilization and
embryo transfer: a descriptive study. Fertility and
Sterility, 1992, 57:156–162.

202. Diedrich K et al. Establishment of pregnancy related
to embryo transfer techniques after in-vitro fertiliza-
tion. Human Reproduction, 1989, 4:111–114.

203. Agarwal SK, Coe S, Buyalos RP. The influence of
uterine position on pregnancy rates with in vitro
fertilization-embryo transfer. Journal of Assisted
Reproduction and Genetics, 1994, 11:323–324.

204. Lesny P et al. Embryo transfer—can we learn anything
new from the observation of junctional zone contrac-
tions? Human Reproduction, 1998, 13:1540–1546.

205. Lewin A et al. The role of uterine straightening by
passive bladder distension before embryo transfer in
IVF cycles. Journal of Assisted Reproduction and
Genetics, 1997, 14:32–34.

206. Lesny P et al. Junctional zone contractions and
embryo transfer: is it safe to use a tenaculum? Human
Reproduction, 1999, 14:2367–2370.

207. Lesny P et al. Transcervical embryo transfer as a risk
factor for ectopic pregnancy. Fertility and Sterility,
1999, 72:305–309.

208. Tur-Kaspa I et al. Difficult or repeated sequential
embryo transfers do not adversely affect in-vitro
fertilization pregnancy rates or outcome. Human
Reproduction, 1998, 13:2452–2455.

209. Groutz A et al. Cervical dilatation during ovum pick-
up in patients with cervical stenosis: effect on
pregnancy outcome in an in vitro fertilization-embryo
transfer program. Fertility and Sterility, 1997, 67:909–
911.

210. Mansour RT et al. Dummy embryo transfer using
methylene blue dye. Human Reproduction,  1994,
9:1257–1259.

211. McNamee PI. Embryo transfer techniques: is cervical
mucus more important than we thought? In: Post-
graduate course 11th World Congress on In Vitro
Fertilization and Human Genetics.  Sydney, 1999:38–
48.

212. Mansour R, Aboulghar M, Serour G. Dummy embryo
transfer: a technique that minimizes the problems of
embryo transfer and improves the pregnancy rate in
human in vitro fertilization. Fertility and Sterility,
1990, 54:678–681.

213. Sharif K, Afnan M, Lenton W. Mock embryo transfer
with a full bladder immediately before the real transfer
for in-vitro fertilization treatment: the Birmingham
experience of 113 cases. Human Reproduction, 1995,
10:1715–1718.

214. Fishel S et al. General anesthesia for intrauterine
placement of human conceptuses after in vitro
fert i l ization.  Journal of  In Vitro Ferti l i ty and
Embryonic Transfer, 1987, 4:260–264.

215. Wood C et al. A clinical assessment of nine pregnancies
obtained by in vitro fertilization and embryo transfer.
Fertility and Sterility, 1981, 35:502–508.

216. Shaker AG et al. Assessments of embryo transfer after



204 GAYLE M. JONES et al.

in-vitro fertilization: effects of glyceryl trinitrate.
Human Reproduction, 1993, 8:1426–1428.

217. Fanchin R et al. Microbial flora of the cervix assessed
at the time of embryo transfer adversely affects in
vitro  fertilization outcome. Fertility and Sterility, 1998,
70:866–870.

218. Egbase PE et al. Incidence of microbial growth from
the tip of the embryo transfer catheter after embryo
transfer in relation to clinical pregnancy rate following
in-vitro fertilization and embryo transfer. Human
Reproduction, 1996, 11:1687–1689.

219. Egbase PE et al.  Prophylact ic  ant ib iot ics  and
endocervical microbial inoculation of the endometrium
at embryo transfer. Lancet, 1999, 354:651–652.

220. Cohen J et al. Immunosuppression supports implanta-
tion of zona pellucida dissected human embryos.
Fertility and Sterility, 1990, 53:662–665.

221. Wood EG et al. Ultrasound-guided soft catheter embryo
transfers will improve pregnancy rates in in-vitro
fertilization. Human Reproduction, 2000, 15:107–
112.

222. Wisanto A et al. Performance of different embryo
transfer catheters in a human in vitro fertilization
program. Fertility and Sterility, 1989, 52:79–84.

223. Gonen Y et al. Does the choice of catheter for embryo
transfer  influence the success rate  of  in-vi tro
fertilization? Human Reproduction, 1991, 6:1092–
1094.

224. Meriano J et al. The choice of embryo transfer
catheter affects embryo implantation after IVF.
Fertility and Sterility, 2000, 74:678–682.

225. al-Shawaf T et al. Transfer of embryos into the uterus:
how much do technical factors affect pregnancy rates?
Journal of Assisted Reproduction and Genetics, 1993,
10:31–36.

226. Urman B et al. Comparing two embryo transfer
catheters. Use of a trial transfer to determine the
catheter applied. Journal of Reproductive Medicine,
2000, 45:135–138.

227. Ghazzawi IM et al. Transfer technique and catheter
choice influence the incidence of transcervical embryo
expulsion and the outcome of IVF. Human Reproduc-
tion, 1999, 14:677–682.

228. Lesny P et al. Uterine junctional zone contractions
during assisted reproduction cycles. Human Reproduc-
tion Update, 1998, 4:440–445.

229. Fanchin R et al. Uterine contractions at the time of
embryo transfer alter pregnancy rates after in-vitro
fertilization. Human Reproduction, 1998, 13:1968–
1974.

230. Rosenlund B, Sjoblom P, Hillensjo T. Pregnancy
outcome related to the site of embryo deposition in
the uterus. Journal of Assisted Reproduction and
Genetics, 1996, 13:511–513.

231. Waterstone J, Curson R, Parsons J. Embryo transfer
to low uterine cavity. Lancet, 1991, 337:1413.

232. Nazari A et al. Embryo transfer technique as a cause
of ectopic pregnancy in in vitro  fertilization. Fertility

and Sterility, 1993, 60:919–921.
233. Egbase PE, Al-Sharhan M, Grudzinskas JG. Influence

of position and length of uterus on implantation and
clinical pregnancy rates in IVF and embryo transfer
treatment cycles.  Human Reproduction ,  2000 ,
15:1943–1946.

234. Hurley VA et al. Ultrasound-guided embryo transfer: a
controlled trial. Fertility and Sterility, 1991, 55:559–
562.

235. Kan AK et al. Embryo transfer: ultrasound-guided
versus clinical touch. Human Reproduction, 1999,
14:1259–1261.

236. Woolcott R, Stanger J. Potentially important variables
identified by transvaginal ultrasound-guided embryo
transfer. Human Reproduction, 1997, 12:963–966.

237. Coroleu B et al. Embryo transfer under ultrasound
guidance improves pregnancy rates after in-vitro
fertilization. Human Reproduction, 2000, 15:616–
620.

238. Itskovitz-Eldor J et al. Assisted implantation: direct
intraendometrial embryo transfer. Gynecologic and
Obstetric Investigation, 1997, 43:73–75.

239. Feichtinger W et al. The use of two-component fibrin
sealant for embryo transfer. Fertility and Sterility,
1990, 54:733–734.

240. Feichtinger W et al. The use of fibrin sealant for
embryo transfer: development and clinical studies.
Human Reproduction, 1992, 7:890–893.

241. Goudas VT et al. Blood on the embryo transfer
catheter is associated with decreased rates of embryo
implantation and clinical pregnancy with the use of
in vitro fertilization-embryo transfer. Fertility and
Sterility, 1998, 70:878–882.

242. Visser DS, Fourie FL, Kruger HF. Multiple attempts at
embryo transfer: effect on pregnancy outcome in an
in vitro fertilization and embryo transfer program.
Journal of Assisted Reproduction and Genetics, 1993,
10:37–43.

243. Nabi A et al. Multiple attempts at embryo transfer:
does this affect in-vitro fertilization treatment
outcome? Human Reproduction, 1997, 12:1188–
1190.

244. Sharif K et al. Do patients need to remain in bed
following embryo transfer? The Birmingham expe-
rience of 103 in-vitro fertilization cycles with no bed
rest following embryo transfer. Human Reproduction,
1995, 10:1427–1429.

245. Sharif K et al. Is bed rest following embryo transfer
necessary? Fertility and Sterility, 1998, 69:478–481.

246. Botta G, Grudzinskas G. Is a prolonged bed rest
following embryo transfer useful? H u m a n
Reproduction, 1997, 12:2489–2492.

247. Woolcott R, Stanger J. Ultrasound tracking of the
movement of embryo-associated air bubbles on
standing after transfer. Human Reproduction, 1998,
13:2107–2109.

248. Croxatto HB et al. Studies on the duration of egg
transport in the human oviduct. I. The time interval



Embryo culture, assessment, selection and transfer 205

between ovulation and egg recovery from the uterus
in normal women. Fertility and Sterility ,  1972 ,
23:447–458.

249. Quinn P, Stone BA, Marrs RP. Suboptimal laboratory
conditions can affect pregnancy outcome after embryo
transfer on day 1 or 2 after insemination in vitro.
Fertility and Sterility, 1990, 53:168–170.

250. Milki AA, Fisch JD, Behr B. Two-blastocyst transfer
has similar pregnancy rates and a decreased multiple
gestation rate compared with three-blastocyst transfer.
Fertility and Sterility, 1999, 72:225–228.

251. Schoolcraft WB et al. Blastocyst culture and transfer:
analysis of results and parameters affecting outcome
in two in vitro fertilization programs. Fertility and
Sterility, 1999, 72:604–609.

252. Milki AA et al. Comparison of blastocyst transfer with
day 3 embryo transfer in similar patient populations.
Fertility and Sterility, 2000, 73:126–129.

253. van Os HC et al. The influence of the interval
between in vitro fertilization and embryo transfer and
some other variables on treatment outcome. Fertility
and Sterility,  1989, 51:360–362.

254. Dawson KJ et al. Delaying transfer to the third day
postinsemination, to select non-arrested embryos,
increases development to the fetal heart stage. Human
Reproduction, 1995, 10:177–182.

255. Ertzeid G et al. Clinical outcome of day 2 versus day
3 embryo transfer using serum-free culture media: a
prospective randomized study. Journal of Assisted
Reproduction and Genetics, 1999, 16:529–534.

256. Huisman GJ et al. A comparison of in vitro fertilization
results after embryo transfer after 2, 3, and 4 days of
embryo culture. Fertility and Sterility, 1994, 61:970–
971.

257. Goto Y et al. Relationship between the day of embryo
transfer and the outcome in human in vitro fertiliza-
t ion and embryo transfer.  Journal of  Assisted
Reproduction and Genetics, 1994, 11:401–404.

258. Scholtes MC, Zeilmaker GH. A prospective, random-
ized study of embryo transfer results after 3 or 5 days
of embryo culture in in vitro fertilization. Fertility and
Sterility, 1996, 65:1245–1248.

259. Coskun S et al. Day 5 versus day 3 embryo transfer: a
controlled randomized trial. Human Reproduction,
2000, 15:1947–1952.

260. Huisman GJ et al. Implantation rates after in vitro
fertilization and transfer of a maximum of two
embryos that have undergone three to five days of
culture. Fertility and Sterility, 2000, 73:117–122.

261. Lelaidier C et al. Endometrium preparation with
exogenous estradiol and progesterone for the transfer
of cryopreserved blastocysts. Fertility and Sterility,
1995, 63:919–921.

262. Dokras A et al. Human trophectoderm biopsy and
secret ion of  chorionic gonadotrophin.  Human
Reproduction, 1991, 6:1453–1459.

263. Khorram O, Shapiro SS, Jones JM. Transfer of
nonassisted hatched and hatching human blastocysts

after in vitro fertilization. Fertility and Sterility, 2000,
74:163–165.

264. Shapiro BS, Harris DC, Richter KS. Predictive value
of 72-hour blastomere cell number on blastocyst
development and success of subsequent transfer based
on the degree of blastocyst development. Fertility and
Sterility, 2000, 73:582–586.

265. Grifo JA et al. Successful outcome with day 4 embryo
transfer after preimplantation diagnosis for genetically
transmitted diseases. Human Reproduction,  1998,
13:1656–1659.

266. Gianaroli L et al. Advantages of day 4 embryo transfer
in patients undergoing preimplantation genetic
diagnosis of aneuploidy. Journal of Assisted Reproduc-
tion and Genetics, 1999, 16:170–175.

267. Dokras A et al. Trophectoderm biopsy in human
blastocysts. Human Reproduction, 1990, 5:821–825.

268. Veiga A et al. Laser blastocyst biopsy for preimplanta-
tion diagnosis in the human. Zygote, 1997, 5:351–354.

269. Pantos K et al. Influence of advanced age on the
blastocyst development rate and pregnancy rate in
assisted reproductive technology. Fertility and Sterility,
1999, 71:1144–1146.

270. Patton PE et al. Development and integration of an
extended embryo culture program. Fertility and
Sterility, 1999, 72:418–422.

271. Alikani M et al. Cleavage anomalies in early human
embryos and survival after prolonged culture in-vitro.
Human Reproduction, 2000, 15:2634–2643.

272. Simon C, Martin JC, Pellicer A. Paracrine regulators
of  implanta t ion .  Bailliere’s Best Practice and
Research in Clinical Obstetrics and Gynaecology,
2000, 14:815–826 .

273. Rogers PAW, Leeton J. Uterine receptivity and embryo
transfer. In: Trounson A, Gardner DK, eds. Handbook
of in vitro fertilization, 2nd ed. Boca Raton, CRC Press,
1999:499–528.

274. Lessey BA et al.  Use of  integrins  to  date  the
endometrium. Fertility and Sterility, 2000, 73:779–
787.

275. Nikas G, Psychoyos A. Uterine pinopodes in peri-
implantation human endometrium. Clinical relevance.
Annals of the New York Academy of Sciences, 1997,
816:129–142.

276. Develioglu OH et al. Detection of endometrial
pinopodes by light microscopy (1). Fertility and
Sterility, 2000, 74:767–770.

277. Lessey BA et al. Integrins as markers of uterine
receptivity in women with primary unexplained
infertility. Fertility and Sterility, 1995, 63:535–542.

278. Lessey BA et al. Aberrant integrin expression in the
endometrium of women with endometriosis. Journal
of Clinical Endocrinology and Metabolism,  1994,
79:643–649.

279. Lessey BA et al. Integrin adhesion molecules in the
human endometrium. Correlation with the normal and
abnormal menstrual cycle. Journal of  Clinical
Investigation, 1992, 90:188–195.



206 GAYLE M. JONES et al.

280. Coulam CB et al. Ultrasonographic predictors of
implantation after assisted reproduction. Fertility and
Sterility,  1994, 62:1004–1010.

281. Oliveira JB et al. Endometrial ultrasonography as a
predictor of pregnancy in an in-vitro fertilization
programme after ovarian stimulation and gonado-
trophin-releasing hormone and gonadotrophins.
Human Reproduction, 1997, 12:2515–2518.

282. Serafini P et al. Sonographic uterine predictors of
pregnancy in women undergoing ovulation induction
for assisted reproductive treatments. Fertility and
Sterility, 1994, 62:815–822.

283. Ueno J et al. Ultrasonographic appearance of the
endometrium in natural and stimulated in-vitro
fertilization cycles and its correlation with outcome.
Human Reproduction, 1991, 6:901–904.

284. Glissant A, de Mouzon J, Frydman R. Ultrasound study
of the endometrium during in vitro  fertilization cycles.
Fertility and Sterility, 1985, 44:786–790.

285. Gonen Y, Casper RF. Prediction of implantation by
the sonographic appearance of the endometrium
during controlled ovarian stimulation for in vitro
fertilization (IVF). Journal of In Vitro Fertility and
Embryonic Transfer, 1990, 7:146–152.

286. Noyes N et al. Endometrial thickness appears to be a
significant factor in embryo implantation in in-vitro
fertilization. Human Reproduction, 1995, 10:919–
922.

287. Rinaldi L et al. Endometrial thickness as a predictor
of pregnancy after in-vitro fertilization but not after
intracytoplasmic sperm injection. Human Reproduc-
tion, 1996, 11:1538–1541.

288. Sher G et al. Assessment of the late proliferative phase
endometrium by ultrasonography in patients under-
going in-vitro fertilization and embryo transfer (IVF/
ET). Human Reproduction, 1991, 6:232–237.

289. Fanchin R et al. New look at endometrial echo-
genicity: objective computer-assisted measurements
predict endometrial receptivity in in vitro fertilization-
embryo transfer. Fertility and Sterility, 2000, 74:274–
281.

290. Schild RL et al. Quantitative assessment of subendo-
metrial blood flow by three-dimensional-ultrasound is
an important predictive factor of implantation in an
in-vitro fertilization programme. Human Reproduc-
tion, 2000, 15:89–94.

291. Khalifa E et al. Sonographic appearance of the
endometrium: the predictive value for the outcome of
in-vitro fertilization in stimulated cycles. Human
Reproduction, 1992, 7:677–680.

292. Cohen BM et al. Sonographic assessment of late
proliferative phase endometrium during ovulation
induction. Reproductive Medicine, 1992, 37:685–690.

293. Dickey RP et al.  Relationship of biochemical
pregnancy to pre-ovulatory endometrial thickness and
pattern in patients undergoing ovulation induction.
Human Reproduction, 1993, 8:327–330.

294. Oliveira JB et al. Endometrial ultrasonography as a

predictor of pregnancy in an in-vitro fertilization
programme. Human Reproduction, 1993, 8:1312–
1315.

295. Check JH et al. The effect of endometrial thickness
and echo pattern on in vitro  fertilization outcome in
donor oocyte-embryo transfer cycle. Fertility and
Sterility, 1993, 59:72–75.

296. Friedler S et al. The role of ultrasonography in the
evaluation of endometrial receptivity following assisted
reproductive treatments: a critical review. Human
Reproduction Update, 1996, 2:323–335.

297. Aytoz A et al. The predictive value of uterine artery
blood flow measurements for uterine receptivity in an
intracytoplasmic sperm injection program. Fertility
and Sterility, 1997, 68:935–937.

298. Bloechle M et al. Colour Doppler assessment of
ascendent uterine artery perfusion in an in-vitro
fert i l izat ion-embryo transfer  programme after
pituitary desensitization and ovarian stimulation with
human recombinant follicle stimulating hormone.
Human Reproduction, 1997, 12:1772–1777.

299. Schild RL et al. Three-dimensional endometrial volume
calculat ion and pregnancy rate  in  an in-vi t ro
fertilization programme. Human Reproduction, 1999,
14:1255–1258.

300. Yuval Y et al. The relationships between endometrial
thickness, and blood flow and pregnancy rates in in-
vitro fertilization. Human Reproduction ,  1999 ,
14:1067–1071.

301. Zaidi J et al. Endometrial thickness, morphology,
vascular penetration and velocimetry in predicting
implantation in an in vitro fertilization program.
Ultrasound in Obstetrics and Gynecology,  1995,
6:191–198.

302. Fanchin R et al. Hormonal influence on the uterine
contractility during ovarian stimulation. Human
Reproduction, 2000, 15:90–100.

303. Smitz J et al. Management of failed cycles in an IVF/
GIFT programme with the combination of a GnRH
analogue and HMG. Human Reproduction,  1987,
2:309–314.

304. Wildt L et al. Ovarian hyperstimulation for in-vitro
fertilization controlled by GnRH agonist administered
in combination with human menopausal gonado-
trophins. Human Reproduction, 1986, 1:15–19.

305. Akande AV et al. The choice of luteal support
following pituitary down regulation, controlled ovarian
hyperstimulation and in vitro fertilisation. British
Journal of Obstetrics and Gynaecology ,  1996 ,
103:963–966.

306. Tavaniotou A et al. Comparison between different
routes of progesterone administration as luteal phase
support in infertility treatments. Human Reproduction
Update, 2000, 6:139–148.

307. Pellicer A et al. Lower implantation rates in high
responders: evidence for an altered endocrine milieu
during the preimplantation period. Fertility and
Sterility, 1996, 65:1190–1195.



Embryo culture, assessment, selection and transfer 207

308. Valbuena D et al. Ovarian stimulation and endometrial
receptivity. Human Reproduction, 1999, 14:107–111.

309. Simon C et al. Clinical evidence for a detrimental
effect on uterine receptivity of high serum oestradiol
concentrations in high and normal responder patients.
Human Reproduction, 1995, 10:2432–2437.

310. Fauser BC, Donderwinkel P, Schoot DC. The step-down
principle in gonadotrophin treatment and the role of
GnRH analogues. Bailliere’s Best Practice and Research
in Clinical Obstetrics and Gynaecology , 1993, 7:309–
330.

311. de Jong D, Macklon NS, Fauser BC. A pilot study
involving minimal ovarian stimulation for in vitro
fertilization: extending the “follicle-stimulating
hormone window” combined with the gonadotropin-
releasing hormone antagonist cetrorelix. Fertility and
Sterility,  2000, 73:1051–1054.

312. Albano C et al. The luteal phase of nonsupplemented
cycles after ovarian superovulation with human
menopausal gonadotropin and the gonadotropin-
releasing hormone antagonist cetrorelix. Fertility and
Sterility, 1998, 70:357–359.

313. Wechsler B, Huong Du LT, Piette JC. Is there a role
for antithrombotic therapy in the prevention of
pregnancy loss? Haemostasis,  1999, 29:112–120.

314. Kutteh WH. Antiphosphol ipid ant ibodies  and
reproduction. Journal of Reproductive Immunology,
1997, 35:151–171.

315. Pregnancy-related death associated with heparin and
aspirin treatment for infertility, 1996. Morbidity and
Mortality Weekly Report.  CDC Surveillance
Summaries: MMWR , 1998, 47:368–371.

316. Moore DE et al. Bacteria in the transfer catheter tip
influence the live-birth rate after in vitro  fertilization.
Fertility and Sterility, 2000, 74:1118–1124.

317. Ralph SG, Rutherford AJ, Wilson JD. Influence of
bacterial vaginosis on conception and miscarriage in
the first trimester: cohort study. British Medical
Journal, 1999, 319:220–223.

318. Gaudoin M et al. Bacterial  vaginosis and past
chlamydial infection are strongly and independently
associated with tubal infertility but do not affect in
vitro fertilization success rates. Fertility and Sterility,
1999, 72:730–732.

319. Liversedge NH et al. The influence of bacterial
vaginosis on in-vitro ferti l ization and embryo
implantation during assisted reproduction treatment.
Human Reproduction, 1999, 14:2411–2415.

320. Liversedge NH et al. Antibiotic treatment based on
seminal cultures from asymptomatic male partners in
in-vitro fertilization is unnecessary and may be
detrimental. Human Reproduction, 1996, 11:1227–
1231.

321. Westergaard HB et al. Danish National In-Vitro
Fertilization Registry 1994 and 1995: a controlled
study of births, malformations and cytogenetic
findings. Human Reproduction, 1999, 14:1896–1902.

322. Reubinoff BE et al. Is the obstetric outcome of in vitro

fertilized singleton gestations different from natural
ones? A controlled study. Fertility and Sterility, 1997,
67:1077–1083.

323. Bergh T et al. Deliveries and children born after in-
vitro fertilisation in Sweden 1982–95: a retrospective
cohort study. Lancet, 1999, 354:1579–1585.

324. de Mouzon J, Lancaster P. World collaborative report
on in vitro fertilization preliminary data for 1995.
Journal of Assisted Reproduction and Genetics, 1997,
14:S251–S265.

325. Hazekamp J et al. Avoiding multiple pregnancies in
ART: consideration of new strategies. Human
Reproduction, 2000, 15:1217–1219.

326. Olivennes F. Avoiding multiple pregnancies in ART.
Double trouble: yes a twin pregnancy is an adverse
outcome. Human Reproduction, 2000, 15:1663–1665.

327. Births in Great Britain resulting from assisted
conception, 1978–87. MRC working party on children
conceived by in vitro fertilisation. British Medical
Journal, 1990, 300:1229–1233.

328. Pregnancies and births result ing from in vitro
fertilization: French national registry, analysis of data
1986 to 1990. FIVNAT (French In vitro  National).
Fertility and Sterility, 1995, 64:746–756.

329. Rufat P et al. Task force report on the outcome of
pregnancies and children conceived by in vitro
fertilization (France: 1987 to 1989). Fertility and
Sterility, 1994, 61:324–330.

330. Hurst T, Shafir E, Lancaster P. Assisted conception
Australia and New Zealand 1997. Report No. Assisted
Conception Series No. 4. Sydney: Australian Institute
of Health and Welfare National Perinatal Statistics
Unit; 1999.

331. Wennerholm UB et al. Pregnancy complications and
short-term follow-up of infants born after in vitro
fertilization and embryo transfer (IVF/ET). Acta
Obstetricia et Gynecologica Scandinavica,  1991,
70:565–573.

332. Gissler M et al. In-vitro fertilization pregnancies and
perinatal health in Finland 1991–1993. Human
Reproduction, 1995, 10:1856–1861.

333. Behboodi E et al. Birth of large calves that developed
from in vitro derived bovine embryos. Theriogenology,
1995, 44:227–232.

334. Walker SK, Heard TM, Seamark RF. In vitro culture
of sheep embryos without co-culture: success and
perspectives. Theriogenology, 1992, 37:111–126.

335. Menezo YJ et al. Birth weight and sex ratio after
transfer at the blastocyst stage in humans. Fertility and
Sterility, 1999, 72:221–224.

336. Kausche A et al. Sex ratio and birth weights of infants
born as a result of blastocyst transfers compared to
early cleavage stage embryo transfers. Fertility and
Sterility, 2001, 76:688–693.

337. Friedler S, Mashiach S, Laufer N. Births in Israel
resulting from in-vitro fertilization/embryo transfer,
1982–1989: National Registry of the Israeli Associa-
tion for Fertility Research. Human Reproduction,



208 GAYLE M. JONES et al.

1992, 7:1159–1163.
338. Lancaster PA. Congenital malformations after in-vitro

fertilisation. Lancet, 1987, 2:1392–1393.
339. Assisted reproductive technology in the United States:

1997 results generated from the American Society for
reproductive medicine/society for assisted reproductive
technology registry. Fertility and Sterility,  2000 ,
74:641–653.

340. White L, Giri N, Vowels MR, Lancaster PA. Neuro-
ectodermal tumours in children born after assisted
conception. Lancet, 1990, 336:1577.

341. Gibson FL et al.  Development ,  behaviour  and
temperament: a prospective study of infants conceived
through in-vitro fertilization. Human Reproduction,
1998, 13:1727–1732.

342. Brandes JM et al. Growth and development of children
conceived by in vitro fertilization. Pediatrics, 1992,
90:424–429.

343. Saunders K et al. Growth and physical outcome of
children conceived by in vitro fertilization. Pediatrics,
1996, 97:688–692.

344. Cederblad M et al. Intelligence and behaviour in
children born after in-vitro fertilization treatment.
Human Reproduction, 1996, 11:2052–2057.

345. Tarin JJ et al. Sex selection may be inadvertently
performed in in-vitro fertilization-embryo transfer
programmes. Human Reproduction, 1995, 10:2992–
2998.

346. Menezo YJ, Veiga A, Pouly JL. Assisted reproductive
technology (ART) in humans: facts and uncertainties.
Theriogenology, 2000, 53:599–610.

347. Tasdemir M et al. Two instead of three embryo transfer
in in-vitro fertilization. Human Reproduction, 1995,
10:2155–2158.

348. Toledo AA et al. Blastocyst transfer: a useful tool for
reduction of high-order multiple gestations in a human
assisted reproduction program. American Journal of
Obstetrics and Gynecology, 2000, 183:377–379.

349. Ludwig M et al. Experience with the elective transfer
of two embryos under the conditions of the German
embryo protection law: results of a retrospective data
analysis of 2573 transfer cycles. Human Reproduc-
tion, 2000, 15:319–324.

350. Hu Y et al. Maximizing pregnancy rates and limiting
higher-order multiple conceptions by determining the
optimal number of embryos to transfer based on
quality. Fertility and Sterility, 1998, 69:650–657.

351. Matson PL et al. The transfer of two embryos instead
of three to reduce the risk of multiple pregnancy: a
retrospective analysis. Journal of Assisted Reproduc-
tion and Genetics, 1999, 16:1–5.

352. Devreker F et al. Comparison of two elective transfer
policies of two embryos to reduce multiple pregnancies
without impairing pregnancy rates. Human Reproduc-
tion, 1999, 14:83–89.

353. Staessen C et al. One year’s experience with elective
transfer of two good quality embryos in the human
in-vitro fertilization and intracytoplasmic sperm

injection programmes. Human Reproduction, 1995,
10:3305–3312.

354. Nijs M et al. Prevention of multiple pregnancies in
an in vitro fertilization program. Fertility and Sterility,
1993, 59:1245–1250.

355. Vauthier-Brouzes D et al. How many embryos should
be transferred in in vitro fertilization? A prospective
randomized study. Fertility and Sterility, 1994, 62:339–
342.

356. Templeton A, Morris JK. Reducing the risk of multiple
births by transfer of two embryos after in vitro
fertilization. New England Journal of Medicine, 1998,
339:573–577.

357. Strandell A, Bergh C, Lundin K. Selection of patients
suitable for one-embryo transfer may reduce the rate
of multiple births by half without impairment of
overall birth rates. Human Reproduction ,  2000 ,
15:2520–2525.

358. Vilska S et al. Elective transfer of one embryo results
in an acceptable pregnancy rate and eliminates the risk
of multiple birth. Human Reproduction ,  1999 ,
14:2392–2395.

359. Edwards RG, Mettler L, Walters DE. Identical twins
and in vitro fertilization. Journal of In Vitro Fertility
and Embryonic Transfer, 1986, 3:114–117.

360. Wenstrom KD et al. Increased risk of monochorionic
twinning associated with assisted reproduction. Fertility
and Sterility, 1993, 60:510–514.

361. Slotnick RN, Ortega JE. Monoamniotic twinning and
zona manipulation: a survey of U.S. IVF centers
correlating zona manipulation procedures and high-risk
twinning frequency. Journal of Assisted Reproduction
and Genetics, 1996, 13:381–385.

362. Hershlag A et al. Monozygotic twinning associated with
mechanical assisted hatching. Fertility and Sterility,
1999, 71:144–146.

363. Schieve LA et al. Does assisted hatching pose a risk
for monozygotic twinning in pregnancies conceived
through in vitro fertilization? Fertility and Sterility,
2000, 74:288–294.

364. Alikani M et al. Monozygotic twinning in the human
is associated with the zona pellucida architecture.
Human Reproduction, 1994, 9:1318–1321.

365. Sills ES et al. Human zona pellucida micromanipulation
and monozygotic twinning frequency after IVF. Human
Reproduction, 2000, 15:890–895.

366. Rijnders PM, Van Os HC, Jansen CAM. Increased
incidence of monozygotic twinning following the
transfer of blastocysts in human IVF/ICSI. Fertility and
Sterility, 1998, 70:S15–S16.

367. Peramo B et al. Blastocyst transfer and monozygotic
twinning. Fertility and Sterility, 1999, 72:1116–1117.

368. Derom C et al. Increased monozygotic twinning rate
after ovulation induction. Lancet, 1987, 1:1236–1238.

369. Meintjes M et al. Increased incidence of monozygotic
twinning when transferring blastocysts: laboratory or
clinical. Fertilility and Sterility, 2000, 74:S74.

370. Cohen J et al. Implantation enhancement by selective



Embryo culture, assessment, selection and transfer 209

assisted hatching using zona drilling of human embryos
with poor prognosis. Human Reproduction, 1992,
7:685–691.

371. Cohen J et al. Impairment of the hatching process
following IVF in the human and improvement of
implantation by assisting hatching using micro-
manipulation. Human Reproduction, 1990, 5:7–13.

372. IVF and GIFT pregnancies Australia and New Zealand
1988. Sydney, National Perinatal Statistics Unit and
Fertility Society of Australia, 1990.

373. Assisted conception Australia and New Zealand 1989.
Sydney, Austalian Institute of Health and Welfare
National Perinatal Statistics Unit, 1991.

374. Assisted conception Australia and New Zealand 1990.
Sydney, Australian Institute of Health and Welfare
National Perinatal Statisitics Unit, 1992.

375. Assisted conception Australia and New Zealand 1991.
Sydney, Australian Institute of Health and Welfare
National Perinatal Statistics Unit, 1993.

376. Lancaster P, Shafir E, Huang J. Assisted conception
Australia and New Zealand 1992 and 1993. Report
No. Assisted Conception Series No 1. Sydney,
Australian Institue of Health and Welfare National
Perinatal Statistics Unit, 1995.

377. Lancaster P et al. Assisted conception Australia and
New Zealand 1994 and 1995. Report No. Assisted
Conception Series No. 2. Sydney, Australian Institute
of Health and Welfare National Perinatal Statistics
Unit, 1997.

378. Hurst T, Shafir E, Lancaster P. Assisted conception
Australia and New Zealand 1996. Report No. Assisted
Conception Series No. 3. Sydney, Australian Institute
of Health and Welfare National Perinatal Statistics
Unit, 1997.

379. Medical Research International, Society for Assisted
Reproductive Technology, American Fertility Society.
In vitro fertilization-embryo transfer in the United
States: 1988 results from the IVF-ET Registry.
Fertility and Sterility, 1990, 53:13–20.

380. Medical Research International, Society for Assisted

Reproductive Technology, The American Fertility
Society. In vitro fertilization-embryo transfer (IVF-
ET) in the United States: 1989 results from the IVF-
ET Registry. Fertility and Sterility, 1991, 55:14–22.

381. Medical Research International, Society for Assisted
Reproductive Technology (SART), The American
Fertility Society. In vitro fertilization-embryo transfer
(IVF-ET) in the United States: 1990 results from the
IVF-ET Registry. Fertility and Sterility, 1992, 57:15–
24.

382. Assisted reproductive technology in the United States
and Canada: 1991 results from the Society for Assisted
Reproduct ive Technology generated from the
American Fertility Society Registry. Fertility and
Sterility, 1993, 59:956–962.

383. Assisted reproductive technology in the United States
and Canada: 1992 results generated from the American
Fertility Society/Society for Assisted Reproductive
Technology Registry. Fertility and Sterility, 1994,
62:1121–1128.

384. Assisted reproductive technology in the United States
and Canada: 1993 results generated from the American
Society for Reproductive Medicine/Society for Assisted
Reproductive Technology Registry. Fertility and
Sterility,1995, 64:13–21.

385. Assisted reproductive technology in the United States
and Canada: 1994 results generated from the American
Society for Reproductive Medicine/Society for Assisted
Reproductive Technology Registry. Fertility and
Sterility, 1996, 66:697–705.

386. Assisted reproductive technology in the United States
and Canada: 1995 results generated from the American
Society for Reproductive Medicine/Society for Assisted
Reproductive Technology Registry. Fertility and
Sterility, 1998, 69:389–398.

387. Assisted reproductive technology in the United States:
1996 results generated from the American Society for
Reproductive Medicine/Society for Assisted Reproduc-
tive Technology Registry. Fertility and Sterility,1999,
71:798–807.


