Yazdani et al.
Reproductive Biology and Endocrinology (2024) 22:55
https://doi.org/10.1186/512958-024-01217-7

Reproductive Biology
and Endocrinology

Effect of cytoplasmic fragmentation

®

Check for
updates

on embryo development, quality,
and pregnancy outcome: a systematic review

of the literature

Ariella Yazdani'?, Iman Halvaei?, Catherine Boniface' and Navid Esfandiari'#"

Abstract

embryos, implantation, and pregnancy outcome.

The role of cytoplasmic fragmentation in human embryo development and reproductive potential is widely rec-
ognized, albeit without standard definition nor agreed upon implication. While fragmentation is best understood

to be a natural process across species, the origin of fragmentation remains incompletely understood and likely
multifactorial. Several factors including embryo culture condition, gamete quality, aneuploidy, and abnormal cytoki-
nesis seem to have important role in the etiology of cytoplasmic fragmentation. Fragmentation reduces the volume
of cytoplasm and depletes embryo of essential organelles and regulatory proteins, compromising the developmental
potential of the embryo. While it has been shown that degree of fragmentation and embryo implantation potential
are inversely proportional, the degree, pattern, and distribution of fragmentation as it relates to pregnancy outcome
is debated in the literature. This review highlights some of the challenges in analysis of fragmentation, while reveal-
ing trends in our evolving knowledge of how fragmentation may relate to functional development of the human
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Introduction

Human preimplantation embryo scoring systems have
been widely used to predict blastocyst development and
implantation rate after in-vitro fertilization (IVF). The
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grading of embryos on day-2 and -3 after fertilization is
largely subjective and interpretation varies across IVF
laboratories, as it is commonly based on morphologi-
cal appearance. Characteristics in early embryo grading
schema include the amount of cytoplasmic fragmenta-
tion (CF) during early cleavage, speed of cellular division,
number, size, and symmetry of cells (blastomeres). As
defined by the Istanbul consensus workshop on embryo
assessment, a fragment is “an extracellular membrane-
bound cytoplasmic structure that is < 45 pum diame-
ter in a day-2 embryo and < 40 um diameter in a day-3
embryo” [1]. There are several different systems to evalu-
ate embryo morphology including Hill’s scoring system
[2] Cummins’ grading system [3] ASEBIR grading system
[1], the UK/ACE grading scheme [4]; each system has its
own classification for degree of fragmentation as well as
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embryo grade. This heterogeneity further complicates
analysis of fragmentation in relation to outcomes.

CF has been shown to occur early in embryonic divi-
sion and is a common phenomenon seen in embryos cul-
tured in vitro. CF has traditionally been used as a metric
of embryo implantation potential [3, 5-7]. The amount
and pattern of fragments are analyzed in early develop-
ment, incorporated into the embryo grade depending on
grading system, and used to help select the most devel-
opmentally competent embryo to be transferred dur-
ing an IVF cycle. This classification system is important
as a proportion of embryos within a single cohort will
not successfully develop to the blastocyst stage in vitro.
Although there are various contributing factors to an
embryo’s developmental capacity and viability, it is largely
agreed upon that fragmentation plays an important role.
It seems that the etiology of embryo fragmentation is
not fully understood but it may be related to several fac-
tors like gamete quality, culture condition, and genetic
abnormalities in the embryo [8]. It is difficult to directly
compare and quantify relative degrees of fragmentation
across studies. However, it has been repeatedly shown
that the extent of fragmentation and implantation poten-
tial are inversely proportional [5, 7, 9-21]. While a low
degree of fragmentation does not seem to significantly
impact embryo viability, severe fragmentation does [7, 22,
23]. Alongside the cell to cytoplasmic ratio, the pattern
and distribution of fragmentation influence the develop-
mental quality of the embryo [7, 24]. There are two main
patterns of embryo cytoplasmic fragments: scattered and
concentrated. The former is characterized by fragment
contact within several blastomeres and is related to aneu-
ploidy [25]. Time-lapse studies have shown that fragmen-
tation is thought to be a dynamic process, where some
fragments can be expelled or reintroduced into the cells
as the embryo continues to divide [25, 26]. Fragments
can also easily move or rotate around the associated blas-
tomere and change their position in the embryo [27].

Current grading systems used to evaluate cleavage-
stage embryos are largely based on day-2 or -3 morphol-
ogy. This can be problematic, as developmental growth
of an embryo is variable and the grade of a developing
embryo at one point in time is not guaranteed to persist.
For example, studies have suggested that embryo selec-
tion on day-2 or -3 based on morphological grade can be
unreliable and lead to negative pregnancy outcomes [28—
30]. Accordingly, new parameters for predicting implan-
tation success have been proposed including extended
embryo culture to the blastocyst stage to day-5, -6 or -7
[31]. Delaying embryo transfer to the blastocyst stage is
advantageous as it can limit the number of unsuccessful
embryo transfers and biochemical pregnancies or clinical
pregnancy losses in IVE. While there are multiple reports
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on the impact of cleavage-stage embryo quality on blas-
tocyst formation and blastocyst quality [32, 33], few have
specifically looked at the degree of fragmentation as a
predictive variable.

In this systematic review, we comprehensively reviewed
the available literature on the origin and characteristics
of CF, factors affecting CF, and the effect of CF and frag-
ment removal on embryo development and pregnancy
rate.

Materials and methods

A search was conducted on October 10, 2023, using
PubMed and Google Scholar databases in accord-
ance with Preferred Reporting Items for System-
atic Reviews and Meta-Analysis guidelines [34]. In
PubMed, the search terms “embryo*[tw] OR cleav-
age stage [tw] OR "Embryonic Structures'[Mesh]
OR "Embryonic Development'[Mesh] OR "Embryo,
Mammalian"[Mesh] OR "Cleavage Stage, Ovum"[Mesh]”
AND “cytoplasm*[tw] AND fragment*[tw] AND
“(Blastocyst*[tw] OR "Blastocyst"[Mesh]) AND (form*
OR develop* OR quality*)” were used. A title search in
Google Scholar using search terms as above and “embryo
cytoplasm fragmentation’, “blastocyst quality’, “blasto-
cyst development” was performed. Only full-text publi-
cations in English were included. Full-text articles which
did not have any mention of cytoplasmic or embryo frag-
mentation were excluded, however articles which men-
tioned both DNA fragmentation and CF were included.
Since most of the studies discussing CF also discussed
other morphologic features of the embryo, studies that
mention embryo morphology, grade or quality were also
included. Articles that looked at non-human embryo
fragmentation, case reports, case series, book chapters
and review papers were excluded. Titles and abstracts
were screened, and study quality and bias were assessed.
The primary outcomes of interest were embryo quality,
blastocyst formation, and pregnancy outcome.

Results

Figure 1 provides details of study screening and inclusion.
There were 206 studies screened between the two search
engines PubMed (n=106) and Google Scholar (n=100).
There were 18 duplicates giving a total of 188 articles.
Due to the small number of studies from the search cri-
teria, no filter of time was placed. After removal of non-
full text articles, articles that used non-human embryos,
and articles not relevant to the topic, 20 articles were
eligible for inclusion. Forty relevant references from the
articles were also extracted, reviewed, and included in
this review. These additional articles were reviewed with
the same inclusion and exclusion criteria as mentioned
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Fig. 1 Article Identification and Screening

above. A total of 60 articles were included in the qualita-
tive synthesis of this review.

Origin and etiology of CF

The etiology of CF is not completely understood. There
are several proposed theories as to why embryos display
variable degrees of fragmentation. Fragmentation has
been shown to be a natural, unpredictable process both
in vitro and in vivo and is documented in various spe-
cies [35, 36]. This suggests that embryo fragmentation is
neither species-specific nor solely a byproduct of in vitro
culture. Assisted reproductive technology (ART) and IVF
techniques, such as time-lapse microscopy (TLM) and
transmission electron microscopic (TEM) analyses, have
recently allowed for further understanding of embryo
developmental potential and fragmentation (Figs. 2 and
3). Seven of the included studies in this review propose
potential hypotheses as to the origin of CF (Table 1).
Three of the articles evaluated gamete quality as related
to fragmentation in a developing embryo [37-39].

An early study showed that sperm DNA oxidation has
been associated with embryo development and quality,
and therefore linked to CF [37]. Nucleolar asynchrony
in the zygote from sperm DNA fragmentation has previ-
ously been shown to predict future low-quality blastocyst
development. A positive correlation has also been found
between the percentage of sperm OxiDNA-stained cells
with embryo fragmentation on day-2 and -3 of develop-
ment. Sperm DNA oxidation may therefore be associated

with fragmented, nonviable, poor-quality embryos [37].
A recent study also showed the negative correlation
between sperm DNA fragmentation and blastomere
DNA fragmentation and blastulation rate [40]. Further
studies are needed to confirm the impact of sperm DNA
oxidation on embryo fragmentation.

An observational study documented the degree of frag-
mentation of human embryos as they progressed through
mitotic cell cycles [38]. In this study, the authors ana-
lyzed nearly 2,000 oocytes and 372 embryos, and found
that increased embryo fragmentation (>50%) was associ-
ated with a specific pattern of development: delayed first
division (oocyte spindle detected at 36.2 hours after hCG
injection vs. 35.5 hours in low fragmentation), a signifi-
cantly earlier start of the second mitosis (8.9 hours vs.
10.8 hours after the first mitosis), and a significant delay
of the third mitosis after the second mitosis (2.2. hours
vs. 0.6 hours). The authors did not comment on whether
fragmentation could be a result of the cell dividing before
proper chromosome alignment, or if existing aneuploidy
resulted in erroneous cleavage patterns [38].

Polar body (PB) fragmentation has also been investi-
gated in relation to cytoplasmic fragmentation. Ebner
et al,, in a prospective study analyzed the relationship
between a fragmented first PB and embryo quality in
patients undergoing ICSI. Two groups of oocytes were
analyzed according to PB fragmentation: intact first PBs
and those with fragmented PBs. Forty-two hours after
ICSI, embryo morphology (i.e., number of blastomeres
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Fig. 2 Human cleavage stage embryos a) Day-2 embryo at 4-cell stage with no fragmentation, b) fragmented Day-2 embryo, ¢) Day-3 embryo
at 8-cell stage with no fragmentation, d) fragmented Day-3 embryo, e) Day-5 cavitating Morula with no fragmentation, f) fragmented Day-5
cavitating Morula

4

Fig. 3 Ultrastructure and organelle microtopography of an embryo fragment by transmission electron microscopy. Ly: primary lysosome, M:
mitochondrion, rM: remnant of regressing mitochondrion, MV: mitochondria-vesicle complex, V: vesicle; scale bar: 1 uM
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and degree of fragmentation) was recorded. Overall, a
significantly higher percentage of cytoplasmic fragmen-
tation was seen in day-2 embryos that originated from
oocytes with fragmented first PBs than those with intact
PBs (P < 0.05). This study further supports the con-
cept that oocyte quality contributes to overall embryo
fragmentation and provides evidence that preselection
of oocytes may contribute to the prognosis of embryo
quality and blastocyst development [39]. The role of
PB fragmentation on embryo quality was confirmed
in other studies [41, 42], however, a recent study has
not recommended considering PB status as a tool for
embryo selection [43].

Beyond analysis of gamete quality, other studies have
shown a biochemical relationship between embryo
competence and fragmentation. One study showed that
disturbances in E-cadherin, a cell adhesion protein that
plays a critical role in morphogenesis, occur in embryos
with cleavage abnormalities and extensive cytoplasmic
fragmentation, suggesting a possible mechanism to the
loss of embryonic viability [44]. Further, by using mito-
chondrial fluorescence techniques, Van Blerkom et al,
found that mitochondrial distribution at the pronuclear
stage may be an epigenetic factor related to the organiza-
tion of the embryo and further embryonic development
[45]. Blastomeres that were deficient in mitochondria
and thus ATP at the first or second cell division remained
undivided and often died during subsequent culture.
Although this study examined morphologically normal
(unfragmented) cleavage-stage embryos, it may sup-
port the idea that perinuclear mitochondrial distribution
and microtubular organization influence developmen-
tal capacity of early cleavage-stage embryos [45]. Higher
numbers of mitochondria reported in fragmented com-
pared to the normal blastomeres show the rapid deple-
tion of ATP in the fragmented embryos [21]. There
have also been reports of increased gene transcription
of mitochondrial factors like OXPHOS complexes, ATP
synthase, and mtDNA content in highly fragmented
embryos compared to controls [46]. Mitochondrial activ-
ity is lower and more centralized in fragmented embryos
compared to good quality embryos on day-3 [47]. Mito-
chondria are the main source of ATP for embryo mito-
sis, and their proper function is essential for embryo
development. More research is needed to elucidate the
morphology and role of mitochondria in embryo devel-
opment, especially in relation to fragmentation.

A subsequent study by Van Blerkom et al., analyzed
the temporal and spatial aspects of fragmentation
through TLM and TEM analyses from the pronuclear
to the 10-12-cell stage. Through TLM, the authors visu-
alized the non-discrete, dynamic nature of fragments
and noted that many were “bleb-elaborations” of the
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plasma membrane and cytoplasm. They characterized
two patterns of fragmentation: definitive and pseudo-
fragmentation. Definitive fragmentation was described
as fragments detached from a blastomere, and pseudo-
fragmentation was assigned when the fragments were
no longer detectable during subsequent development.
Often one developing embryo would show both fragmen-
tation patterns at different stages of development, sug-
gesting that these patterns may have different etiologies
and effects on embryo development competence [47].
Hardarson et al., similarly used TLM to document that
fragments are dynamic and can be internalized through-
out cleavage during culture periods. The contents of the
fragments were noted to be internalized and released
into the cytoplasm of the blastomere and seen on multi-
ple time-lapse photographs as a cytoplasmic turbulence.
This is the first reported evidence that cellular fragments
can “disappear” during the culture period in human IVF
[26]. It seems that in mild to moderate CF, the timing of
embryo evaluation and grading can affect the reported
percent of fragmentation.

Lastly, we have included a preliminary study performed
by Sermondade et al., that suggests a specific subgroup
of patients who have had repeated IVF failures (presum-
ably due to a recurring high rate of fragmented embryos)
may benefit from early intrauterine embryo transfer at
the zygote stage (2PN) [48]. Data showed a delivery rate
per oocyte retrieval of 18.9%, which was significantly
higher than the delivery rate of 7.5% in the matched con-
trol group. The results were encouraging and suggestive
of a safe, non-invasive rescue strategy for patients who
experience recurrent highly fragmented embryos and
failed IVF attempts. The data further suggests that fer-
tilized oocytes of this subgroup may have deficiencies
in certain maternal factors (i.e., stress-response factors)
that do not allow normal embryo development in culture
environments [48]. Another study was also confirmed
application of zygote transfer in patients with history
of low-quality embryos [49]. However, further studies
are required to verify the impact of this technique for
patients with history of fragmented embryos.

Apoptosis is another proposed etiology of fragmenta-
tion. Apoptosis may occur in blastomeres with defec-
tive cytoplasm or abnormal chromosomes, leading to
embryo fragmentation [50]. There are several studies
reporting apoptosis in both fragments and neighboring
blastomeres in a fragmented embryo [24, 50]. Chi et al.,
showed that fragments are associated with both apop-
tosis and necrosis [21]. One of the factors that appears
to induce apoptosis in blastomeres is suboptimal culture
conditions such as hypoxia [51]. In addition, there are
controversial reports on the role of reactive oxygen spe-
cies (ROS) in embryo fragmentation [52, 53]. It has been
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shown that ROS are present at high levels in the cul-
ture media of fragmented embryos [52, 54]. Chen et al,,
recently showed that embryo culture in 5% oxygen, from
days 1 to 3, is associated with higher embryo quality and
live birth rate compared to 20% oxygen [55]. The effects
of culture condition modifications, such as hypoxia and
ROS, on embryo fragmentation need to be clarified to
understand the importance of culture condition in this
process.

Membrane compartmentalization of DNA, abnormal
cytokinesis, and extra vesicular formation are other pro-
posed theories for embryo fragmentation [8]. Defects or
damages in mitochondria are associated with low ATP
and high ROS production leading to a compromised
cell division and cytokinesis [27]. In addition, there is a
correlation between embryo fragmentation and ploidy
status. Chavez et al., showed that CF was seen in a high
proportion of aneuploid embryos, and that meiotic and
mitotic errors may cause fragmentation in different cell
development stages. Meiotic errors were associated with
fragmentation at one-cell stage while mitotic errors were
associated with fragmentation at interphase or after first
cytokinesis [56]. Chromosomally abnormal embryos
often have severe fragmentation, which may be another
cause of CF [55, 57].

Overall, the precise cause of CF has yet to be clearly
defined. The above investigations have elucidated poten-
tial sources and associations of what is likely a complex
and multifactorial process and represent our current
understanding of CF origin.

What is contained in CF?

Four of the included studies used various technological
advances to study the contents of CF in human embryos
(Table 2). Two studies used TEM methods to evalu-
ate fragment ultrastructure (Fig. 3) [21, 58]. Fragments
were extracted from embryos with 10-50% fragmentation
and the ultrastructure evaluated by TEM. Micrographs
showed that the fragments had a distinct membrane con-
taining cytoplasmic organelles including mitochondria,
mitochondria-vesicle complexes, Golgi apparatus, pri-
mary lysosomes, and vacuoles. Mitochondria were the
most abundant structure.

In an additional evaluation of CF contents, Johansson
et al., analyzed DNA content of fragments to define a
cutoff diameter for an anucleate fragment or blastomere.
Findings showed that 98% of fragments <45 pm on day-2
and 97% of those <40 um on day-3 contained no DNA
and, if not reabsorbed into a blastomere, showed a loss
of cytoplasm. Presence of essential blastomere organelles
such as mitochondria, mRNA, and proteins within cyto-
plasmic fragments were related to embryo development
arrest [59]. Lastly, Chi et al., also used TEM to examine
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ultrastructure of the human fragmented embryos and
found that blastomeres with anucleate fragments con-
tained fewer mitochondria in their cytoplasm compared
to normal blastomeres [21].

Cell death and CF

Eight of the included studies analyzed the relation-
ship between cell death and embryo fragmentation
(Table 3). Five studies analyzed the status of chroma-
tin in arrested fragmented embryos through a com-
bined technique for simultaneous nuclear and terminal
transferase-mediated DNA end labelling (TUNEL)
[24, 60-63]. Two studies used a comet assay to analyze
DNA fragmentation [21, 63]. Four of the eight studies
used Annexin V staining [21, 61-63] with three includ-
ing the presence of propidium iodide (PI) to compare
apoptosis to necrosis [21, 61, 63].

Jurisicova et al., used a combined nuclear and frag-
mented DNA labeling approach which allowed distinc-
tion between chromatin status and DNA fragmentation,
which serve as markers of apoptosis versus necrosis
respectively [60]. After fertilization, embryos were
stained with 4,6-diamidino-2-phenylindole (DAPI). In
cases of compromised cell membrane integrity, DAPI
stain was observed in the cytoplasm as a sign of necrosis.
Concomitant use of TUNEL labeling reflected the integ-
rity of the DNA and allowed distinction between necrotic
and apoptotic cells. Through combined techniques of
DAPI/TUNEL, TEM, scanning electron microscopy
(SEM) and stereomicroscopic observations, 153 of 203
(75.4%) fragmented early cleavage-stage embryos dis-
played signs of apoptosis (i.e., chromatin condensation,
cellular shrinkage, DNA fragmentation, presence of cell
corpses) with or without normal nuclei [60].

Similarly, Levy et al., analyzed early arrested or frag-
mented preimplantation embryos and the pattern of
DNA fragmentation using TUNEL assay and the pres-
ence of phosphatidylserine through Fluorescein isothio-
cyanate (FITC)-labelled Annexin V, a phosphatidylserine
binding protein. The authors observed TUNEL stain-
ing in one or more nuclei of 15 out of 50 (30%) arrested
embryos from the 2-cell stage to uncompacted moru-
lae, all of which had high degrees of CF. Furthermore,
embryos with regular-sized blastomeres without frag-
mentation were all TUNEL negative [50].

A separate prospective study by Antczak et al,
explored the possible association between fragmen-
tation and apoptosis using PI and Annexin V staining
of plasma membrane phosphatidylserine and TUNEL
analysis of blastomere DNA [24]. In contradistinction
to prior studies, these authors found no direct correla-
tion between fragmentation and apoptosis. Virtually all
blastomeres that were PI negative, intact or fragmented,
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showed no TUNEL or annexin V fluorescence, suggest-
ing no signs of apoptosis [24].

Liu et al., used a similar methodology of TUNEL
labeling and Annexin V staining to detect markers of
apoptosis in fragmented human embryos derived from
IVE [61]. Overall, highly fragmented embryos had
apoptotic features including bright fluorescence (posi-
tive TUNEL labeling signifying DNA fragmentation) on
the cell corpses and in intact blastomeres [61]. By stain-
ing cells with both annexin V and PI, this study was
able to demonstrate that apoptosis occurs frequently
in fragmented human embryos and the coexistence of
apoptotic, necrotic and viable sibling blastomeres can
occur. Sibling blastomeres within an embryo often
showed apoptotic features that led to secondary necro-
sis while others did not initiate apoptosis. The authors
did not find a significant difference in the expression
frequency of apoptotic genes between viable and nonvi-
able or arrested embryos [61].

Chi et al, stained human embryos (n=10) with
annexin V and PI and found that human fragmented
embryos exhibited characteristics of both necrosis and
apoptosis [20]. Rather than TUNEL assay, these authors
used a modified sperm comet assay to investigate DNA
fragmentation of human fragmented embryos. They
found that 6/7 human fragmented embryos (85.1%)
stained positively for PI with the intensity of stain-
ing increasing with the degree of fragmentation. Of
note, DNA fragmentation was observed in fragmented
human embryos but not in the normal embryo [21].

Metcalfe et al., analyzed the expression of 11 BCL-2
family genes in normally developing embryos and in
severely fragmented embryos [64]. They found that
the expression of BCL-2 family genes was highest in
the pronuclear stage and eight-cell stages, and low-
est at the two-cell, four-cell, and blastocyst stages in
developmentally intact embryos. Furthermore, the
expression did not change in fragmented embryos,
suggesting that embryo fragmentation does not likely
compromise mRNA integrity and gene detection [64].
However, like Liu et al., [61] these authors did detect
far fewer pro-apoptotic BCL-2 genes in fragmented
embryos at the eight-cell stage. The authors noted that
these findings do not distinguish between iatrogenic
apoptosis from suboptimal in-vitro culture conditions
[64]. A separate study by Jurisicova et al. similarly ana-
lyzed gene expression at the 2-, 4- and 8-cell stage of
fragmented embryos. Embryos that had 30-50% frag-
mentation showed a significant increase in Hrk mRNA
levels, a BCL-2 protein encoding gene (P = 0.016).
Further, these authors found an increase in Caspase-3
mRNA in fragmented embryos, as well as induction of
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Caspase-3-like enzyme activity in nucleated fragments,
although this finding was not statistically significant
[65].

Van Blerkom et al., also used TUNEL assay in conjunc-
tion with the comet assay as a method of identifying the
specific pattern of cell death (necrosis, lysis or apoptosis)
and the extent of DNA damage in developing embryos
[47]. They analyzed the integrity of the plasma membrane
through annexin V staining with PI. They examined both
transient and persistent fragment clusters at day-3 and
3.5 embryos for evidence of programed cell death using
time-lapse video and TEM. In contrast to previous stud-
ies, they found no indication of nuclear DNA damage or
loss of membrane integrity. These results, led the authors
to hypothesize that the fragmentation observed was not
characteristic of programed cell death, but rather resem-
bled features of oncosis. The culture in this study was not
severely oxygen-deprived and thus the authors concluded
that this oncosis-like process was potentially a result of
disproportionate mitochondrial segregation during the
first cleavage division. Without sufficient mitochondria,
the early blastomeres did not maintain adequate ATP
for normal cell function which may have precipitated an
ATP-driven oncosis-like process [47].

Lastly, a study by Bencomo et al., found correlations
between the degree of apoptosis in human granulosa-
lutein (GL) cells, the outcome of IVE-ET cycle, the per-
centage of embryo fragmentation, and patient’s age [66].
Human GL cells were collected from follicular fluid,
cultured for 48 hours, and marked with caspACE FITC-
VAD-FMLK, a fluorescent marker for activated caspases.
Results showed that GL cells of older women (>38 years
old) were significantly more susceptible to apoptosis at
43.2 + 18.0% compared to the younger group (<38 years
old) with a mean percentage of apoptotic cells 33 +
17.2%. Women who had a positive pregnancy had a lower
level of apoptosis in GL cultures than those who did not
get pregnant (30.2 + 14% vs. 40.4 + 19.5%). There was a
positive correlation between embryo fragmentation and
GL cell apoptosis (r = 0.214). Overall, the level of apopto-
sis of cultured GL cells was correlated with IVF outcome
[66].

These studies demonstrate the diversity among tech-
niques to evaluate cell death in the developing embryo.
TUNEL labeling, sperm comet assay, annexin V stain-
ing or some combination of these techniques have been
described. Furthermore, there are discrepancies between
the stage at which apoptosis might occur, with majority
of studies cited here suggesting that cell death occurs in
early stages of development before blastocyst formation.
While some studies suggest that fragmented embryos
display signs of apoptosis, these findings are still disputed
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and the distinction between apoptosis and necrosis is not
clearly defined in the literature.

Patient age and CF

There are inconsistencies within the literature regarding
the relationship between maternal age and CF. A total
of six studies in this review focused on this relationship
(Table 4). Three of the studies found a positive correla-
tion between patient age and degree of embryo frag-
mentation [67-69]. The other three studies found no
age-related correlation between embryo fragmentation
or quality [7, 70, 71].

A retrospective study by Ziebe et al., compared the
relationship between age of women undergoing IVF
and the proportion of anucleate fragmentation in cleav-
age-stage embryos. Using a logistic regression analysis,
the authors compared the percentage of transfers using
fragmented embryos with age; the odds of fragmenta-
tion increased by 3% per year (OR 1.033 [95% CI 0.996,
1.071]). There was a linear relationship between age and
embryo fragmentation rate, with an increase in fragmen-
tation of 0.76% per year (95% CI -0.09%, 1.61%) [68].

Keltz et al., assessed various predictors of embryo frag-
mentation in IVF and found that increased maternal age
and lower number of oocytes and embryos were associ-
ated with increased embryo fragmentation. There was a
significant difference between cycles with fragmented
embryos (n=74) at a mean age of 36.9 + 4.24 years as
compared to cycles with no fragmented embryos (1=234)
at a mean age of 35.4 + 4.74 years. Overall, this retro-
spective analysis of fresh IVF cycles found that embryo
fragmentation is indeed associated with older age and
ultimately poor cycle outcome [67].

Contrary to these findings, an early study by Alikani
et al., showed no relationship between maternal age and
CF [7]. In a retrospective analysis of degree and pattern
of embryo fragmentation on days 2 and 3, they defined
five patterns of fragmentation. Both the degree and pat-
tern of fragmentation impacted pregnancy and implanta-
tion rate, but the authors found no correlation between
appearance of any CF pattern and maternal age. The
average maternal age in their population was 35.7 + 4.25
years [7]. Another study by Stensen et al., analyzed the
effect of chronological age on oocyte quality (assessed
by maturity) and embryo quality (assessed by cleav-
age-stage, blastomere size and embryo fragmentation).
Women were divided into five age groups: <25, 26-30,
31-35, 36—40 and >41 years. The embryo morphologi-
cal score was based on fragmentation and blastomere
size with score of 0-4 where score of 4 being equally sized
blastomeres and no fragmentation and score of 0 being
cleavage arrest or morphologically abnormal embryo.
The mean oocyte score and embryo morphology score
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were not found to be significantly different across the
age groups [70]. Wu et al., also showed that age does not
influence embryo fragmentation. Patient ages ranged
from 20 to 44 years with a mean age of 30.6 + 4.6 years
and were divided into age groups of <29, 30-34, 35-37,
38-40, and >41 years of age. Analysis of embryos with
similar degrees of fragmentation was used to assess
whether maternal age was associated with embryo frag-
mentation and blastocyst development. There was no
correlation between age and embryo fragmentation as
a continuous variable (r = 0.02; P = 0.25) nor was there
a correlation when age was divided into the groups (P =
0.2). They also found that neither age (r = -0.08; P=0.16)
nor degree of fragmentation (r = -0.01; P = 0.81) had a
significant impact on blastocyst development [71].

Recently, a retrospective time-lapse study evaluated
the implantation rate of 379 fragmented embryos. The
results showed that there was an association between
advanced maternal age and fragmentation. Fragmenta-
tion rate was higher in patients >35 compared to patients
<35 years old. It seems that the lower quality of oocytes
in older patients results in increasing fragmentation [69].
Overall, the included studies have differing conclusions
on the effect of maternal age and CF; varying definitions
and analysis of CF remain a limitation.

IVF vs ICSI procedures and CF

Five of the included studies compared embryo quality
between conventional IVF and intracytoplasmic sperm
injection (ICSI) procedures (Table 5). Two of these stud-
ies found that ICSI was associated with impaired embryo
morphology compared to IVF [72, 73], while the other
three showed no difference in embryo quality between
the two fertilization modalities [74-76]. There were no
studies within our search that identified embryos created
by ICSI having greater morphology grade, or less embryo
fragmentation, than IVE.

Frattarelli et al., directly examined the effect of ICSI on
embryo fragmentation and implantation rate compared
to IVE. There was a significant difference in mean embryo
grade between IVF and ICSI. IVF patients had signifi-
cantly more grade I, or non-fragmented, embryos com-
pared to the ICSI group (P < 0.01). However, there was
no significant difference in mean number of embryos per
embryo grade II - IV [72].

Similarly, Hsu et al., compared embryo quality, mor-
phology, and cleavage after ICSI with standard IVF
patients. They defined the grading system from 1 - 5,
ranging from no fragments (grade 1) to severe or com-
plete fragmentation (grade 5). They found that for
the overall population, when comparing ICSI and IVF
patients after matching for age and number of embryos
transferred, the number of embryos with good
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morphology was significantly greater in the IVF group
compared to ICSI (P < 0.006). The average morphology
scores, similar to the results of Frattarelli et al., were
significantly different between the ICSI group and the
IVF group. They also found IVF patients’ embryos to
have significantly better cleavage rate than those from
ICSI patients (P < 0.001) [73].

Garello et al., evaluated if fertilization via ICSI
influences pronuclear orientation, PB placement, and
embryo quality when compared to IVE. Embryos were
assessed using morphology, and grouped as good
(grades 1-2), average (grades 3-4), or poor (grades 5-6).
Embryos were also assessed for cleavage regularity and
proportion of fragmentation (0, <20%, 20—-50%, >50%).
There was no statistically significant difference in
mean morphology (good, average, poor) between the
groups, although they did note an apparent increase in
grade 4 versus grade 3 embryos after ICSI procedure.
The two groups had similar proportions of fragmenta-
tion [74].

Two other studies took a unique approach in com-
paring embryo quality in ICSI and IVF patients by
using randomized sibling oocytes [75, 76]. Yoeli et al,,
studied oocytes retrieved from patients with a less
than 40% fertilization rate in a previous standard IVF
cycle and divided these oocytes into a conventional
insemination group and an ICSI group. Each group
had over 1400 oocytes. Overall, there was no signifi-
cant difference between the IVF and ICSI groups in
terms of cleavage rate or rate of high-quality embryos
(both Grade A embryos with <10% fragmentation and
embryos with <20% fragmentation) [75]. Ruiz et al,,
also analyzed sibling oocytes in patients who had
failed intrauterine insemination attempts. The authors
similarly found no significant difference in fertilization
rates and degree of fragmentation between ICSI and
standard IVF groups [76]. Most studies included in
the search criteria showed that ART techniques such
as ICSI do not significantly impact fragmentation rate
in developing embryos, suggesting that ICSI is not a
significant contributor to poorer outcomes by way of
embryo fragmentation. Of note, the timing of cumu-
lus cell denudation after conventional IVF is a matter
of debate; none of the included studies in this review
performed short-time insemination. In a meta-analysis
reviewing denudation times, the number of good qual-
ity embryos produced after retaining cumulus cells
was similar to those produced after early removal of
these cells, suggesting that brief insemination has no
impact on CF [77]. Liu et al. also showed that short
insemination time is not associated with different out-
comes in terms of embryo development [78].

Page 21 of 40

Effect of CF on embryo development

It is commonly believed that CF has detrimental effects
on embryo development. Thirteen of the included stud-
ies found a negative effect of CF on embryo development
(Table 6). Various approaches have been used to propose
a hypothesis as to how increased fragmentation impedes
embryo development.

Van Blerkom et al., showed through time-lapse video
and TEM that fragments physically impede cell-cell
interactions, interfering with compaction, cavitation, and
blastocyst formation [63]. In an ultrastructural obser-
vational study by Sathananthan et al., 15 embryos were
cultured with human ampullary cell lines and TEM used
to evaluate embryo development. They noted degenera-
tion of blastomeres, including incomplete incorporation
of chromatin into nuclei and formation of micronuclei,
which was possibly a consequence of being adjacent to
blastomere fragments [79]. A much larger prospective
study by Antczak and Van Blerkom analyzed 2293 ferti-
lized eggs from 257 IVF cycles to examine the effect of
fragmentation on the distribution of eight regulatory pro-
teins. Fragmentation reduced the volume of cytoplasm
and depleted embryos of essential organelles or regula-
tory proteins, compromising the embryo developmental
potential. They also found that specific fragmentation
patterns during various stages of embryo development,
i.e., 2- and 4-cell stages, were associated with embryo via-
bility and therefore could have clinical application in the
selection of embryos for transfer [24]. As previously men-
tioned, fragmentation may affect compacted/morula and
blastocyst quality [80]. Cell exclusion at this stage is due
to failure or abnormal expression of proteins involved in
compaction [44, 81]. Blastomeres may also irregularly
divide, resulting in fragmentation and exclusion from
compaction [82], and excluded cells have a high rate of
aneuploidy [83]. Blastocyst quality from fully compacted
embryos has been reported to be higher than blastocysts
with partial compaction [84].

The hypothesis that fragmentation reflects inher-
ent embryogenetic abnormalities, such as aneuploidy,
increased mosaicism, or polyploidy, is supported by
multiple studies in this review [55, 57, 85]. Morpho-
logically poor-quality embryos, defined by amount of
fragmentation, were often found to have concomitant
chromosomal abnormalities [57, 85]. Culture environ-
ment has also been implicated in presence and degree
of fragmentation. For example, Morgan et al., using
video-cinematography found that embryos cultured on
a monolayer of feeder cells had fewer fragments than
did embryos cultured alone [86]. In addition to aneu-
ploidy and external environment, degree of fragmenta-
tion also appears to be related to embryo quality. Both
Alikani et al., and Hardy et al., have shown that a small
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degree of fragmentation (<15%) on day-2 embryos
did not affect blastocyst formation but increased (>
15%) fragmentation was associated with significantly
reduced blastocyst development [23, 87]. Similarly, a
prospective study of over 4000 embryos by Guerif et al.,
showed that the rate of blastocyst formation increased
significantly with decreased fragmentation (<20%) on
day-2 embryos [32].

A separate study by Ivec et al.,, graded day-4 and -5
morulae based on the degree of fragmentation (<5%,
5%—20%, or >20%) and compared their blastocyst devel-
opment rate. They found a negative correlation between
degree of fragmentation and clinically usable blasto-
cysts, optimal blastocysts, and those with a hatching
zona pellucida. Through logistic regression analysis,
they found that with each increase in percentage of
fragmentation in morulae, there was a 4% decrease in
the odds of hatching (OR: 0.96, 95% CI: 0.95-0.98; P <
0.001) and optimal blastocyst formation (OR: 0.96, 95%
CI: 0.94-0.97; P < 0.001) [88]. It is important to point
out that the degree of embryo fragmentation, no matter
at what stage of development, is measured subjectively
without standardized methods. One study from Hnida
et al., included here recognized this limitation and used
a computer-controlled system for multilevel embryo
morphology analysis [89]. The degree of fragmenta-
tion was evaluated based on digital image sequences
and correlated to the blastomere size. Fragments were
defined to be anucleate with an average diameter of
<40 um. Not surprisingly, the mean blastomere volume
decreased significantly with increasing degree of frag-
mentation (P < 0.001). In addition, average blastomere
size was significantly affected by the degree of fragmen-
tation and multinuclearity which may function as a bio-
marker for embryo quality [89]. Furthermore, Sjoblom
et al., analyzed the relationship of morphological char-
acteristics to the developmental potential of embryos
[90]. These authors, similar to Hnida et al., found that
a large cytoplasmic deficit, i.e., blastomeres not filling
the space under the zona, was detrimental to blasto-
cyst development (P < 0.044). However, this is the only
study in which the extent of CF observed was not sig-
nificantly associated with blastocyst development [90].
Another study using time-lapse imaging showed an
association between cytoplasmic fragments at the two-
cell stage and perivitelline threads. Perivitelline threads
can be observed as the cytoplasmic membrane with-
draws from the zona pellucida during embryo cleavage.
Ultimately, the presence of these threads, despite the
level of fragmentation, did not affect embryo develop-
ment [91]. As demonstrated by the studies described
here, the degree of CF has a largely negative effect on
embryo development.
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Effect of CF on embryo implantation and pregnancy

In addition to evaluating the effect of CF on preimplan-
tation embryo development, it is important to assess the
effect of CF on implantation and pregnancy outcomes.
Five of the included studies have shown a negative effect
of CF on implantation or pregnancy outcome (Table 7).
Assuming that increased fragmentation is detrimental
to embryo development, implantation, and pregnancy
outcome, it is important to understand the embryo scor-
ing system that determines the best embryo for transfer.
Giorgetti et al.,, used single embryo transfers to devise
an embryo scoring pattern to best predict successful
implantation. Not surprisingly, higher pregnancy rates
were observed with embryos that displayed no fragmen-
tation. The authors found that both pregnancy rate and
live birth rate were significantly correlated with a 4-point
score based on cleavage rate, fragmentation, irregularities
displayed, and presence of a 4-cell embryo on day-2 [12].

Racowsky et al., assessed if multiple evaluations of an
embryo improve selection quality and thus implantation
and pregnancy success. They noted that an increased
level of fragmentation on both day-2 and -3 was associ-
ated with a significant reduction in the number of fetuses
that developed to 12 weeks. They also noted that severe
fragmentation (>50%) impaired overall embryo viability
and may be related to low pregnancy rates and high risk
of congenital malformations. The authors ultimately con-
cluded that single day morphological evaluation on day-2
or day-3 has the same predictive value to a multi-day
scoring system [22].

Another retrospective analysis of 460 fresh embryo
transfers by Ebner et al., sought to determine the impact
of embryo fragmentation on not just pregnancy, but also
obstetric and perinatal outcomes. There was a significant
relationship between fragmentation and implantation
and clinical pregnancy rate, but not with multiple preg-
nancy rate or ongoing pregnancy rate [10]. Alikani et al.,
also studied embryo fragmentation and its implications
for implantation and pregnancy rate and included frag-
mentation pattern into their discussion. They too found
a significant decrease in implantation and pregnancy rate
as the degree of fragmentation increased. They identi-
fied an effect on pregnancy rate when the degree of frag-
mentation was greater than 35%. The authors went on to
discuss that not all fragmentations are detrimental to the
embryo development and that the pattern of fragmenta-
tion matters. They found that fragmentation pattern type
IV, defined as having large fragments distributed ran-
domly and associated with uneven cells, had significantly
lower implantation and clinical pregnancy rates when
compared to types I-III. They concluded that detaching
blastomere cytoplasm as large fragments is most detri-
mental to embryo development and implantation rate.
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In contrast, small, scattered fragments (type III) did not
seem to appreciably affect the cell number or pose a seri-
ous threat to further development [7].

Lastly, Paternot et al., used sequential imaging tech-
niques and a computer-assisted scoring system to study
blastocyst development and the effect of fragmentation
on clinical pregnancy. The authors reviewed the volume
reduction over time as a measure of embryo fragmenta-
tion. They analyzed volumes on day-1 to -3 and found
a significant association between total embryo volume
and pregnancy rate on both day-2 (P = 0.003) and day-3
(P = 0.0003), with the total volume measured on day-3
being the best predictor of pregnancy outcome [92]. In
contrast, Lahav-Baratz recently showed that there was no
association between fragmentation rate and abortion or
live birth rate. It was concluded that fragmented embryos
still have implantation potential and could be considered
for transfer when applicable [69].

Effect of CF removal on embryo development

The effect of fragment removal on IVF outcomes has
been controversial. Six of the studies included in this
review discussed the impact of removing fragments on
embryo development (Table 8) [7, 67, 93-96]. The lit-
erature is mixed, with some studies showing improve-
ment in embryo development quality after fragmentation
removal [7, 93], and others showing no difference at all
[70, 94, 95].

Alikani et al., were one of the first investigators to
define various patterns of fragmentation and perform
microsurgical fragment removal to improve implanta-
tion potential [7]. The authors found that the pattern
and degree of fragmentation, and not merely the pres-
ence of fragmentation, was significant. When assisted
hatching and microsurgical fragment removal was per-
formed, there was an overall 4% increase in implantation
rate. They concluded that the removal of the fragments
possibly restored the spatial relationship of the cells
and limited the interference of cell-cell contact. Further,
their preliminary data showed that blastocysts formed
after fragment removal were better organized than their
unmanipulated counterparts [7].

Eftekhari-Yazdi et al., similarly studied the effect of
fragment removal on blastocyst formation and quality
of embryos [93]. They compared day-2 embryos with-
out removal of fragments to those that fragments were
microsurgically removed. There were significantly higher
quality embryos in defragmented group compared to the
control. Furthermore, fragment removal improved the
blastocyst quality compared to the control group. There
was also a reduction of apoptotic and necrotic cells in
experimental group when compared with the control
group [93].
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Two separate studies by Keltz et al., assessed implan-
tation, clinical pregnancy, and birth outcomes after
defragmentation [67], as well as embryo development
and fragmentation rate after day-3 embryo defragmen-
tation [94]. The authors first compared cycle outcomes
between low-grade embryos that underwent microma-
nipulation for fragment removal (>10% fragmentation)
and high-grade embryos that did not undergo defrag-
mentation but were hatched on day 3. When compared,
the defragmented group showed no difference in rates of
implantation, clinical pregnancy, live birth, spontaneous
abortion, or fetal defects as compared to the cycles that
included all top-grade embryos. Factors associated with
poor IVF prognosis and formation of embryo fragments
included advanced age, decreased number of oocytes and
embryos, and embryo grade [67].

A separate prospective randomized study by Keltz
et al,, looked more specifically at day-5 fragmentation,
compaction, morulation and blastulation rates after
low grade day-3 embryo defragmentation [94]. Paired
embryos from the same patient, not intended to be trans-
ferred, were randomly placed in either the experimental
group, assisted hatching and embryo defragmentation, or
control group (assisted hatching alone). Paired embryos
had no difference in mean cell number, percent fragmen-
tation, and grade before randomization. Results showed
that on day-5, embryos in the defragmentation group
had significantly diminished fragmentation when com-
pared with controls; however, there was no difference
in compaction rate, morula formation rate or blastocyst
formation rate. Embryo grade generally improved in the
treatment group, but this was not statistically signifi-
cant. Overall, in both groups, improved embryo devel-
opment was significantly associated with lower levels
of fragmentation in the day-3 embryos, supporting the
idea that defragmented embryos maintain their reduced
fragmented state throughout preimplantation develop-
ment. Of note, this study had 35 embryos in each group
and was limited to lower grade embryos not intended for
transfer [94].

Another, larger prospective randomized study by Hal-
vaei et al., compared the effect of microsurgical removal
of fragments on ART outcomes. The authors divided 150
embryos with 10-50% fragmentation into three groups,
case (n=>50), sham (#=50), and control (#=50). They
found no significant difference in rates of clinical preg-
nancy, miscarriage, live birth, multiple pregnancies, or
congenital anomalies between these groups, ultimately
showing that cosmetic microsurgery on preimplantation
embryos to remove CFs had no beneficial effect [95].

Lastly, a pilot study by Yumoto et al., aimed to decrease
CF in developing embryos by removing the zona pel-
lucida of abnormally fertilized (3PN) donated oocytes
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[96]. Although they did not attempt to remove fragments
themselves, this study is included as ZP-free oocytes are
sometimes encountered in or because of ART proce-
dures, i.e., ICSI. The results suggest that the rate of frag-
mentation is decreased after mechanical ZP removal. The
authors concluded that ZP is not always necessary for
normal embryo development since the ZP-free embryos
developed normally, maintained their cell adhesions, and
had a decreased rate of fragmentation [96]. It seems that
defragmentation of an aneuploid or severely fragmented
embryo, only improves the embryo morphology grade
but the quality and fate of embryo is not changed [97].

CF and chromosomal abnormalities in embryo

Although the relationship between DNA fragmentation
and chromosomal abnormalities has been more com-
monly explored in the literature, CF may also be related
to intrinsic chromosomal abnormalities in develop-
ing embryos. Fourteen studies included in this review
explored this relationship (Table 9) [55, 56, 85, 98—108].

CF was rarely seen in embryos with normal chromo-
somal content. Findikli et al., studied DNA fragmenta-
tion and aneuploidy in poor quality embryos by TUNEL
and fluorescent in situ hybridization (FISH) techniques.
Within seven chromosomally abnormal embryos, each
had variable degrees of CF [98]. This study suggests that
DNA fragmentation, being a sign of chromosomal abnor-
malities, may exist together with CF.

An earlier study by Munne et al, examined 524
embryos using FISH analysis for three to five chro-
mosomes. While controlling for age, they divided the
embryos into three groups: arrested, slow and/or frag-
mented, or morphologically and developmentally normal.
They found that polyploidy was the most common chro-
mosomal abnormality in the arrested embryo group and
decreased with increasing embryonic competence, with
44.5% polyploidy in arrested compared to 2.1% in mor-
phologically normal embryos. Maternal age was not asso-
ciated with polyploidy rates, but aneuploidy significantly
increased with maternal age in morphologically normal
human embryos [57]. Another early study by Almeida
and Bolton also examined the relationship between chro-
mosomal abnormalities and embryonic developmental
potential. They found that cleavage-stage embryos with
poor morphology, defined as irregular shaped blasto-
meres with severe fragmentation, showed a higher inci-
dence of chromosomal abnormalities than those with
good morphology [100]. Magli et al., found a more direct
relationship between chromosomal abnormalities and
embryo fragmentation in a larger retrospective study
of nearly 1600 embryos. There was a strong association
between percentage of fragmentation and chromosomal
abnormalities (monosomies and trisomies), where 90% of
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chromosomal abnormalities were found in embryos with
greater than 40% fragmentation [101].

Another retrospective study comparing maternal age
to embryo morphology and chromosomal abnormali-
ties was conducted by Moayeri et al., By examining nine
chromosomes in day-3 embryos, they found that mor-
phology predicted chromosomal status in the advanced
maternal age group (>38 years old), but not in younger
patients. Fragmentation alone predicted euploidy in both
the advanced maternal age and younger groups. This
suggests that cellular fragmentation may be a predictor
of chromosomal competence and thus embryo develop-
mental potential [102].

In contrast, Baltaci et al., examined 1,000 embryos and
concluded that embryo morphology was not predictive of
euploidy and that a considerable number of chromosom-
ally abnormal embryos with good development potential
may be selected for embryo transfer. They used FISH for
five chromosomes and found that a large proportion of
both normal and aneuploid embryos were evaluated as
top quality (grade I). For example, 66% of chromosom-
ally abnormal embryos were of good quality (grade I and
II). They found no significant difference among aneuploid
embryos when distributed by age. However, a higher
embryo quality found in normal compared to aneuploid
embryos [103].

In addition, Pellestor et al., compared the relationship
between morphology and chromosomal abnormalities
in two separate studies. The first study found that ane-
uploidy was the most frequently observed abnormality
after cytogenetic analysis of preimplantation embryos
[55]. They defined the quality of embryos as good
(grade I and II) and poor (grades III and IV). There was
an increased chromosomal abnormality in poor qual-
ity embryos (84.3%) when compared to embryos with
good quality (33.9%). Both aneuploidy and fragmen-
tation were shown to be predominant in poor quality
embryos, whereas mosaicism and polyploidy were the
most frequent abnormalities in good quality embryos
[55]. Pellestor et al., also performed cytogenetic analysis
on 411 poor-quality embryos (grade IV) [85]. Ninety per-
cent of the successfully analyzed cases showed abnormal
chromosome complements, with aneuploidy being the
most frequently observed. These results further support
that a large majority of poor grade embryos are chro-
mosomally abnormal and ultimately offer low chance of
reproductive success for either embryo transfer or cryo-
preservation [85].

A separate study by Chavez et al., combined time-lapse
imaging with karyotypic status of blastomeres in the
4-cell embryo to test whether blastomere behavior may
reflect chromosomal abnormalities, using array com-
parative genomic hybridization (aCGH), during early
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cleavage [56]. In time-lapse observations, a large propor-
tion of aneuploid and triploid, but not euploid embryos,
exhibited cellular fragmentation. They showed that the
probability of aneuploidy increased with higher fragmen-
tation and only 65% of the fragmented embryo would be
expected to form blastocyst. Furthermore, all the ane-
uploid embryos with additional unbalanced sub-chromo-
somal errors exhibited CFE. The authors concluded that
although fragmentation alone at a single point in time
does not predict embryo developmental potential, time-
lapse imaging with dynamic fragmentation screening
may help detect embryonic aneuploidy [56].

Two more recent studies also used aCGH to evaluate
the association between embryo ploidy and fragmen-
tation. Vera-Rodriguez et al., in a retrospective study,
compared the rate of embryo aneuploidy between two
groups of high (>25%) and low (“25%) fragmentation.
They found that the rate of aneuploidy in high and low
fragmentation was 62.5 and 46.3%, respectively. However,
the difference was not statistically significant conclud-
ing that using degree of fragmentation alone is not sug-
gested to predict the embryo ploidy status [107]. Minasi
et al,, in a case series evaluated 1730 blastocyst ploidy
with aCGH. They showed that there is no significant dif-
ference between day-3 embryo morphology and embryo
ploidy. However, the quality of blastocyst (inner cell mass
grade, trophectoderm grade, degree of expansion) was
associated with embryo ploidy [106].

In a recent meta-analysis, it was shown there is trend
between degree of fragmentation and rate of aneuploidy
[109]. A major source of controversy in both early and
recent studies on aneuploidy and fragmentation is the
variation in the methods and criteria used to evaluate
these factors. One of the aspects that differ across stud-
ies include the technique for detecting aneuploidy; FISH
vs aCGH. Recent studies have used aCGH to detect ane-
uploidy and found no clear relationship in this regard.
Also, the quality of the matching between groups, the
design of the study (retrospective vs prospective), the
timing of the fragmentation assessment, the use of time-
lapse imaging to monitor the fate of fragments are the
other reasons for this discrepancy. There is still the lack
of a clear cut-off point for the percentage of fragmen-
tation to predict aneuploidy. Further powerful studies
using new methods like next gene sequencing and tile-
lapse systems are recommended to shed light on the rela-
tionship between fragmentation and aneuploidy.

The literature highlights that poor quality embryos
have a higher incidence of chromosomal abnormalities.
Notably, CF is rarely observed in embryos with normal
chromosomal content. Technological advancements,
such as TLM, offer promising avenues to enhance our
understanding and detection of embryonic aneuploidy.
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Overall, these studies underscore the complexity of
the relationship between fragmentation and chromo-
somal abnormalities, emphasizing the need for contin-
ued research to refine embryo selection strategies and
improve reproductive outcomes.

Discussion and conclusion

The role of fragmentation in human embryo develop-
ment and reproductive potential is widely recognized,
albeit without standard definition nor agreed upon
implication. While it has been shown that degree of
fragmentation and embryo implantation potential are
inversely proportional [5, 7, 9-21], the degree, pattern,
and distribution of fragmentation as it relates to preg-
nancy outcome is debated in the literature. Our qualita-
tive synthesis of 60 articles related to the study of embryo
fragmentation and reproductive outcomes highlighted
some of the challenges in analysis of fragmentation, while
revealing trends in our evolving knowledge of how frag-
mentation may relate to functional development of the
human embryo.

While fragmentation is best understood to be a natu-
ral process across species, the origin of fragmentation
remains incompletely understood and likely multi-
factorial. Degree of fragmentation has been plausibly
correlated to sperm DNA oxidation [37], errors in divi-
sion [37], mitochondrial distribution [45], and overall
embryo quality [39]. However, some causes of frag-
mentation are based on outdated studies and require
validation in future research with higher quality and
more advanced techniques. While cause of fragmen-
tation remains a focus of investigation, advances in
technology have allowed for more detailed analysis of
its effect on embryo development and reproductive
outcome. At the cellular level, increased fragmenta-
tion has been shown to be associated with higher rates
of apoptosis, necrosis, and programmed cell death of
cleavage-stage embryos [60-62]. Given the recognized
significance of fragmentation on embryo development,
it follows that many studies have been focused on IVF
and ART impacts on fragmentation, as well as deter-
mining quantitative reproductive outcomes. In terms
of other influences on degree of fragmentation, patient
age was not universally found to be significantly associ-
ated with fragmentation [7, 70, 71] although age is cer-
tainly known to influence embryo quality. Most studies
included in the search criteria showed that ART such
as ICSI do not significantly impact fragmentation rate
in developing embryos [74-76]. Those studies that
found significant differences in embryo grading either
between conventional fertilization and ICSI either did
not find a difference in implantation or pregnancy rate
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or did not study it, suggesting that ICSI is not a signifi-
cant contributor to poorer ART outcomes by way of
embryo fragmentation.

In synthesizing the available data on ART and preg-
nancy outcomes with varying degrees of embryo frag-
mentation, most included studies did find a negative
impact of increasing fragmentation on reproductive
success while severe fragmentation does appear to be
associated with poorer implantation rate and clinical
pregnancy rate. This association may be related to the
observation that increased fragmentation at the cleav-
age-stage embryo is related to chromosomal abnor-
malities incompatible with ongoing development or
pregnancy.

The reviewed studies have several limitations. There
are different grading systems in use that may impact
detecting and reporting the degree of CF. Different cri-
teria and terminology used in different studies may in
turn make the comparison of outcome measures dif-
ficult. Another factor is the distribution pattern of CF.
There are two types of scattered and concentrated frag-
ments with different prognoses that is not considered in
grading systems. Therefore, due to the lack of a standard
cleavage-stage embryo grading system, comparing dif-
ferent studies should be done with caution. In addition,
evaluation of embryo fragmentation is mostly based on
individual observation which is subjective and has inter-
and intra-observer subjectivity leading to high variable
results even if performed by an experienced embryolo-
gist [110]. TLM is considered as a non-invasive tool and
evaluates the embryo quality continuously and with-
out the need to remove the embryo from the incubator
[111]. The use of this technology allows for the analysis
of embryo morphokinetics and has advanced knowledge
of the developing embryo. Recently, artificial intelligence
(AI) including machine learning and neural network has
gained popularity in various fields of medicine includ-
ing IVF and embryology. Accuracy of Al in prediction of
fragmentation has been studied with encouraging results
[112]. Further advances in technology will promote the
use of Al as a tool in defining the effect of fragmenta-
tion on human embryo development and reproductive
potential.

Although the precise origin and the importance of
external or iatrogenic factors on fragmentation of cleav-
age-stage embryos varies in the literature, there is more
consensus regarding severe fragmentation worsening
reproductive outcomes. Given this important pattern,
and the availability of increasingly sophisticated embryo-
logic technology, further research is warranted to charac-
terize more completely preventative or rescue techniques
to improve reproductive outcomes.
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