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SCNT). His current focus is the application of the above method to human oocyte vitrification and the effect of
different environmental factors on in-vitro embryo developmental dynamics and embryo fragmentation.
t transfer is regarded as an efficient way to achieve high pregnancy rates and to avoid multiple pregnan-
of transfer due to a lack of available embryos may be reduced by early prediction of blastocyst develop-

ment. Time-lapse investigation of mouse embryos shows that the time of the first and second cleavage (to the 2- and 3-cell stages,
respectively) has a strong predictive value for further development in vitro, while cleavage from the 3-cell to the 4-cell stage has no
predictive value. In humans, embryo fragmentation during preimplantation development has been associated with lower pregnancy
rates and a higher incidence of developmental abnormalities. Analysis of time-lapse records shows that most fragmentation is
reversible in the mouse and is resorbed in an average of 9 h. Daily or bi-daily microscopic checks of embryo development, applied
routinely in human IVF laboratories, would fail to detect 36 or 72% of these fragmentations, respectively. Fragmentation occurring in
a defined time frame has a strong predictive value for in-vitro embryo development. The practical compact system used in the pres-
ent trial, based on the ‘one camera per patient’ principle, has eliminated the usual disadvantages of time-lapse investigations and is

applicable for the routine follow-up of in-vitro embryo development. RBMOnline
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Introduction

Multiple pregnancies following IVF treatment are a definite
risk and should be kept at the lowest level possible while
maintaining overall efficiency, measured usually by the
healthy baby per treatment cycle ratio (Quea et al.,
2007). A feasible way to achieve this goal is to transfer a sin-
gle embryo with the highest developmental competence.
Transfer of advanced-stage preimplantation embryos (blas-
tocysts) offers better selection possibilities and results in
higher implantation rates (Bhattacharya and Templeton,
2004; Gardner and Lane, 2003; Pandian et al., 2005). How-
ever, there are some concerns regarding this approach.
Freezing of blastocysts is usually less efficient than that of
cleavage-stage embryos, therefore future frozen embryo
transfers utilizing blastocysts may be compromised
(Loutradi et al., 2008). Additionally, in spite of improved
culture systems, embryos may not reach the blastocyst
stage in vitro, resulting in cancellation of transfer.

New vitrification techniques provide an efficient solution
for cryopreserving blastocysts and maintaining excellent
pregnancy rates (Youssry et al., 2008). Accurate prediction
of the in vitro and in vivo developmental competence of
early cleavage embryos creates a tool for making appropri-
ate choice between a day-3 or day-5 transfer and to avoid
cancellations. Unfortunately, traditional and widely used
methods of embryo evaluation, e.g. blastomere symmetry,
cytoplasmic appearance, extent of fragmentation and blas-
tomere nuclear status in cleavage-stage embryos, seem to
be insufficient to obtain the required accuracy (Cummins
et al., 1986; Emiliani et al., 2006). Recently, alternative
techniques have been suggested, including the assessment
of the zona pellucida under polarized light, analysis of the
amino acid turnover, oxygen consumption, protein produc-
tion or cumulative metabolic activity of the embryo (Booth
et al., 2007; Brison et al., 2004; Katz-Jaffe et al., 2009;
Montag and van der Ven, 2008; Nagy et al., 2009; Scott
et al., 2008; Singh and Sinclair, 2007; Sturmey et al., 2008).

Another approach is to consider the time points of early
cleavage as quality indicators. Several studies have demon-
strated strong correlation between short initial cleavage cy-
cles and the subsequent development potential of
individual embryos. (Bos-Mikich et al., 2001; Edwards et al.,
1984; Fenwick et al., 2002; Giorgettic et al., 2007; Hesters
et al., 2008; Luna et al., 2008; Lundin et al., 2001; Montfoort
et al., 2004; Petersen et al., 2001; Rienzi et al., 2005; Windt
et al., 2004).Other studies regard rapidly cleaving embryos as
potentially compromised because of inappropriate imprint-
ing and chromosomal abnormalities (Alikani et al., 2000; Har-
per et al., 1994; Magli et al., 1998; Ziebe et al., 1997).

According to recent reports, fragmentation, even if reab-
sorbed during the course of embryo development, may dra-
matically reduce pregnancy rate (Alikani, 2007; Ragione
et al., 2007). Transfer of fragmented embryosmay also cause
significantly higher rates of malformations (Ebner et al.,
2001). However, most embryologists regard fragmentation
as an irreversible process although a fragment may disappear
by reabsorption within 10 min (Hardarson et al., 2002).

The need for more frequent observation has been
pointed out by several studies (Arav et al., 2008; Lemmen
et al., 2008; Lundin et al., 2001). However, frequent visual
observations and the associated moves from the incubator
to a microscope can induce a physical stress that may im-
pede or even stall embryo development. It is also time con-
suming and difficult to incorporate into the daily routine of
IVF clinics.

Time-lapse investigations have illustrated that continu-
ous monitoring of early embryo morphology may provide
data with a predictive value for the subsequent embryo
developmental competence (Arav et al., 2008; Lemmen
et al., 2008). However, large-scale routine application of
most available time-lapse techniques is hampered by the
high costs, complicated structure and the limited capacity
of available equipment. Potentially dangerous technical
solutions to these problems may cause heat accumulation,
continuous low voltage electromagnetic field and shear
stress by embryo movements, which may affect embryo via-
bility negatively.

The purpose of this study was to evaluate the correlation
between the time of initial cleavage stages, occurrence of
fragmentation and the in-vitro development to the blasto-
cyst stage by using a simplified compact time-lapse system,
suitable for routine continuous monitoring of the develop-
ment of all embryos in human IVF laboratories.

Materials and methods

Embryo production

Eight 12-week-old NMRI (Naval Medical Research Institute;
Charles River, Hungary) female and ICR (Institute for Cancer
Research; Charles River, Hungary) male mice were housed
under standard conditions (22 ± 2�C; 12 h dark/12 h light;
water and food ad libitum). Females were superovulated
by intraperitoneal injection of 10 IU of pregnant mare serum
gonadotrophin (PMSG; Werfaser, Alvetra & Werfft, Wien,
Austria) followed by injection of 5 IU of human chorionic
gonadotrophin (HCG; Choragon 5000 IU, Ferring, Kiel, Deu-
tschland) 48 h later. After HCG administration, females
were mated with fertile males in monogamous pairs.

Two pro-nuclei (2PN)-stage embryos were harvested
from the oviducts of copulated females on the day when
the vaginal plug was observed (17–18 h after HCG injection;
approximately 6–8 h after copulation) by flushing the ovi-
duct with flushing medium (Medicult, Jyllinge, Denmark).
Procedures were approved by the animal care and use com-
mittee of Szent István University, Faculty of Veterinary Sci-
ence. Zygotes with spherical and symmetrical appearance,
without extruded material in the perivitelline space, with
an intact zona pellucida and polar body and with detectable
pronuclei were included in the experiment.

Embryo culture

Six to nine embryos were cultured in 30 ll microdrops of
potassium simplex optimized medium, supplemented with
amino acids (EmbryoMax; Millipore, Billerica, USA) under
mineral oil (Ovoil; Vitrolife, Kungsbacka, Sweden) at 37�C
with 6% CO2 and 90% humidity in air. For all of the time-lapse
analyses, up to nine 2 PN-stage embryos were placed one by
one into the microwells of a well-of-the-well (WOW) dish
(see detailed description below), the wells were covered
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with a single 30 ll microdrop. Embryos in 30 ll microdrops
were cultured in normal commercially available 35 mm Petri
dishes (BD Falcon, BD Biosciences, San Jose, CA, USA) as con-
trols for in-vitro culture. In this study, no embryo transfers
were made.

Well-of-the-well dish

TheWOWdish (Cryo-Innovation, Budapest, Hungary) consists
of a 35-mm diameter polystyrene Petri dish containing nine
microwells aligned in three rows and three columns in the
centre of the bottom of the dish (Figure 1). The approximate
dimensions and function of the microwells follows the princi-
ple described in earlier publications (Vajta et al., 2000,
2008); however, the dishes used in this studywere industrially
produced. The wells are 200 lm in diameter, 100 lm deep,
flat U-shaped to achieve the appropriate optical clarity.
The distance between the wells (the embryos are approxi-
mately 150–200 lm apart from each other) meets optimal
embryo density requirements according to earlier publica-
tions (Gopichandran and Leese, 2006; Stokes et al., 2005).

This design of the culture system may provide the bene-
fits of communal culture while permitting individual contin-
uous morphological monitoring of embryos during
development.

Time-lapse system

A purpose-made, compact, digital inverted microscope (Pri-
mo Vision; Cryo-Innovation, Budapest, Hungary) was placed
Figure 1 Embryos in the microwells in the bottom of a 35-mm Pet
stage embryos on day 2; (B) embryo development on day 5; and (C
inside a common water-jacketed CO2 incubator (Nuaire, US
Autoflow, Plymouth, USA). The outer dimensions of the
microscope were 220 · 80 · 110 mm for length, width and
height, respectively. The microscope (consisting of a ·10
objective, a prism, projective lens, a 1.3 megapixel charge-
coupled device and a light emitting diode light source) was
covered completely by corrugated aluminum except for a
glass window for the inverted objective and a shielded fire-
wire cable for intermittent power source and communication
(Figure 2). The firewire cable of the microscope was led
through the factory-made side port of the incubator and
was connected to an electric controlling unit that was able
to control up to six of these microscopes. The images were
transferred through this controlling unit to a laptop computer
via a USB cable. The custom-made software running on the PC
made it possible to adjust the interval of the image acquisi-
tions and the duration of the recording.

WOW dishes were placed on the top of the glass window,
into the sample holder of the microscope and the objective
was mechanically focused. The WOW culture dish enabled
all the embryos to be positioned in the field of view. Illumi-
nation was provided by a reflected warm white light. The
system was set to take a single picture every 10 min. Apart
from these expositions (3–5 s length for each), no electric-
ity passed through the firewire cable to the microscope, be-
cause both the power source of the light and the camera
were shut down in the electric controlling unit. (Figure 3).
The computer screen displayed the actual developmental
stages of the embryos, while all the images recorded earlier
were saved to be analysed later with software.
ri dish as presented online by the controlling PC; (A) 2- to 4-cell-
) embryo development on day 6.



Figure 2 Compact, digital inverted microscopes inside the
incubator. The well-of-the-well dishes are positioned under the
lamp console.

Figure 3 Observing embryo development online on the
screen of the PC.
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The embryos were not moved or disturbed in any way for
the whole period (5 days) of development, completely elim-
inating sheer stress. Lubricants were not used; moreover,
neither additional heat nor continuous low voltage electric
currents were affecting embryo development.

Analysis

A total of 38 time-lapse series were recorded, observing 345
embryos altogether, for 5 days and compared with the con-
trol group (215 embryos) in terms of development to the
blastocyst stage.

For the analysis of the effect of fragmentation and cleav-
age times on embryo development, 12 series with a total of
102 embryos distributed in groups of six to nine, were cho-
sen randomly. The time between the midpoint of the dark
period (mating) and the cleavage to the 2-cell stage repre-
sents the first cleavage time. The second cleavage time is
the time elapsed from the 2-cell stage until the 3-cell stage
and the third cleavage time is the time elapsed between 3-
and 4-cell stage. Embryos were regarded as expanded
blastocysts if their cleavage course went through the 1-
cell–2-cell–3-cell–4-cell–8-cell–16-cell–32-cell–compac-
tion–blastulation expansion. For statistical analysis, the
generalized linear-mixed model was used (Agresti, 2002).
Results with P � 0.05 values were considered as significant.

On the basis of the exact fragmentation times recorded
with time-lapse monitoring, this study also calculated the
detection rate if embryo evaluation would have taken place
only at 9 a.m. in the morning each day or every second day
(D1, D3 and D5). Assuming that each fragmented embryo is
detected independently by equal probability, the binomial
distribution was applied to construct 95% confidence inter-
vals for the detection rates.
Results

Blastocyst development rates of embryos cultured in the
WOW dishes and monitored by the time-lapse system did
not differ from those of the controls cultured in regular
microdrops in BD Falcon dishes (288/345, 83.5% versus
182/215, 84.7%, respectively).

The time of the first and second cleavage of the embryos
significantly influenced theprobability of reaching theblasto-
cyst stage (P = 0.007 and 0.0008, respectively). The shorter
the timeof the cleavage to the2-cell stageand fromthe2-cell
stage to the 3-cell stage, the higher the chance of the embryo
developing to blastocyst stage. Figure 4 shows the cleavage
times to the 2- and 3-cell stages of each embryo that devel-
oped without the occurrence of any fragmentation. The time
elapsed between fertilization until the 3-cell stage alone has
an even stronger influence on the chance of an embryo reach-
ing blastocyst stage (P = 0.0002). Cleavage from the 3-cell to
the4-cell stage hadnoeffect on the blastocyst formation rate
(data not shown).

The probability of reaching the blastocyst stage was re-
duced significantly (P < 0.01) if fragmentation occurred
during embryo development. Figure 5 shows the cleavage
times to the 2- and 3-cell stages of the embryos where frag-
mentation occurred.

Fragmentation occurred in 12 embryos (12%), sometimes
repeatedly in the same embryo. Altogether, 22 events of
fragmentation were detected during the development from
1-cell to the blastocyst stage. In one embryo, three frag-
mentations were observed at the blastocyst stage, so this
event was excluded from the statistical analysis. Seventeen
fragmentations reabsorbed within 24 h, while two fragmen-
tations remained visible at the end of the investigated per-
iod. The average duration for fragmentation–reabsorption
was 9.1 h (±7.3 h).

The duration of individual fragmentation is shown on
Figure 6. The occurrence of fragmentations was inversely re-
lated to subsequent blastocyst development (Figures 4 and
5). Figure 7 illustrates the reduced probability of an embryo
reaching the blastocyst stage if fragmentation occurs during
in-vitro embryo development. Fragmentation of embryos
with rapid or slow cleavage to the 2- and 3-cell stage does
not influence probability: early cleavage times predict
100%, while late cleavage times predict 0%, theoretical prob-
ability of an embryo reaching the blastocyst stage. At inter-
mediate cleavage times, the chance for a fragmented
embryo to reach the blastocyst stage might be reduced by
up to 60% compared with non-fragmented embryos.

In the present study, 36.4% or 72.7% of fragmentation
would not have been noticed in daily or bi-daily (D1, D3



Figure 4 Probability of a non-fragmented embryo developing to the blastocyst stage in relation to the time of the first and second
cleavages. The cleavage data of 90 embryos are presented on the image. Each data point (circles) represents an embryo with the
corresponding cleavage times. Filled circles = embryo reached the blastocyst stage; open circles = embryo did not reach the
blastocyst stage.
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and D5) monitoring at 9 a.m. It can be concluded that, in a
general case with 95% confidence interval, a minimum 15%
or 39% and a maximum 61% or 94% of fragmentation will
not be noticed at daily or bi-daily embryo monitoring,
respectively.
Discussion

In contrast to the daily or bi-daily check of embryo develop-
ment routinely used in human assisted reproduction, semi-
continuous time-lapse microscopic investigation generally
offers the following benefits. The length of phases and
occurrence of morphological events including cleavage,
compaction, blastulation, fragmentation and reabsorption
can be exactly determined. Misinterpretation of certain
phenomena can be avoided (for example a fixed time-point
investigation may evaluate a large fragment as cleavage).
The significance of some processes (fragmentation, blasto-
cyst collapse) can be properly evaluated. A more authentic,
dynamic view regarding embryo development can be ob-
tained, including the discovery of new correlations. Em-
bryos are spared from the potentially harmful effects of
environmental changes and shear stress during removal
from the incubator, observation under a microscope and
returning to the incubator. The time-lapse approach pro-
vides embryologists with a greater decision-making process
based on the real-time embryo status as well as the process
of embryo development.

The possibility for establishing such time-lapse observa-
tions has existed for decades (Cole, 1967; Massip and
Mulnard, 1980; Wright et al., 1976); however, technical,
financial and conceptual drawbacks have hampered its
application. Two solutions are commonly applied to solve
these problems: to use a commercially available inverted
microscope and to build an incubator chamber on/around
the stage (Bavister, 1988; Hardarson et al., 2002; Holm
et al., 2002; Van Blerkom et al., 2001; Stage-top Incubator,
Tokai-hit, Japan) or to use a common laboratory incubator
with an in-built modified inverted microscope and robotics
or carousel to move the embryo holding dishes (Arav
et al., 2008; InCu-Cell Live, Sanyo, Japan; Bio-Station, Ni-
kon, Japan).

The time-lapse system applied in the present study con-
sisted of a purpose-designed compact digital microscope,
offering the possibility for routine embryo monitoring in
everyday laboratory practice. Due to its small size it could
be easily placed onto a single shelf of a common laboratory
incubator. The simple design allows rapid loading and focus-
ing of embryos and the compact arrangement minimizes the
chance and also the consequences of accidental infection.
Combined with the WOW systems, a parallel observation



Figure 5 Probability of a fragmented embryo developing to the blastocyst stage in relation to the time of the first and second
cleavages. The cleavage data of 11 embryos are presented on the image. Each data point (circles) represents an embryo with the
corresponding cleavage times. Filled circles = embryo reached the blastocyst stage; open circles = embryo did not reach the
blastocyst stage.

Figure 6 Duration of the appearing/disappearing fragments.
The average time for fragments to appear/disappear was
546 ± 442 min (dotted line).
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of nine embryos with a fixed position is possible. Due to the
latest tendency to decrease hormonal stimulation, one cam-
era may follow the development of all the embryos of one
patient. One personal computer could control six such com-
pact digital microscopes, allowing the time-lapse control of
all patients in a medium sized ART unit. As a single micro-
scope was assigned to one group of embryos, no movement
of the embryos (via robotics or carousel) was needed. In this
way, sheer stress, which may reduce embryo viability (Xie
et al., 2006), was completely avoided. Furthermore, the
safety of the developing embryos was increased by the pro-
tection from low-voltage electromagnetic field and extra
heat accumulation caused by the presence of constant elec-
tric currents in digital microscopic units (Pribenszky et al.,
unpublished data).

The experiments with in-vitro-produced 2PN-stage
mouse embryos cultured until the blastocyst stage (a stan-
dard test system in laboratory embryology) showed that em-
bryo development was not compromised as a result of the
time-lapse investigation.

The time-point of the first, and especially the second,
cleavage shows a strong association with further develop-
ment to the blastocyst stage. The predictive value of these
data appears to be higher than in previous investigations
made with fixed-point detection of developmental stages
(referred to earlier) and is in accordance with the time-
lapse investigations of Arav et al. (2008) and Lemmen



Figure 7 Reduction of the probability of reaching the blastocyst stage if a fragmentation occurs during embryo development. Data
for 11 fragmented embryos were analysed. If the first and second cleavage of an embryo occurred before 1300 and 1200 min,
respectively, the chance of blastocyst development (�100%) is independent of the occurrence of fragmentation. If the first and
second cleavage of an embryo occurred after 1500 and 1700 min, respectively, the chance of blastocyst development (�0%) is also
independent from the occurrence of fragmentation. However, if the first and second cleavage of an embryo occurred between these
time-intervals, respectively, a fragmented embryo may have a 60% less chance to develop to blastocyst than a non-fragmented
embryo.
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et al. (2008). As far as is known, there has been no previous
data published showing the extremely strong relationship
between the time-point of the second cleavage (to 3-cell
stage) and blastocyst development. If such a relationship
also exists in humans, it will provide considerable help in
determining the optimal day for transfer and other related
procedures. The third cleavage, from the 3-cell to the 4-cell
stage, occurred within 10–90 min after the second cleav-
age. Since the duration of the third cleavage had no effect
on the continued embryo development, this study can con-
clude that synchronized cleavage did not show any relation-
ship with embryo quality. Late cleavers can also develop to
the blastocyst stage but most of these embryos showed re-
duced quality: blastomere necrosis at 4–8-cell stage or
early compaction.

Another important predictive factor is fragmentation
during embryo development. Although internalization of
these fragments has been suggested and/or documented
earlier (Hardarson et al., 2002; Van Blerkom et al.,
2001), the dynamics, significance and predictive value of
fragmentation is not entirely clarified yet. According to
this study’s observations in the mouse, fragmentation
was usually a reversible process and the formation and
internalization of fragments was a relatively rapid event
with an average length of 9 h that may occur anytime dur-
ing pre-hatching development. If the dynamic is similar in
human embryos, the current routine morphological investi-
gation of embryos may detect fragmentation rather acci-
dentally, with a probability of 63.6% and 27.3% for daily
and bi-daily control, respectively, although more experi-
ments need to be conducted to confirm these percentages.
In mouse embryos, a strong negative relationship was
observed between fragmentation and blastocyst develop-
ment. Previous investigations in human embryos described
similar fragmentation events (Hardarson et al., 2002;
Lemmen et al., 2008). Accordingly, the routine application
of time-lapse investigation may have a strong predictive
value in humans.

In conclusion, time-lapse investigation of developing
mouse preimplantation embryos has uncovered two impor-
tant events with strong predictive value regarding further
developmental competence, i.e. the time of the first and
especially second cleavage, and the occurrence of fragmen-
tation. The simple, compact time-lapse instrument com-
bined with the WOW system was suitable for monitoring
these events without compromising embryo development.
As previous studies indicate that similar events occur during
human embryo development, time-lapse investigation may
become a routine tool in human assisted reproduction
laboratories to predict the developmental competence of
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embryos and to support the right decision for further
procedures.
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