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Embryo quality assessment based on blastomere division and movement

‘The present invention relates to a method and to a system for selecting embryos for in

vitro fertilization based on the timing, duration, spatial distribution and extent of
observed cell divisions and associated cellular and organelle movement.

Background

Infertility affects more than 80 million people worldwide. It is estimated that 10% of all
couples experience primary or secondary infertility (Vayena et al. 2001). In vitro fertili-
zation (IVF) is an elective medical treatment that may provide a couple who has been
otherwise unable to conceive a chance to establish a pregnancy. it is a process in
which eggs (oocytes) are taken from a woman’s ovaries and then fertilized with sperm
in the laboratory. The embryos created in this process are then placed into the uterus
for potential implantation. To avoid multiple pregnancies and multiple births only a few
embryos are transferred (normally less than four and ideally only one (Bhattacharya et
al. 2004)). Selecting proper embryos for transfer is a critical step in any IVF-treatment.
Current selection procedures are mostly entirely based on morphological evaluation of
the embryo at different timepoints during development and particularly an évaluation at
the time of transfer using a standard stereomicroscope. However, it is widely
recognized that the evaluation procedure needs qualitative as well as quantitative
improvements.

Early cell division. A promising new approach is to use ‘early division' to the 2-cell
stage, (i.e. before 25-27 h post insemination/injection), as a quality indicator. In this
approach the embryos are visually inspected 25 — 27 hours after fertilization to deter-
mine if the first cell division has been completed. Several studies have demonstrated
strong correlation between early cleavage and subsequent development potential of
individual embryos. (Shoukir et al., 1997; Sakkas et al., 1998, 2001; Bos-Mikich et al.,
2001; Lundin et al., 2001; Petersen et al., 2001; Fenwick et al., 2002; Neuber et al.
2003; Salumets et al., 2003; Windt et al., 2004). The need for more frequent
observation has been pointed out by several observers. However, frequent visual

observations with associated transfers from the incubator to an inverted microscope
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induce a physical stress that may impede or even stall embryo development. It is also
time consuming and difficult to incorporate in the daily routine of IVF clinics.

Several researchersvhave performed time-lapse image acquisition during embryo
development. This has mainly been done by placing a research microscope inside an
incubator or building an “incubator stage” onto a microscope stage with automated
image acquisition. The “incubator” maintain acceptable temperature (37 °C), humidity
(> 90%) and gas composition (6% CO2 and in some cases reduced oxygen
concentration). Manual assessment of time-lapse images has yielded important
information about timing and time interval between onset of consecutive cell divisions
(Grisart et al. 1994, Holm et al. 1998, Majerus et al. 2000, Holm et al. 2002, Holm et al.
2003, Lequarre et al. 2003, Motosugi et al. 2005).

All patent and non-patent references cited in the application, or in the present applica-
tion, are also hereby incorporated by reference in their entirety.

Summary of the invention

The present invention relates to a method and fo a system to facilitate the selection of
optimal embryos to be implanted after in vitro fertilization (IVF) based on the timing,
duration, spatial distribution, and extent of observed cell divisions and associated

cellular and organelle movement.

Accordingly, in a first aspect the invention relates to a method for determining embryo
quality comprising monitoring the embryo for a time period, said time period having a
length sufficient to comprise at least one cell division period and at least a part of an
inter-division period, and determining: i) the duration of the at least one cell division
period; and/or ii) determining the extent and/or spatial distribution of cellular or
organelle movement during the cell division period; and/or iii) determining duration of
an inter-division period; and/or iv) determining the extent and/or spatial distribution of
cellular or organelle movement during the inter-division period thereby obtaining an

embryo quality measure.
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The obtained embryo quality measure may then be used for identifying and selecting
embryos suitable of transplantation into the uterus of a female in order to provide a
pregnancy and live-born baby. '

Thus, in a further aspect the invention relates to a method for selecting an embryo
suitable for transplantation, said method comprising monitoring the embryo as defined
above obtaining an embryo quality measure, and selecting the embryo having the
highest embryo quality measure.

In a further aspect the invention relates to a system having means for carrying out the
methods described above. Said system may be any suitable system, such as a
computer comprising computer code portions constituting means for executing the
methods as described above. The system may further comprise means for acquiring
images of the embryo at different time intervals, such as the system described in
pending PCT application entitied “Determination of a change in a cell population”, filed
Oct 16 2006.

In a yet further aspect the invention relates to a data carrier comprising computer code
portions constituting means for executing the methods as described above.

Drawings

Fig. 2 Blastomere activity of two representative bovine embryos “Good” developed to a
hatching bastocyst. “Bad” never developed to blastocyst.

Fig. 3 Blastomere activity of 41 bovine embryos. The blastomere activity is displayed
as a pseudo-gel-image where motility peaks are indicated by dark bands and inactivity
is white each lane corresponds to a single embryo. The dark banding pattern or smears
reflect periods of cellular motility within the embryo. “Good” embryos developing to
blastocysts shown above “bad” embryos that did not develop to the blastocyst stage.
More sharp initial bands (usually three) are seen for good embryos.

Fig. 4 Blastomere activity of thirteen representative bovine embryos. “Good” embryos
developed to a hatching bastocyst are represented by green curves. “Bad” embryos

never developed to blastocyst are shown in read. X-axis is frame number y-axis is
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blastomere activity. Image acquisition started 24 hours after fertilization and
progressed with 2 frames per hour. The green curves have been displaced on the y-
axis by adding 30 to the blastomere activity value.

Fig. 5 Average blastomere activity for all acquired frames (Light area = high blastomere
activity, dark area = low blastomere activity).

Fig. 6 Blastomere activity of 21 bovine embryos that did not develop to high quality
blastocysts. The three parts of the curves that are used to classify the blastomere

activity pattern are indicated.

Fig.7 Blastomere activity of 18 bovine embryos that did not develop to high quality
blastocysts. The three parts of the curves that are used to classify the blastomere

activity pattern are indicated.

Fig. 8 Corellation between cell divisions detected manually and automatically for 13
representative embryos. About 10 % of the cell divisions were not detected by this
algorithm, but otherwise the correspondence is excellent.

Fig. 9. Manually detected cell divisions for good and bad embryos.

Fig. 10. Estimation of derived parameters. The graph in the upper right corner shows
the original blastomere activities as a function of frame number. The green and blue
line indicates the start of second and third time interval, respectively. The graph in the
lower right corner shows the derived parameters, as described above. The vertical red
lines indicate the time and value of the highest or lowest activity values within a peak or

valley, respectively.

Fig. 11. Derived parameters (see figure above) from blastomer activity analysis of 94
embryos. The embryos that develop to good quality expanded blast are shown in red
(good examples) the ones that do not are shown in blue (bad examples).

Fig. 12. PCA plot of the first five PCA axes. A red point is an embryo with good quality
while blue is an embryo with poor quality.
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Fig. 13 Baseline value for blastomere activity in time segment 3 (i.e. 76 to 96 hours
after fertilization) for 94 different embryos. The grade is a measure of the blastomere
quality of the given bovine embryo after 7 days of incubation. Grade 1 embryos are the
best quality and have significantly higher baseline values than grade 5 which are the
lowest quality and often attretic.

Detailed description of the invention

Definitions

Cell division period: the period of time from the first observation of indentations in the
cell membrane (indicating onset of cytoplasmic division) to the cytoplasmic cell division
is complete so that the cytoplasm of the ensuing daughter cells is segregated in two

separate cells.

Inter-division period: the period of time from end of one cell division period to the onset

of the subsequent cell division period.

Division cycle: The time interval between onset of consecutive cell divisions i.e. from
start of one cell division period to start of the subsequent cell division

Rearrangement of cellular position = Cellular movement (see below)

Cellular movement: Movement of the center of the cell and the outer cell membrane.
Internal movement of organelles within the cell is NOT cellular movement. The outer
cell membrane is a dynamic structure, so the cell boundary will continually change
position slightly. However, these slight fluctuations are not considered cellular
movement. Cellular movement is when the center of gravity for the cell and its position
with respect to other cells change as well as when cells divide. Cellular movement can
be quantified by calculating the difference between two consecutive digital images of
the moving cell. An example of such quantification is described in detail in the pending
PCT application entitled “Determination of a change in a cell population”, filed Oct 16
2006. However, other methods to determine movement of the cellular center of gravity,
and or position of the cytoplasm membrane may be envisioned e.g. by using
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FertiMorph software (ImageHouse Medical, Copenhagen, Denmark) to semi-
automatically outline the boundary of each blastomere in consecutive optical transects
through an embryo.

Organelle movement: Movement of internal organelles and organelle membranes
within the embryo which may be visible by microscopy. Organelle movement is not
Cellular movement in the context of this application.

Movement: spatial rearrangement of objects. Movements are characterized and/or
quantified and/or described by many different parameters including but restricted to:
extent of movement, area and/or volume involved in movement, rotation, translation
vectors, orientation of movement, speed of movement, resizing, inflation/deflation etc.
Different measurements of cellular or organelle movement may thus be used for
different purposes some of these reflect the extent or magnitude of movement, some
the spatial distribution of moving objects, some the trajectories or volumes being

afflicted by the movement.

Embryo: In some cases the term “embryo” is used to describe a fertilized oocyte after
implantation in the uterus until 8 weeks after fertilization at which stage it becomes a
foetus. According to this definition the the fertilized oocyte is often called a pre-embryo
until implantation occurs. However, throughout this patent application we will use a
broader definition of the term embryo, which includes the pre;embryo phase. It thus
encompasses all developmental stages from the fertilization of the oocyte through
morula, blastocyst stages hatching and implantation.

Embryo quality is a measure of the ability of said embryo to successfully implant and
develop in the uterus after transfer. Embryos of high quality will successfully implant
and develop in the uterus after transfer whereas low quality embryos will not.

Embryo viability is a measure of the ability of said embryo to successfully implant and
develop in the uterus after transfer. Embryos of high viability will successfully implant
and develop in the uterus after transfer whereas low viability embryos will not. Viability
and quality are used interchangeably in this document
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Embryo quality (or viability) measurement is a parameter intended to reflect the quality
(or viability) of an embryo such that embryos with high values of the quality parameter

have a high probability of being of high quality (or viability), and low probability of being
low quality (or viability). Whereas embryos with an associated low value for the quality

(or viability) parameter only have a low probability of having a high quality (or viability)

and a high probability of being low quality (or viability)

Embryo

An embryo is approximately spherical and is composed of one or more cells (blas-
tomeres) surrounded by a gelatine-like shell, the acellular matrix known as the zona
pellucida. The zona pellucida performs a variety of functions until the embryo hatches,
and is a good landmark for embryo evaluation. The zona is spherical and translucent,
and should be clearly distinguishable from cellular debris.

An embryo is formed when an oocyte is fertilized by fusion or injection of a sperm cell
(spermatozoa). The term is traditionally used also after hatching (i.e. rupture of zona
pelucida) and the ensuing implantation. For humans the fertilized oocyte is traditionally
called an embryo for the first 8 weeks. After that (i.e. after eight weeks and when all
major organs have been formed) it is called a foetus. However the distinction between
embryo and foetus is not generally well defined.

During embryonic development, blastomere numbers increase geometrically (1-2-4-8-
16- etc.). Synchronous cell division is generally maintained to the 16-cell stage in
embryos. After that, cell division becomes asynchronous and finally individual cells
possess their own cell cycle. For bovine embryos: The blastomeres composing the
embryo should be easily identifiable until at least the 16-cell stages as spherical cells.
At about the 32-cell stage (morula stage), embryos undergo compaction, as inter-cell
adhesion occur when adhesion proteins are expressed. As a result, individual cells in
the embryo are difficult to evaluate an enumerate beyond this stage. For human
embryos compaction occurs somewhat earlier and individual blastomeres can not
readily be identified at the 16 cell stage. Human embryos produced during infertility
treatment are usually transferred to the recipient before the morula stage, whereas
other mammalian embryos often are cultured experimentally to a further development
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stage (expanded blastocysts) before transfer to the recipient or discharge. In some
cases human embryos are also cultivated to the blastocyst stage before fransfer. This
is preferably done when many good quality embryos are available or prolonged
incubation is necessary to await the result of a preimplantation genetic diagnosis
(PGD). Accordingly, the term embryo is used in the following to denote each of the
stages fertilized oocyte, zygote, 2-cell, 4-cell, 8-cell, 16-cell, moruia, blastocyst,
expanded blastocyst and hatched blastocyst, as well as all stages in between (e.g. 3 —
cell or 5-cell)

Determination of quality

The present invention provides an embryo quality measurement [See definition of
embryo quality measurement above] being based on one or more determinations of the
embryo, such as i) the duration of the at least one cell division period; and/or ii)
determining the extent and/or spatial distribution of cellular or organelle movement
during the cell division period; and/or iii) determining duration of an inter-division
period; and/or iv) determining the extent and/or spatial distribution of cellular or
organelle movement during the inter-division period thereby obtaining an embryo

quality measure.

The invention relies on the observation that the cell positions are usually relatively
stationary between cell divisions (i.e. little cellular movement), except for a short time
interval around each cell division, where the division of one cell into two leads to brief
but considerable rearrangement of the dividing cells as well as the surrounding cells

(i.e. pronounced cellular movement).

A particular use of the invention is to evaluate image series of developing embryos
(time-lapse images). These time-lapse images may be analyzed by difference imaging
(see in pending PCT application entitled “Determination of a change in a cell
population”, filed Oct 16 2006). The resulting difference images can be used to quantify
the amount of change occurring between consecutive frames in an image series.

The invention may be applied to analysis of difference image data, where the changing

positions of the cell boundaries (i.e. cell membranes) as a consequence of cellular
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movement causes a range parameters derived from the difference image to rise
temporarily (see pending PCT application entitled “Determination of a change in a cell
population”, filed Oct 16 2006). These parameters include (but are not restricted to) a
rise in the mean absolute intensity or variance. Cell divisions and their duration and
related cellular re-arrangement can thus be detected by temporary change, an increase
or a decrease, in standard deviation for all pixels in the difference image or any other of
the derived parameters for “blastomere activity” listed in pending PCT application
entitled “Determination of a change in a cell population”, filed Oct 16 2006. However
the selection criteria may also be applied to visual observations and analysis of time-
lapse images and other temporally resolved data (e.g. excretion or uptake of
metabolites, changes in physical or chemical appearance, diffraction, scatter,
absorption etc.) related to embryo development that are not related to blastomere
activity as defined in pending PCT application entitled “Determination of a change in a
cell population”, filed Oct 16 2006.

Of particular interest are the onset, magnitude and duration of cell divisions that may
be quantified as peaks or valleys, in derived parameter values. These extremes, peaks
or valleys, frequently denote cell division events The timing and duration of these
events as well as the parameter values observed during and between the events are
used to characterize the embryo, and to evaluate its development potential. The shape
of each peak also provides additional information as may the size of the peak in
general. A peak may also denote an abrupt collapse of a blastomer and concurrent cell
death. However, it may be possible to separate cell division events and cell death
events by the peak shape and change in base values before and after the event. The
baseline of most parameters are usually not affected by cell division whereas cell lysis
is frequently accompanied by a marked change in the baseline value (for most

parameters in a decrease following lysis.)

Another particular interest is the spatial distribution of both celiular and organelle
movement. Volumes within the zona pelucida that are devoid of movement (or similarly
areas in a projected 2D image of the embryo that remain stationary) are an indication
of “dead” zones within the embryo. The more and larger these immotile “dead” zones
the lower the probability of successful embryo development. Large areas within a time-
lapse series of embryo images without any type of movement (i.e. neither celiular nor
organelle movement) indicates low viability. Organelle movement should generally be
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detectable in the entire embryo even when only comparing two or a few consecutive
frames. Cellular movement may be more localized especially in the later phases of
embryo development, However, when evaluating many successive frames cellular
movement should be detectable in the entire volume within the Zona Pelucida, which
indicates that all blastomeres within the embryo divide and change position.

Thus, the embryo quality measure comprises information about cellular and organelie
movement during at least one cell division, and/or at least a part of one inter-division
period such as i) the duration of the at least one cell division period; and/or ii)
détermining the extent and/or spatial distribution of cellular or organelle movement
during the cell division period; and/or iii) determining duration of an inter-division
period; and/or iv) determining the extent and/or spatial distribution of cellular or
organelle movement during the inter-division period. In a preferred embodiment the
embryo quality measure comprises information of two or more of the determinations
described herein, such as three or more of the determinations described herein. In a
more preferred embodiment the embryo quality measure comprises information of all
the determinations described herein. In particular the embryo quality measure
comprises information about the length of the cell division period and the length of the
interdivision period, or the embryo quality measure comprises information comprises
information about the movement in the cell division period and the movement in the
interdivision period. In another embodiment the embryo quality measure comprises
information about the length of a period and the movement in the same period.

The embryo quality measure is based on the following observations:

a) Abrupt cell divisions where the actual division of the cytoplasm proceeds rapidly
and the ensuing re-arrangement of the positions of the other blastomeres occur
rapidly (e.g. sharp blastomere activity peaks) is indicative of a high quality
embryo. Prolonged duration of cytoplasmic division and extensive spatial
rearrangement of the other blastomeres afterwards (i.e. cellular movement)
indicate a poor quality embryo (e.g. broad blastomere activity peaks). (Example

1)
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b) Little rearrangement of blastomere position between cell divisions indicates a
high quality embryo whereas movement between visible cell divisions often
indicates a poor quality embryo. (Example 1)

c) Prolonged rearrangement of cell position between cell division (e.g. broad
blastomere activity peaks) is often associated with poor embryo quality,
asynchronous cell division and extensive fragmentation. (Example 1)

d) A quiet period of very little cellular movement is observed for most mammals
when the embryonic genome is activated and protein synthesis switches from
maternal to embryonal transcripts. If this period has: i) Early onset, ii) very low
activity (= little cellular movement = quiet) and iii) early termination then it is a
strong indication of a high quality embryo. The onset of the quiet period is often
delayed, and the period is sometimes interrupted by cellular movement in poor
quality embryos. Poor quality embryos may also have an elevated baseline
level of cellular movement in the “quiet” period without detectable cell division.
(Example 2)

e) In poor quality embryos that subsequently cease development particular and
persistently immobile regions are often observed which persist and ultimately
lead to developmental arrest. Such immobile regions may be associated with
extensive fragmentation or blastomere death and lysis. If these regions are
larger than a given percentage at a given developmental stage then the embryo
has very low probability to survive. In high quality embryos the cellular motility
that ensue briefly after each cytoplasmic division event is initially distributed
over the entire embryo surface (i.e. all blastomeres move slightly), only after
compaction in the mbrula stage is localized movement seen (Example 3).

f) A uniform spatial distribution of organelle movement is generally found in viable
high quality embryos, whereas “Dead” zones devoid of motility are frequently
found for low quality embryos. Similar observations have been made for cellular
movement, but observation during a longer time-window is required to
determine the spatial uniformity of the cellular movement (Example 3).
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The amount of cellular movement in different time intervals is a good indicator
of embryo quality. A quality related parameter can be calculated from a ratio of
average movement in different time-segments and/or a ratio of standard
deviations in different time-segments Embryo selection procedures can be
established based on the value of these parameters. (Example 4).

h) A gradual or abrupt decrease in the baseline level of cellular motility and

k)

organelle motility is frequently associated with low embryo quality and a high
probability of developmental arrest. The change in baseline level may be
associated with emergence of inactive zones/regions (see (e) and (f) above).
(example 6)

Early onset of the first cell division is an indication of high embryo quality. Late
onset of first (and subsequent cell divisions) indicates low quality embryos.
However, for the majority of the embryos, the exact onset of the first cell
division alone does not provide a clear indication of embryo quality (Example 4)

For most of the derived parameters describing cellular and organelle movement
a normal range can be defined such that values outside the normal range (e.g.
abnormally high or abnormally low) are both indicative of poor embryo quality.

(Example 6)

The intervals between consecutive cell divisions are important (and species

specific) indicators of embryo viability an example would be the ration between
the interval between 1 = 2 and 2->4 cell division and the interval between the
24 and the 4>8 cell division. The ration of these intervals should be within a

given range for viable embryos.

Synchronized celi division in the later stages (e.g. 2->4, 4->8) is mostly found
for high quality embryos whereas asynchronous cell division is often observed
for low quality embryos (e.g. 2>3>4->5>6->7->8) (Example 1)

The following determinations lead to the highest embryo quality measure:

Short cell-division periods, wherein short is defined as less than 2 hour
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¢ Little cellular movement in inter-division periods, wherein little is defined as
virtually no change in cellular position beyond the usual oscillations and
organelle movements that always contribute to the difference image. Little
cellular movement imply that the cellular center of gravity is stationary
(movement < 3 pm) and the cytoplasmic membranes are largely immotile (< 3
Hm).

o Early onset of first cell-division period, i.e. before 25 hours after fertilisation for
human embryos (before 30 hours after fertilisation for bovine embryos).

o Short periods of cellular movements in inter-division periods, wherein short is
defined as less than 3 hours

e Uniform distribution of cellular movement within the Zona pelucida over time,
i.e. absence of inactive areas/zones/volumes of the embryo where cellular
movement is not observed over a longer period of time (i.e. > 24 hours). Such
immobile zones could be due to dead or dying blastomeres and fragments,
which may impede further development

o Constant or slightly increasing baseline values for cellular motility

o All derived parameters were within the normal range for the particular embryo

The closer the embryo quality measure gets to the highest quality measure the higher

quality for the embryo.

A neural network or other quantitative pattern recognition algorithms may be used to
evaluate the complex cell motility patterns described above. Such a network may be
used to find the best quality embryos for transfer in IVF treatments. Example 6
describes an approach to derive key parameters for embryo development from
“Blastomere activity” (see pending PCT application entitled “Determination of a change
in a cell population”, filed Oct 16 2006) during embryo development, and subsequently
evaluate the derived parameters using different mathematical models (linear, Princepal

component analysis, Markov models etc.)

Other measurements
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A final analysis step could include a comparison of the made observations with similar
observations of embryos of different quality and development competence, as well as
comparing parameter values for a given embryo with other quantitative measurements
made on the same embryo. This may include a comparison with online measurements
such as blastomer motility, respiration rate, amino acid uptake etc. A combined dataset
of blastomer motility analysis, respiration rates and other quantitative parameters are
likely to improve embryo selection and reliably enable embryologist to choc_)se the best

embryos for transfer.

Thus, in one embodiment the method according to the invention may be combined with
other measurements in order to evaluate the embryo in question, and may be used for
selection of competent embryos for transfer to the recipient.

Such other measurements may be selected from the group of respiration rate, amino
acid uptake, motility analysis, blastomer motility, morphology, blastomere size, blas-
tomere granulation, fragmentation, blastomere color, polar body orientation, nucleation,
spindle formation and integrity, and numerous other qualitative measurements. The
respiration measurement may be conducted as described in PCT publication no. WO
2004/056265.

Culture medium

In a preferred embodiment the observations are conducted during cultivation of the cell
population, such as wherein the cell population is positioned in a culture medium.
Means for culturing cell population are known in the art. An example of culturing an
embryo is described in PCT publication no. WO 2004/056265.

Data carrier

The invention further relates to a data carrier comprising a computer program directly
loadable in the memory of a digital processing device and comprising computer code
portions constituting means for executing the method of the invention as described

above.
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The data carrier may be a magnetic or optical disk or in the shape of an electronic card
of the type EEPROM or Flash, and designed to be loaded into existing digital

processing means.
Selection or identification of embryos

The present invention further provides a method for selecting an embryo for
transplantation. The method implies that the embryo has been monitored for
determining a change in the embryo as described above in order to determine when
cell divisions have occurred and optionally whether cell death has occurred as well as
the quality of cell divisions and overall quality of embryo. It is preferred to select an
embryo having substantially synchronous cell division giving rise to sharp derived
parameters for the difference images, and more preferred to select an embryo having
no cell death.

The selection or identifying method may be combined with other measurements as
described above in order to evaluate the quality of the embryo. The important criteria in
a morphological evaluation of embryos are: (1) shape of the embryo including number
of blastomers and degree of fragmentation; (2) presénce and quality of a zona pellu-
cida; (3) size; (4) colour and texture; (5) knowledge of the age of the embryo in relation
to its developmental stage, and (6) blastomere membrane integrity.

The transplantation may then be conducted by any suitable method known to the

skilled person.
Example 1

Materials and methods. Bovine immature cumulus-oocyte complexes (COCs) were
aspirated from slaughterhouse-derived ovaries, selected and matured for 24 h in four-
well dishes (Nunc, Roskilde, Denmark). Each well contained 400 pL of bicarbonate
buffered TCM-199 medium (Gibco BRL, Paisley, UK) supplemented with 15% cattle
serum (CS; Danish Veterinary Institute, Frederiksberg, Denmark), 10 IlU/mL eCG and 5
IU/mL hCG (Suigonan Vet; Intervet Scandinavia, SkoVIunde, Denmark). The embryos
were matured under mineral oil at 38.5 °C in 5% CO2 in humidified air. Feﬁilization was
performed in modified Tyrode’s medium using frozen-thawed, Percoli-selected sperm.



10

15

20

25

30

35

WO 2007/144001 PCT/DK2007/000291

16

After 22 h, cumulus cells were removed by vortexing and presumptive zygotes were
transferred to 400 pL of culture medium, composed of synthetic oviduct fluid medium
with aminoacids, citrate and inositol (SOFaaci) supplemented with antibiotics
(Gentamycin sulfate, 10mg/ml) and 5% CS and incubated at 38.5 °C in 5% CO2, 5%
02, 90% N2 atmosphere with maximum humidity.

The incubator system has been described in detail earlier and has proved suitable for
in-vitro embryo culture (Holm et al. 1998). Briefly, the 4-well culture dish wés placed on
the microscopic stage (MultiControl 2000 Scanning stage, Mérzhauser, Germany) of an
inverted Nikon TMD microscope (Diaphot, DFA A/S, Copenhagen, Denmark). A black
plexiglas incubator box regulated by an air temperature controller (Air-Therm ™ World
Precision Instruments, Aston, UK) was fitted around the stage. A plastic cover with
open bottom was placed over the culture dish and the humidified gas-mixture was lead
into this semi-closed culture chamber after having passed through a gas washing bottle
placed inside the incubator box.

This culture box has previously been proved useful for in-vitro embryo culture (Holm et
al. 1998, 2003), providing stable temperature and humidity conditions. Our weekly rou-
tine in vitro embryo production during the experimental served as controls for the integ-
rity of the basic cuiture system.

Camera system. The time-lapse recording was directed by an image analysis software
(ImagePro™, Unit One, Birkered, Denmark), which controlled both the movements of
the scanning stage in the x-, y- and z-axes, the operation of the connected highly light
sensitive video camera (WAT-902H, Watec, DFA A/S, Copenhagen, Denmark), as well
as the recording and storage of time-lapse sequences on the computer hard disc.
Time-lapse Images of each embryo (total magnification: x 265) were sequentially
recorded in minimal light at intervals of 30 min. throughout the 7 day culture period.
Between recordings the embryo were moved out of the light field.

Manual analysis of the time-lapse image series consisted of recording the time of the
first appearance of the following cleavage/embryo stages: 2-cell, 4-cell, 8-cell, 16-cell
and for morulae and blastocysts with a visible coherent cell mass: maximal compact
morula, first expansion of the blastocyst, collapses of blastocysts and hatching of the
blastocyst.

The automated computer based analysis consisted of computing the standard
deviation of the differences image which is calculated as the difference between two
consecutive frames. To avoid alignment artifacts and other problems the following

elaborate procedure was used:
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1) Image acquisition. (See description above).

2) Remove fixed position artifacts (Camera dust) by subtracting a defocused reference
image of the artifacts from every picture in the series.

3) Translocation to compensate for inaccurate stage movement. A very sirﬁple way to
align pictures is to compare the original difference image to a difference image
calculated after shifting one of the original images a single pixel in a given direction. If
the variance of the difference image calculated after translocation is lower than the
variance of the difference image of the originals then the translocation produced an
improved alignment. By systematically trying out all possible transiocation directions
and all relevant translocation magnitudes it is possible to obtain an aligned time series.
However in the present case we used an advanced ImageJ macro for image alignment
developed by Thévenaz et al. 1998.

4) Identify region of interest (ROI) and reference area outside. It is advantageous to
compare cell movement inside the embryo to “movement” outside the embryo due
Brownian motion alignment problems etc. This is accomplished by delineating the
embryo and comparing the difference images inside the embryo with the calculated
differences in a similar area outside the embryo. Delineating the embryo was done
manually. A reference area we chose a region of the image without any embryos.

5) Calculate intensity difference.

6) Compute a derived parameters for each difference image. Several difference
parameters were calculated but the one that proved most informative was the standard
deviation of intensity for all pixels in the difference image. This parameter is refered to
as the “blasomere activity” in the following

7) Identify and determine shape of peaks in the blastomere activity.

8) Calculate standard deviation and average values for the blastomere activity for
diagnostically relevant time intervals See example 4.

Experimental design. Approx. 20 bovine embryos were incubated together' in a single
well of a Nunc-4well dish for 7 days with image acquisition every 30 min. This
experiment was repeated 5 times total giving time-lapse image series of 99 bovine
embryos.

Results:

Based on gualitative evaluation of time-lapse image series of developing embryos,
(essentially by looking playing them as movies numerous times and noting changes),
we observed that: An indicator of high quality embryos is abrupt cell divisions where
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the actual division of the cytoplasm proceeds rapidly and the ensuing re-arrangement
of the positions of the other blastomeres occur rapidly followed by a period of “quiet”
with very little rearrangement of cell position until the abrupt onset of the next
cytoplasmic division. Poor quality embryos often show prolonged rearrangements of
blastomere position after cytoplasmic divisions and between cytoplasmic cell divisions.
To quantify and document these observations we calculate blastomere activity from a
time-lapse image series as described in PCT application definded above.
Representative blastomere activities are shown in the Fig. 2.

Some of the observed activity is due to asynchronous cell division (e.g.
2->3->4->5->6->7->8) and fragmentation as opposed to synchronous cell divisions
(e.g. 24, 4->8) observed for high quality embryos.

The blastomere activity of 41 embryos is displayed as a pseudo-gel-image in Fig. 1
where motility peaks are indicated by dark bands and inactivity is white.

Example 2
Materials and methods. Same as for Example 1

Results

Initial protein synthesis in mammalian embryos use maternal mRNA from the oocyte,
but after a few cell divisions the embryonic genome is activated, transcribed and
translated. The switch from maternal genome to embryonic genome is a crucial step in
embryo development. The period occurs at the 8-cell stage for bovines and has a
relatively long duration for human embryos the swith occurs earlier at the 4 to 8 cell
stage and has a shorter duration.

A quiet period of very little cellular movement is observed for most mammals when the
embryonic genome is activated and protein synthesis switches from maternai to
embryonal genes. If this period has: i) Early onset, ii) very low activity (= little cellular
movement = quiet) and iii) early termination then it is a strong indication of a high
quality embryo. The quiet period is often delayed, and sometimes interrupted by
cellular movement in poor quality embryos. An example of this showing blastomere
activity for 13 different embryos is shown in Fig. 4.
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Example 3
Materials and methods. Same as for Example 1

Results. In poor quality embryos that subsequently cease development particular and
persistently immobile regions are often observed which persist and ultimately lead to
developmental arrest. Such immobile regions may be associated with extensive
fragmentation or blastomere death and lysis. If these regions are larger than a given
percentage at a given developmental stage then the embryo has very low probability to
survive. In high quality embryos the cellular motility that ensue briefly after each
cytoplasmic division event is initially distributed over the entire embryo surface (i.e. all
blastomeres move slightly), only after compaction in the morula stage is localized

movement seen

Embryos that develop to blastocysts such as the left panel in Fig. 5 have uniformly
distributed blastomere activity. Embryos that do not have uniformly distributed
blastomere activity such as the right panel in Fig. 5§ never develops into a blastocyst.

Example 4
Materials and methods. Same as for Example 1

Results. The amount of cellular movement in different time intervals is a good indicator
of embryo quality. A quality related parameter can be calculated from a ratio of average
movement in different time-segments and/or a ratio of standard deviations in different
time-segments Embryo selection procedures can be established based on the value of
these parameters. Example of different segments (= parts) are shown on Figs. 6 and 7.
In this case is part 1 the time segment from 32 to 60 hours after fertilization, part 2 is 60
to 75 hours after fertilization, part 3 is from 75 to 96 hours afier fertilization.

Based on the average blastomer activity and/or the standard deviation of the
blastomere activity in the different parts it is possible to classify the embryos.
In the present case we have used the following selection criteria based on:
e R1 = ratio between average blastocyst activity in part 1 and in part 3 of the
blastocyst activity pattern for a given embryo
e R2 = ration between standard deviation of the blastocyst activity in part 2 and in
part 3 of the blastocyst activity pattern for a given embryo

SUBSTITUTE SHEET (RULE 26)
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If (R1 < 1.15 and R2 < 0.50) then it is a “good” embryo ELSE it is a “bad” embryo.
Using these criteria all 36 out of 39 embryos were classified correctly according to how
they subsequently developed.

Example 5
Materials and methods. Same as for Example 1

Results. Fig. 8 below shows the excellent correspondence between automatic and
manual determination of onset of cell division. Very early onset of the first cell division
is an indication of high embryo quality. Very late onset of first (and subsequent cell
divisions) indicates low quality embryos. However, for the majority of the embryos, the
exact onset of the first cell division alone does not provide a clear indication of embryo
quality as is shown in Fig. 8 below. While the average onset of cell divisions was
delayed for the bad embryos, the large inherent standard deviation makes the absolute
values a poor selection criteria except in extreme cases. (e.g. first division before 30
hours signifies a good embryo. First division after 35 hours signifies a bad embryo but
the vast majority of the bovine embryos investigated have intermediate division times
that are not easily interpreted.

Example 6a

Materials and methods. Same as for Example 1

Results. A typical time series of blastomere activities consist of a few measurements
every hour during incubation (e.g. approximately 150 data points for each embryo
measured during the first 2 to 3 days which is the diagnostically interesting time
window). Most statistical methods have difficulties with analysing data with such a high
dimension. Thus, it is important to find robust methods for reducing the dimensions by
extracting derived parameters. To achieve this, the blastomere activity was divided into
three intervals: 0-32, 32-52 and 52-72 hours after image acquisition was started (Fig.
9). Within each of these intervals three peaks were found using the following method:
The first peak was the highest blastomere activity. The second peak was the highest
activity value that was at least 3.5h before or after the first peak. The third peak was
the highest activity that was at least 3.5h from both the first and second peak.

From each peak the following parameters were derived: the time, the peak value and
the mean of the activity values from 0.5h before the peak to 1.5h after the peak. In
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addition, the valley between two peaks was described by the lowest value, the time of
lowest value and the mean (see Fig. 10 for an example of the derived parameters). If
the derived parameter values for different embryos are normalized to equal variance
and mean value, it becomes apparent that aberrant values (i.e. too high or too low) are
found for embryos that do not develop properly (bad embryos = blue dots in Fig. 11).
Embryos that develop well (red dots) have a narrower range of values. Statistical
models of embryo quality can be developed based on the above derived parameters. If
each embryo has be evaluated according to the final development a number of
different statistical methods exists for analysis the relation between the derived
parameters and the final development. These methods includes: linear and non-linear
models, Bayesians network, neural networks, hidden Markov models, nearest
neighbours, principal component analysis and others. Fig. 12 below shows an example
of a Principal Component Analysis (PCA) of the data.

The statistical model can be evaluated and/or extended as new data are generated. To
facilitate this it is important to find a robust data structure and set of derived

parameters.

Even very simple analysis of individual parameters such as parameter 39 = baseline
value of blastomere activity in the third time segment (76 to 96 hrs after fertilization)
can to some extend to sort out abnormal and non-viable embryos. Based on this single
parameter it is thus possible to automatically select embryos of good quality with with

72 % accuracy.

Exarﬁple 6B

Materials and methods. Same as for Example 1

Results. A typical time series of blastomere activities consist of a few measurements
every hour during incubation (e.g. approximately 150 data points for each embryo
measured measured during the first 2 to 3 days which is the diagnostically interesting
time window). Most statistical methods have difficulties with analysing data with such a
high dimension. Thus, it is important to find robust methods for reducing the
dimensions by extracting derived parameters. To achieve this, the blastomere activity
was divided into three intervals: 0-32, 32-62 and 52-72 hours after image acquisition
was started (Figure 9). The three time intervals was selected to reflect three
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developmental stages for bovine embryos. Segment 1: initial cell divisions from 1-cell
to 8-cells. Segment 2: resting stage with relatively little activity and movements. It is
believed the embryonic genome is activated at this stage. In some embryos the resting
stage start at the 8-cell level, in others at the 16-cell stage, but in all developing
embryos it is a prolonged period without cell divisions. Segment 3: Resuming cell
division an developing into a morula. It is often impossible to count individual
blastomeres at this stage, but the time-lapse images reveal that cell division has
resumed. Within each of the three time intervals reflecting the three developmental
stages three peaks in blastomere activity were identified using the following method:
The first peak was the highest blastomere activity. The second peak was the highest
activity value that was at least 3.5h before or after the first peak. The third peak was
the highest activity that was at least 3.5h from both the first and second peak.

From each peak the following parameters were derived: the time of occurrence, the
peak value and the mean of the activity values from 0.5h before the peak to 1.5h after
the peak. In addition, the valley between two peaks was described by the lowest value,
the time of fowest value and the mean of the (see Figure 9 for an example of the

derived parameters).

We thus get the following parameters for each of the three segments:

1 Peak 1, value
2 Peak 1 time

3 Peak 1 mean
4 Valley 1, value
5 Valley 1 time
6 Valley 1 mean
7 Peak 2, value
8 Peak 2 time

9 Peak 2 mean
10 Valley 2, value
11 Valley 2 time
12 Valley 2 mean
13 Peak 3, value
14 Peak 3 time
15 Peak 3 mean

In addition we calculate the average value and the standard deviation of blastomere
activity in that segment:
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16 Average
17 StDev

We also use some of the above parameters to describe the peak shape which reflects
the duration or synchrony of the mayor cell division event. | sharp peak in blastomere
activity (i.e. a fast synchronized cell division) is characierized by a low ratio of peak
mean to peak value, whereas a higher ratio reflects a broader peak where the peak
mean and peak values are more similar. Peak mean divided by peak value will always
be < 1, with a value close to one indicating a broad peak and a value close to 0 a very
sharp peak.

18 (Peak 1, mean — Average) / (Peak 1, value — Average) = (P1-P16)/(P3-
P16)

19 (Peak 2, mean — Average) / (Peak 2, value — Average) = (P7-P16)/(P9-
P16)

20 (Peak 3, mean — Average) / (Peak 3, value — Average) = (P13-P16)/(P15-
P16)

Finally we calculate the ratio of the time between first and second peak and the ratio of
time between the second and the third peak.

21 (Peak 2, time — Peak 1, time) / (Peak 3, time — Peak 2, time) = (P8-
P2)/(P14-P8)

The parameter set of 21 parameters shown above is used for a fast analysis as it only
include information that can be gained from the first segment i.e. 32 hours of
incubation.

The small set contain important information that can me used to classify embryos in
viable and not viable. However, if data for the following two time intervals is available
then the analysis can be repeated for the two following segments. We do not calculate
the ratios (i.e. shape characteristics and interval between peaks) for the following
segments but only the peaks and valleys (i.e. 15 parameters per segment) Finally the
global average value, the global StDev and the global Minimum and maximum are
included in the full parameter set of 59 parameters shown below:

Glo Average
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Glo StDev for BlastAct
Glo Minimum for BlastAct
Glo Maximum for BlastAct
SEG1 Average
SEG1 StDev

SEG1 Peak 1, value
SEG1 Peak 1 pos
SEG1 Peak 1 mean
SEG1 Valley 1, value
SEG1 Valley 1 pos
SEG1 Valley 1 mean
SEG1 Peak 2, value
SEG1 Peak 2 pos
SEG1 Peak 2 mean
SEG1 Valley 2, value
SEG1 Valley 2 pos
SEG1 Valley 2 mean
SEG1 Peak 3, value
SEG1 Peak 3 pos
SEG1 Peak 3 mean
SEG2 Average
SEG2 SiDev

SEG2 Peak 1, value
SEG2 Peak 1 pos
SEG2 Peak 1 mean
SEG2 Valley 1, value
SEG2 Valley 1 pos
SEG2 Valley 1 mean
SEG2 Peak 2, value
SEG2 Peak 2 pos
SEG2 Peak 2 mean
SEG2 Valley 2, value
SEG2 Valley 2 pos
SEG2 Valley 2 mean
SEG2 Peak 3, value

25
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SEG2 Peak 3 pos
SEG2 Peak 3 mean
SEG3 Average
SEG3 StDev

SEG3 Peak 1, value
SEGS3 Peak 1 pos
SEG3 Peak 1 mean
SEG3 Valley 1, value
SEG3 Valley 1 pos
SEG3 Valley 1 mean
SEG3 Peak 2, value
SEG3 Peak 2 pos
SEG3 Peak 2 mean
SEG3 Valley 2, value
SEG3 Valley 2 pos
SEG3 Valley 2 mean
SEG3 Peak 3, value
SEG3 Peak 3 pos
SEG3 Peak 3 mean
SEGH1 ratio peak1
SEGH1 ratio peak2
SEG1 ratio peak3
SEG1 ratio val1 val2

If the derived parameter values for different embryos are normalized to equal variance
and mean value, it becomes apparent that aberrant values (i.e. too high or too low) are
found for embryos that do not develop properly (bad embryos = blue dots in figure 11).
The parameters in the figure are in the same order as the above but the four ratio
parameters at the end are omitted. Embryos that develop well (red dots) have a

narrower range of values.

Statistical models of embryo quality can be developed based on the above derived
parameters. If each embryo has be evaluated according to the final development a
number of different statistical methods exists for analysis the relation between the
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derived parameters and the final development. These methods includes but are not
limited to: linear and non-linear models, Bayesians network, neural networks, hidden

Markov models, nearest neighbours, principal component analysis and others. Figure
11 below shows an example of a Principal Component Analysis (PCA) of the data.

An example of the use of a linear model is shown in Example 7.

The statistical model can be evaluated and/or extended as new data are generated. To
facilitate this it is important to find a robust data structure and set of derived

parameters.

Even very simple analysis of individual parameters such as parameter 39 = baseline
value of blastomere activity in the third time segment (76 to 96 hrs after fertilization)
can to some extend to sort out abnormal and non-viable embryos. Based on this single
parameter it is thus possible to automatically select embryos of good quality with with
72 % accuracy.

Example 7. Comparison of selection of embryos based on automated detection or
embryologist detection

Design. 95 bovine embryos were placed in a time-lapse microscope under constant
temperature, humidity and CO, for seven days. Images were acquired twice per hour
from 24 hours to 96 hours after fertilization. The ability of the image-analysis procedure
to correctly identify the 38 embryos that subsequently (i.e. after 7 days) developed to
expanded blastocysts was evaluated and compared to the quality assessments by a
trained embryologist based on the same 145 images for each embryo.

Material & Methods. Bovine immature cumulus-oocyte complexes were aspirated
from slaughterhouse-derived ovaries, matured for 24h before fertilization for 22h.
Cumulus cells were then removed and presumptive zygotes were transferred and
cultured in synthetic oviduct fluid medium. Time-lapse images were acquired inside an
incubator box fitted onto an inverted Nikon microscope stage mounted with a sensitive
video camera. ‘
Results. The fully automated image analysis procedure generated a quantitative
measure of cell blastomere activity based on the observed movement between
consecutive images in the time-lapse series. The correlation between blastomere
activity and cell division was confirmed by comparing automated and manual analysis
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of the time-lapse image series. Pronounced peaks in blastomere activity were found to
be associated with cell-divisions. The exact onset and duration of cell-divisions could
be quantified based on position, shape and size of the recorded peaks. The blastomere
activity pattern of a given embryo could thus be reduced to a set of key parameters
corresponding to peak height, position and width for prominent peaks as well as similar
parameters describing the blastomere activity level between peaks. A fotal of 55
parameters for each embryo was used in a simple linear model to classify the embryo
as “viable” or “non-viable”. The model was trained on a subset of the observed embryo
patterns and evaluated on a different independent subset. The same time-lapse series
of images was evaluated by a skilled embryologist attempting to predict whether the
embryo would develop to an expanded blastocyst or not.

Though the model was only a simple linear model with limited accuracy it was noted
that the fully automated analysis was better at predicting which embryos would develop
to expanded blastocysts (Error rate: 20%, 24 out of 94), than the trained embryologist
(Error rate 26%, 19 out of 95), Moreover the automated analysis also had fewer false
positives (13 of 45 = 29%, as opposed to the manual analysis which had (23 of 60,
38%). False positives are embryos that are believed to have a high viability but
nevertheless cease development and never reached the expanded blastocyst stage
within the 7-day observation period. Transfer of such embryos are unlikely to result in

pregnancy.
Bovine embryo Experiment segment 1 -3 | o5

Images acquired every 30 min from 24 hrs to 96 hrs after fertilization
Outcome evaluated after 7 days = End point
(N=94, blastocystrate=40%)

35
Qutcome Manual Evaluation Image analysis
Good Bad Good Bad
. 45
Expanding blastocysts 37 1 32 6
Arrested development 23 33 13 44
Incorrect classified 26% 20% 55
False positives & negatives 38% 3% 29% 12%
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Claims

1. A method for determining embryo quality comprising monitoring the embryo for
a time period, said time period having a length sufficient to comprise at least
one cell division period and at least a part of an inter-division period, and
determining the length of the at least one cell division period; and/or ii)
determining the extent and/or spatial distribution of cellular or organelle
movement during the cell division period; and/or iii) determining duration of an
inter-division period; and/or iv) determining the extent and/or spatial distribution
of cellular or organelle movement during the inter-division period thereby
obtaining an embryo quality measure.

2. The method according to claim 1, wherein the embryo is monitored for a time
period comprising at least two cell division periods.

3. The method according to claim 1, wherein the embryo is monitored for at time
period comprising at least three cell division periods.

4. The method according to any of the preceding claims, wherein the length of
each cell division period is determined.

5. The method according to any of the preceding claims, wherein the length of
each inter-division period is determined.

6. The method according to any of the preceding claims, wherein the period of
cellular movement in at least two inter-division periods is determined.

7. The method according to any of the preceding claims, wherein the extent of
cellular movement is determined in at least two inter-division periods is
determined.

8. The method according to claim 6 or 7, wherein the at least fwo inter-division
periods are subsequent inter-division periods.
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13.

14.

34

The method according to any of the preceding claims, wherein determination of
the length of the at least one cell division period and determination of cellular
movement during the inter-division period are performed.

The method according to any of the preceding claims, wherein determination of
the length of the at least one cell division period and determination of the period
of cellular movement during the inter-division period are performed.

The method according to any of the preceding claims, wherein determination of
the length of the at least one cell division period and determination of celiular
movement during the inter-division period and determination of the period of
cellular movement during the inter-division period are performed.

A method for selecting an embryo suitable for transplantation, said method
comprising monitoring the embryo as defined in any of the claims 1-11
obtaining an embryo quality measure, and selecting the embryo having the
highest embryo quality measure.

A system for determining embryo quality comprising means for monitoring the
embryo for a time period, said time period having a length sufficient to comprise
at least one cell division period and at least a part of an inter-division period,
said system further having means for determining the length of the at least one
cell division period and/or determining the cellular movement during the inter-
division period and/or determining length of time period of cellular movement
during an inter-division period and having means for determining an embryo
quality measure based on the determinations in the cell-division period(s) and
the inter-division period(s).

The system according to claim 13, comprising means for determining one or
more of the features as defined in any of the claims 1-11.
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