Journal of Biomedical Optics 13(3), 034005 (May/June 2008)

Phase-subtraction cell-counting method for live mouse
embryos beyond the eight-cell stage

William C. Warger Il

Northeastern University

Department of Electrical and Computer Engineering

440 Dana Building

360 Huntington Avenue

Boston, Massachusetts 02115
and

The Bernard M. Gordon Center for Subsurface Sensing
and Imaging Systems

Stearns Center, Suite 302

360 Huntington Avenue

Boston, Massachuesetts 02115

E-mail: wwarger@ece.neu.edu

Judith A. Newmark

Carol M. Warner

Northeastern University

Department of Biology

134 Mugar Building

360 Huntington Avenue

Boston, Massachusetts 02115
and

The Bernard M. Gordon Center for Subsurface Sensing
and Imaging Systems

Stearns Center, Suite 302

360 Huntington Avenue

Boston, Massachuesetts 02115

Charles A. DiMarzio

Department of Electrical and Computer Engineering

440 Dana Building

360 Huntington Avenue

Boston, Massachusetts 02115
and

The Bernard M. Gordon Center for Subsurface Sensing
and Imaging Systems

Stearns Center, Suite 302

360 Huntington Avenue

Boston, Massachuesetts 02115

1 Introduction

Abstract. Since 1978 in vitro fertilization (IVF) procedures have re-
sulted in the birth of over 3 million babies. Yet in 2005, IVF proce-
dures had a live birth rate of only 34%, with 32% of these births
resulting in multiple pregnancies. These multiple pregnancies were
directly attributed to the transfer of multiple embryos to increase the
probability that a single, healthy embryo was included. The predomi-
nantly accepted noninvasive viability markers for embryos created by
IVF are (1) number of cells at specific time points during development
and (2) overall morphology of the embryo. Currently, it is difficult to
count the number of cells beyond the eight-cell stage noninvasively.
We report a nontoxic cell-counting method capable of counting cell
numbers ranging from 8 to 26 in live mouse embryos. This method is
derived from the fusion of differential interference contrast and optical
quadrature microscopy and is verified by epifluorescence images of
Hoechst-stained nuclei. The phase-subtraction cell-counting method
is the first accurate, nontoxic technique to count cells through the
morula stage in mouse embryos and may enhance the use of cell
number as a viability marker if adopted for use with human embryos
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embryo that will produce a successful pregnancy. In 2005,
32% of successful IVF procedures also resulted in multiple

In the United States, one in six couples suffers from problems
related to infertility.1 Assisted reproductive technologies
(ART), such as in vitro fertilization (IVF), have given these
couples a second option after natural attempts at reproduction
have proven unsuccessful. However, after more than a quarter
century of administered IVF procedures that have resulted in
over three million babies, U.S. clinics were still only able to
provide a live birth rate of 34% with fresh nondonor eggs or
embryos in 2005.% A major cause of the low success rate is the
inability to determine which embryos are viable and will lead
to a successful pregnancy. As a result, clinicians transfer mul-
tiple embryos to increase the chances of including one viable
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pregnancies because three or more embryos were transferred
in 47% of procedures and four or more embryos were
transferred” in 18%. This practice introduces complications
for both mother and child. Multiple pregnancy leads to the
increased risk of pregnancy complications, including preterm
delivery, prematurity, low birth weight, congenital malforma-
tions, and infant death.> 10 Multiple-birth infants from IVF
also face an increased risk of neurological problems, espe-
cially cerebral palsy.”'" For all of these reasons, there is a
worldwide effort toward single embryo transfer.'*"?

Human embryos that are cultured in IVF clinics are given
a grade based on two major criteria: (1) the number of cells at
specific time points during development and (2) overall
morphology."* ™ Some of the morphological parameters that
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have been considered are symmetry, size, fragmentation,
vacuoles, perivitelline space, position of pronuclei, orientation
of nucleoli, thickness and structure of the zona pellucida, and
spindle integrity, but none of these parameters has proven to
be good enough to determine embryo viability reliably. There
is agreement that the first criterion, embryo cell number,
shows that faster developing embryos are more likely to give
rise to a successful pregnancy than slower developing
embryos.zz_24 However, current nontoxic microscopy tech-
niques are unable to count the number of cells accurately past
the eight-cell stage. Thus, the number of cells can be used for
day 3 transfers where embryos containing less than 10 cells
are returned to the uterine environment, but cannot be used
for blastocyst stage transfers that occur on day 5 of develop-
ment. Blastocyst transfers are advantageous because the em-
bryo does not reach the uterus until day 5 in a natural
pregnancy,27 and the ability to develop to the blastocyst stage
is also a viability marker.”® As a result, the decision on em-
bryo quality in blastocyst transfers is based on morphological
markers such as the expansion of the blastocoel cavity and the
characteristics of the inner cell mass and the trophectoderm.*®
Therefore, the creation of hardware and software that could
noninvasively count the number of cells after the eight-cell
stage may enable the number of cells to be included among
the criteria for blastocyst stage transfers.

The Keck three-dimensional fusion microscope (3DFM) at
Northeastern University combines differential interference
contrast, epifluorescence, optical quadrature, laser scanning
confocal fluorescence and reflectance, and two-photon fluo-
rescence microscopy on a Nikon TE2000U base.”’ The non-
toxic cell-counting method presented in this paper utilizes the
fusion of optical quadrature microscopy (OQM) and differen-
tial interference contrast (DIC) microscopy to acquire and
process the images necessary to count the number of cells in
mouse embryos beyond the eight-cell stage of development.
The details of the hardware and software used to accomplish
this goal are presented in this paper.

2 Imaging Modalities
2.1 DIC

DIC microscopy produces images in which contrast is related
to a component of the gradient of optical path length along a
specified direction.” Clinicians currently use DIC, or the
similar Hoffman optics,3 % to analyze the morphological char-
acteristics of embryos and to make their best determination of
the number of cells in the embryo noninvasively. A DIC im-
age of an embryo provides distinct cell boundaries for cells
within the depth of field because the cell boundaries provide
the greatest difference in optical path between the two waves.
However, as the embryo develops, the cells begin to overlap
and the edges from the bottom layer of cells are obstructed by
the top layer. Cell edges are visible under a single layer of
overlapped cells, providing the ability to count accurately up
to two layers of four cells in an eight-cell embryo. Once the
embryo begins to form a third layer, the cell edges of the
bottom layer cannot be resolved, thereby making accurate cell
counts unattainable by using DIC microscopy alone. Addi-
tional techniques have been developed to reconstruct quanti-
tative phase information from DIC images, but they have not
been applied to large biological samples greater than 20 um

Journal of Biomedical Optics

034005-2

Cell Perivitelline
Cluster Space
Polar Zona
Body Pellucida

Fig. 1 DIC image of a live mouse embryo. The zona pellucida sur-
rounds the developing cells and polar body.

in diameter.”' ° The diameter of a mouse embryo is approxi-
mately 100 wm, including the zona pellucida, and the diam-
eter of a human embryo is>> approximately 130 um.

A DIC image of a typical eight-cell live mouse embryo is
shown in Fig. 1. Mice are an excellent animal model for hu-
man research and have been classified as a model organism by
the National Institutes of Health. The mouse model provides
many advantages over human embryos for research, including
genetically identical inbred mouse strains, embryo availabil-
ity, and low cost.”” Early mouse embryo development is very
similar to human embryo development. Each cell, or blas-
tomere, cleaves into two cells with a combined volume ap-
proximately equal to the original cell before division. There-
fore, the total volume of the embryo is relatively constant
during preimplantation development. The first polar body ex-
trudes during meiosis and degenerates shortly after fertiliza-
tion of the oocyte. The second polar body extrudes on fertili-
zation and is maintained at least through the eight-cell stage
of development, after which it begins to degenerate. The sec-
ond polar body can be easily distinguished from the blas-
tomeres because it is considerably smaller in size compared to
the developing cells. The zona pellucida is a spherical encase-
ment with a thickness of approximately 7 um that surrounds
the cells and polar body and keeps them contained. The space
between the blastomeres and the zona pellucida is the perivi-
telline space. During imaging, we have assumed that the
perivitelline space is filled with culture medium since the
zona pellucida is a loose matrix that is porous to macromol-
ecules, including proteins.

2.2 Fluorescence Microscopy

Fluorescence microscopy images the distribution of individual
molecules by collecting only the fluorescent wavelengths that
are emitted after excitation with a particular band of
wavelengths.® Hoechst 33342 dye [Intergen (Millipore), Bil-
lerica, Massachusetts] was used to bind fluorphores to the
nucleus of each cell to image the distribution of nuclei within
the embryo. A piezoelectric z stage (Piezosystems Jena, Jena,
Germany) was used to step the embryo through the focus of
the objective to provide a z stack of images through the
sample. Counting the stained nuclei within the z stack pro-
vides the ground truth for the number of nuclei within an
embryo and was used to determine the total number of cells.™
This method of cell counting is easy to use and offers a rela-
tively fast measurement for the number of cells, but the Ho-
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echst stain permanently binds to the DNA of the nuclei and is
a known mutagen. Its use is therefore considered an invasive
and potentially mutagenic procedure that is not permitted in a
clinical setting. We have used this method only to determine
the number of cells in each embryo to analyze the success of
our cell-counting procedure. It is important to note that two-
photon or confocal fluorescence microscopy can also be used
to image the Hoechst stained nuclei, but the epifluorescence
images provided sufficient image quality to obtain accurate
cell counts.

23 OQM

OQM noninvasively reconstructs the amplitude and phase of
an optically transparent sample.”®™** An OQM image of a
sample that creates a change in phase greater than 27, such as
a mouse embryo, must be unwrapped using a 2-D phase-
unwrapping algorithm to produce a quantitative image. The
OQM images of mouse embryos were unwrapped using the
algorithm LP-norm.” The image of unwrapped phase was
then multiplied by N/27r, where N is equal to 633 nm, to
provide an image of optical path difference (OPD image).
Using a projection model that neglects diffraction, the total
optical path length (OPL) within the image is related to the
sum of the indices of refraction (n) along the path by

N ehy ()
OPL= > f [ (x,,2) = nol dz (1)
m=1 Y0

where h,,(x,y) is the local physical thickness of the sample in
the z direction having index of refraction n,,, n is the index
of refraction of the medium that defines zero OPL, and N is
the number of different indices of refraction in the path. How-
ever, the absolute phase of the reference is unknown so the
images are interpreted as a relative mapping of OPL. Ambi-
guities also exist between n and z because an object with a
certain thickness and index of refraction will appear the same
as an object with half of the thickness and twice the index. As
a result, we interpret the images as the OPDs between the
various biological elements, where the overall OPD corre-
sponds to the difference between the optical path through the
object and through an equal thickness of culture medium.

Note that other quantitative phase imaging techniques,
such as polarization interferometers,** digital holography,“s’47
Fourier phase microscopy,48 Hilbert phase microscopy,
phase-shifting interferometry™>" (PSI), quantitative phase
microscopy”> ! (QPM), and additional polarization-based
techniques™° could replace OQM and provide the quantita-
tive phase information for this cell-counting method, assum-
ing these systems produce comparable image quality with
mouse embryos that are 100 um in diameter.

3 Phase-Subtraction Cell-Counting Method

The phase-subtraction cell-counting method utilizes the com-
bination of two nontoxic imaging modalities, OQM and DIC,
to image and count the number of cells within live mouse
embryos.”> The OQM image provides the thickness of the
sample in the z direction by Eq. (1), and the DIC image pro-
vides distinct cell boundaries in the xy image plane.

The OQM image was converted into an image of OPD and
observed side-by-side with the DIC image, as shown in Fig. 2,
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Fig. 2 (a) DIC and (b) OPD images of a live mouse embryo. The
arrowed cell was chosen as the reference cell because it has the least
amount of cell overlap in the DIC image and a uniform distribution of
optical path in the OPD image.

to choose a reference cell that would provide the total OPD of
a single cell. The total OPD of the cell is related to the diam-
eter of the ellipsoidal cell in the z direction. Ideally, the ref-
erence cell was along the perimeter of the embryo, not over-
lapped by other cells, and the same size as the other visible
cells. In Fig. 2(a), the cell to the left, marked by an arrow, was
chosen because approximately half of the cell appeared to
have no overlap with other cells in the DIC image and it had
a uniform distribution of optical path in the OPD image. Non-
uniformities within the OPD image could correspond to cell
overlap or fragmentation not visible in the DIC image, which
may introduce errors when calculating the total OPD for a
single cell.

A line was drawn on the DIC image in Fig. 3(a) that tra-
versed from the culture medium, through the zona pellucida
and the center of the reference cell, to an overlapped region of
cells. Ideally a cell with no overlap would have been chosen,
but that was not possible in embryos beyond the eight-cell
stage because every cell was overlapped by another cell.
Therefore, the line continued through the nonoverlapped re-
gion of the cell and into the cell overlap to produce the most
accurate fit. The optical path along the line drawn on the DIC
image in Fig. 3(a) was plotted in Fig. 3(b) and labeled accord-
ing to the biological origins. At the bottom of the plot is a flat
line of constant amplitude that was within the noise level of
the image and represented the contribution of optical path
from the culture medium. As the line on the DIC image
started to cross the zona pellucida, the plot began to increase

24
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Fig. 3 (a) Line drawn on the DIC image to plot the optical path
through the center of the reference cell in (b). The plot is labeled to
relate the optical path to the biological origins.
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Fig. 4 (a) Line drawn on the DIC image to plot the optical path for the
zona pellucida and perivitelline space in (b). The minimum optical
path of the reference cell is equal to the minimum optical path of the
zona pellucida.

following a quasiparabolic shape toward a maximum point
where the line reached the inside border of the zona pellucida.
The optical path increased again in a parabolic fashion once
the line reached the cell, and continued until the line reached
the region of overlapped cells. A full parabola would have
been seen if the reference cell had not been overlapped by
another cell.

A point was selected manually on the plot in Fig. 3(b) that
represented the minimum optical path of the reference cell.
Since the zona pellucida is an encasement that surrounds the
developing cells, there was some contribution from the top
and bottom halves that was less than the optical path of the
inside edge of the zona pellucida that touched the cell, but
more than the optical path of the culture medium. Figure 4(a)
shows a line drawn on the DIC image that crosses the zona
pellucida and a portion of the perivitelline space, and ends
within the developing cells. The plot in Fig. 4(b) shows that
the optical path along the line increases as the line crosses the
zona pellucida and then reaches a local maximum point when
the line reaches the inside edge of the zona pellucida. As the
line continues, the plot of the optical path reaches a local
minimum and then increases again when the line reaches the
developing cells. The local minimum was defined as the mini-
mum optical path of the reference cell because there were no
cells in this region of the DIC image and the perivitelline
space was assumed to be filled with culture medium. The
minimum optical path of the reference cell was approximated
as 3/4 of the optical path between the culture medium and the
observed maximum value associated with the zona pellucida
in the plot shown previously in Fig. 3(b) to alleviate the ne-
cessity to produce two separate plots.

Five additional points were selected manually along the
parabolic shape in Fig. 3(b) to achieve a parabolic fit that
represented the optical path of the reference cell. The maxi-
mum optical path of the reference cell was recorded as the
maximum point along the parabola created by the fit. The total
OPD of a single cell was defined as the difference between the
calculated maximum and the approximated minimum values
of optical path for the reference cell.

The OPD and DIC images were once again observed side-
by-side to determine the elliptical boundary of the cell. Three
points were selected for the center of the ellipse, the minimum
radius of the ellipse (a), and the maximum radius of the el-
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Fig. 5 (a) Cell boundary created for the reference cell and (b) ellip-
soidal model cell of optical path created from the combination of the
cell boundary and the total OPD of a single cell.

lipse (b). An ellipse was created from these three points and
displayed on the DIC image to confirm a proper fit, as shown
in Fig. 5(a). Combining the radii of the ellipse with the total
OPD of a single cell (c) created an ellipsoidal model cell of
optical path in Fig. 5(b). The total OPD of a single cell was
used to subtract only positive optical path from the OPD im-
age.
The equation for a perfect ellipsoid,

S+5+5=1, (2)

2 2\2
()c_2+y_> +£=1, (3)
a C

were the two equations analyzed empirically that produced
the best fit for cells in the OPD image. In these equations, z is
the optical path parallel to the optical axis of the microscope,
a and b are the radii chosen for the elliptical cell boundary, ¢
is the total OPD for a single cell, and x and y are projections
of the basis axes related to the chosen directions of a and b in
the 2-D image plane. The method assumed all cells had the
same total OPD in the z direction so all model cells used the
same value for c. A plot of the cross section of optical path for
a theoretical cell created by Egs. (2) and (3) with y=0, a=1,
and c=1 is shown in Fig. 6(a). The dashed line (--) is the
optical path for Eq. (2) and the solid line is the optical path for
Eq. (3). A plot of the cross section of the same cell with Egs.

Optical Path (um)
Optical Path (um)

(b)

Fig. 6 (a) Plot of the cross section of optical path for model cells
created by Eq. (2) with a dashed line (--) and Eq. (3) with a solid line
and (b) plot of the cross section of positive optical path for the model
cells that are subtracted from the OPD image.
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Fig. 7 (a) Subtraction of the model cell created with (a) a perfect
ellipsoid [Eq. (2)] and (b) a flattened ellipsoid [Eq. (3)] from the OPD
image.

(2) and (3) in terms of z and ¢=2 is presented in Fig. 6(b) to
show the positive OPD that would be subtracted for the the-
oretical cell. Figure 7(a) shows that the subtraction of a model
cell created by Eq. (2) produced a visible discontinuity at the
boundary of the reference cell, whereas Fig.7(b) shows the
subtraction of a model cell created by Eq. (3) produces a
softer edge at the boundary. Equation (3) for a flattened ellip-
soid was chosen for the model cells primarily because many
cells were pressed against each other and against the zona
pellucida, and as such, could not be fit with perfect ellipsoidal
boundaries. This can be seen in Fig. 1, where all but two
visible cells have irregularly shaped boundaries. Equation (3)
was also chosen because the depth of field of the DIC image
may have caused errors in the location of the created cell
boundaries. A larger depth of field provides more visible
boundaries within the image, but the out-of-focus boundaries
are more likely to be blurred, leading to potential errors in the
exact locations of the created boundaries. A smaller depth of
field provides fewer visible boundaries, but the created
boundaries will be more accurate in location. Thus, the softer
subtraction at the boundary created by Eq. (3) was considered
more appropriate to alleviate potential errors when the cell
boundaries were created on the DIC image. There is still
much to be learned about the shape of the cells, especially in
the z direction, and the effect of cell shape on the optical path
will be the subject of future experimentation.

When the model cell was subtracted from the OPD image,
either the background culture medium and zona pellucida or
additional optical path associated with cells overlapped with
the subtracted cell was revealed. Elliptical boundaries were
created for all cells visible in the DIC image and subtracted
from the OPD image. Once all the visible cells were ac-
counted for, the subtracted OPD image was analyzed for hid-
den cells that could not be seen in the DIC image. Elliptical
boundaries were fit to elliptically shaped regions or clusters
with the approximate size of the cells previously subtracted in
the OPD image. The approximate size included the combina-
tion of the cross-sectional area created by the previous cell
boundaries and the total OPD of a single cell. Elliptical
boundaries were fit to these clusters and model cells were
subtracted until no such clusters remained and the count was
complete, as shown in Fig. 8. A complete visualization of the
phase-subtraction cell-counting method is provided at http://
www.keck3dfm.neu.edu/samplevideo.

A small cluster of optical path still existed in the lower left
quadrant of Fig. 8 that corresponded to the polar body previ-
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Fig. 8 Final subtracted OPD image with the minimum colorbar value
set to the minimum optical path of the reference cell. A polar body
remains in the bottom left quadrant, which is significantly smaller
than the size of the previous cells selected in the DIC image.

ously labeled in Fig. 1. This cluster was considered a polar
body and not a cell because the boundary of the cluster was
much smaller than the boundaries of the cells created within
the DIC image. Observations of OQM images of live mouse
embryos have shown variations of optical path associated
with the polar bodies, which may be caused by various levels
of degeneration, thereby requiring more study to define addi-
tional characteristics to differentiate the polar body from cells
in the subtracted OPD image.

4 Image Collection and Counting Results

We superovulated C57BL/6 female mice (Jackson Laboratory,
Bar Harbor, Maine) with equine chorionic gonadotropin
(eCG) and human chorionic gonadotropin (hCG) (Sigma, St.
Louis, Missouri) to increase the number of eggs,”’ and mated
with single CBA/Ca male mice. Plug-positive female mice
were sacrificed on days 3 and 4, after hCG injection, and
eight-cell through morula stage embryos were collected in M2
medium (Specialty Media, Phillipsburg, New Jersey). The
embryos were stained for 30 min in 1 pg/ml Hoechst 33342
dye, which binds to the DNA within the nucleus of each cell.
Morphologically normal appearing embryos (no visible frag-
mentation, intact/healthy appearing zona pellucida and cells)
were placed in M2 microdrops, under equilibrated oil, in a
Mat-Tek imaging dish with a coverslip-bottom (Mat-Tek,
Ashland, Massachusetts). Single images were acquired at the
center focus plane of the embryo in DIC and OQM with a
20X, 0.45 numerical aperture (NA) objective lens and a 0.52
NA condenser lens. Center focus was found when the outer
boundary of the zona pellucida was in focus. A z stack of
images was also acquired of the Hoechst-stained nuclei with
epifluorescence, and analyzed using the count cells tool in
Metamorph software (Molecular Devices, Downingtown,
Pennsylvania) to determine the number of cells. Since the
images were not acquired simultaneously and the embryos
were live, in culture medium, and moved along the z axis by
the piezoelectric z stage for the z stack of epifluorescence
images, the OPD and DIC images required registration. Land-
marks were chosen visually at the intersection of cells along
the perimeter of the embryos because they were easy to lo-
cate. Landmarks were not chosen within the embryos because
intersections in the OPD image may be created or distorted by
cells not visible in the DIC image. An affine transform was
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Table 1 Results of cell counts produced by epifluorescence imaging
of Hoechst-stained nuclei and the phase-subtraction cell-counting
method for a training set of five live mouse embryos where the num-
ber of cells was known before the phase-subtraction count was com-
pleted.

Fluorescence Count Phase-Subtraction Count

1 13 cells 13 cells
2 14 cells 14 cells
3 16 cells 16 cells
4 17 cells 17 cells
5 25 cells 25 cells

calculated from the selected landmarks and applied to one of
the images to provide pixel-to-pixel registration.

Phase-subtraction cell counts were completed on 15 mor-
phologically normal, live mouse embryos. The first five
samples were used as a training set where the number of cells
was known before the cell count was complete. This training
set was used to determine the potential variation in cell sizes
for embryos with different cell numbers because the cells di-
vide asynchronously.58 As seen in Table 1, accurate cell
counts were obtained for the five samples once the correct cell
boundaries were chosen.

The second set of 10 samples was completed blind, where
the number of cells remained unknown until after the cell-
count was complete. The phase-subtraction cell-counting
method had a maximum error of one cell for the 10 blind
samples (samples 7 and 8) and accurately counted up to 26
cells, as shown in Table 2. To further analyze the ellipsoid

Table 2 Results of cell counts produced by epifluorescence imaging
of Hoechst-stained nuclei and the phase-subtraction cell counting
method for 10 live mouse embryos, where the number of cells was
not known before the phase-subtraction count was completed.

Fluorescence Count Phase-Subtraction Count

1 8 cells 8 cells
2 8 cells 8 cells
3 8 cells 8 cells
4 12 cells 12 cells
5 12 cells 12 cells
6 15 cells 15 cells
7 16 cells 15 cells
8 16 cells 15 cells
9 21 cells 21 cells
10 26 cells 26 cells
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Egs. (2) and (3), the cell counts were repeated with the use of
the perfect ellipsoid in Eq. (2), and the same results as pre-
sented in Tables 1 and 2 were obtained.

5 Discussion

The phase-subtraction cell-counting method described in this
paper is, to our knowledge, the first to produce accurate, non-
toxic cell counts in live mouse embryos beyond the eight-cell
stage. If applied to human embryos, this method could
provide59 an additional viability marker for embryos during
the morula stage on day 4. However, the method is currently
time consuming and subjective with respect to how the user
perceives and creates the cell boundaries. Overlapped layers
of cells may obstruct portions of cell boundaries for cells
underneath the top layer. This can be seen in the cell boundary
selected in Fig. 5(a). The left boundary of the cell is clearly
visible, but the circular cell in the center of the embryo blurs
the right boundary. The blurring does not hinder the creation
of this particular cell boundary because other cells do not
overlap most of the cell, but embryos with a greater number
of cells will have larger portions of the cell boundaries ob-
structed by cell overlap. We are working on image-processing
techniques to enhance and automatically determine the cell
boundaries in both the DIC and subtracted OPD images to
speed up the process and remove the subjective decisions
associated with the location of cell boundaries.

We are also refining the phase-subtraction cell-counting
method to allow for different thicknesses that are dependent
on the size of the individual cells. The assumption that each
cell has the same total OPD in the z direction worked for the
samples reported in this paper because the final goal was the
total number of cells and not an analysis of remnant optical
path in the final subtracted image. Embryonic cells do not
divide synchronously,58 so the method must be modified to
correct for varying cell sizes between cleavage stages. A
higher order ellipsoidal model cell that fits arbitrarily flattened
boundaries could perfect the subtraction and potentially pro-
vide a meaningful analysis of the remnant optical path in the
final subtracted image. This analysis could provide informa-
tion on parameters such as degree of fragmentation and the
location of the polar body. However, additional work must be
completed to provide a better understanding of imaging
mouse embryos with OQM. The assumption that there are no
diffraction effects in Eq. (1) does not hold for samples with
large changes in index compared to the immersion medium or
when imaging thick samples. Thus, refraction and depth-of-
field effects must be analyzed to perfect and increase the ver-
satility of the method.

An important potential advantage of the phase-subtraction
cell-counting method is that the phase imaging instrumenta-
tion was incorporated within a general microscope used for
DIC imaging. Thus, the creation of a bolt-on instrument for
various commercial microscopes would enable the clinician to
analyze the other viability markers in the usual manner and
include the cell-counting procedure by acquiring one addi-
tional image of quantitative phase while the embryo is on the
same stage. Several other instruments provide the analysis of
additional viability markers, but they require the purchase of a
separate instrument.
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In conclusion, the nontoxic phase-subtraction cell-counting
method has produced accurate cell counts in live mouse em-
bryos with cell numbers ranging from 8 to 26. Additional
work must be completed to improve the ease of use and pro-
cessing time, but if verified and applied to human embryos,
this method could provide an additional viability marker that
may increase the clinician’s ability to determine embryo vi-
ability for IVF procedures.
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