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ABSTRACT 

 
The Multifunctional Staring Mode Microscope was developed to permit three modes of imaging for cell counting in 
mouse embryos: Optical Quadrature, Differential Interference Contrast (DIC), and Fluorescence Imaging.  The Optical 
Quadrature Microscope, consisting of a modified Mach-Zender Interferometer, uses a 632.8 nm laser to measure the 
amplitude and phase of the signal beam that travels through the embryo.  Four cameras, preceded by multiple 
beamsplitters, are used to read the four interferograms, which are then combined to produce an image of the complex 
electric field amplitude.  The phase of the complex amplitude is then unwrapped using a 2-D phase unwrap algorithm 
and images of optical path length are produced.  To combine the additional modes of DIC and Fluorescence Imaging 
with the Optical Quadrature Microscope, a 632.8 nm narrow bandpass beamsplitter was placed at the output of the 
microscope.  This allows the laser light to continue through the Mach-Zender while all other wavelengths are reflected at 
90 degrees to another camera.  This was effective in combining the three modes as the fluorescence wavelength for the 
Hoechst stain is well below the bandpass window of the beamsplitter.  Both live and fixed samples have been 
successfully imaged in all three modes.  Accuracy in cell counting was achieved by using the DIC image for detecting 
cell boundaries and the Optical Quadrature image for phase mapping to determine where cells overlap.  The final results 
were verified by Hoechst fluorescence imaging to count the individual nuclei.  Algorithms are currently being refined so 
larger cell counts can be done more efficiently.   
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1. INTRODUCTION 
 
Over one million babies have been born by in vitro fertilization (IVF) since the birth of the first IVF baby in 19781.  In 
order to increase the success rate of IVF, doctors transfer multiple embryos back into the mother.  The transfer of three 
embryos has long been the standard; however there is a slow change toward reducing the standard because studies have 
shown that the transfer of two embryos does not decrease the overall ongoing pregnancy rate.  This method has 
eliminated most triplets but does not reduce the rate of twin pregnancies2-8.  However, even with the transfer of two 
embryos many IVF clinics report an overall pregnancy rate of only 30-40%9, with 20-40% of these successful births 
resulting in multiple pregnancies9-12.  Between 1980 and 1997, the United States twin birth rate increased 42% and the 
triplet and higher order rate increased 500%13.  The triplet rate has since decreased with the transfer of two embryos 
shown by 82% of procedures transferring three embryos in 1997 but only 67% of procedures in 200013.  However the 
rate of twin births has continued to rise, resulting in a multitude of problems for both mother and child, including 
pregnancy complications, preterm delivery, low birth weight, congenital malformations, and infant death14-20.  Therefore, 
there is a worldwide thrust to identify one healthy embryo for transfer back to the mother22.       
 
One reason for the low success rate of IVF is the uncertainty of whether an embryo is healthy enough to produce a 
successful pregnancy.  To assess the quality of the embryo during the preimplantation period, the number of cells and the 
overall morphology of the embryo are recorded over the observation period10.  One published set of assessment criteria 
states: four or five cells on day 2, seven or more cells on day 3, no more than 20% fragmentation, and the absence of 



cells with multiple nuclei during the entire observation period21.  However, it is believed that pregnancy rates are low for 
this method because the embryo would still be in the Fallopian tube during this stage of development in a natural 
pregnancy and not in the uterus where it is transferred during IVF23.  Developments in embryo culture systems have 
allowed for viable embryos to develop in vitro into the blastocyst stage, consisting of more than 30 cells, on day 5 or 623.  
With the extended observation time, better decisions can be made on the quality of the embryo and slightly better 
percentages of pregnancies have been recorded.   
 
The number of cells during the one to eight cell stage is an important criterion for choosing a high quality embryo.  
However it is impossible to use this criterion past the eight cell stage due to the present imaging technology used by 
physicians.  Centers presently use Differential Interference Contrast (DIC) microscopy to image the embryos non-
invasively.  This method shows distinct cell boundaries within the focal plane when multiple cells do not lie in the path 
to the microscope objective.  Since an embryo is optically transparent, some cell edges can be seen when a couple of 
cells are in the path to the objective, allowing two layers of four cells to be imaged.  For this reason accurate cell counts 
cannot be produced past the eight cell stage and therefore cannot be a decisive factor for a high quality embryo after the 
eight cell stage.  Consequently, the criteria for a high quality embryo at the blastocyst stage are primarily based on the 
morphology of the sample and the rate of development.  Thus, the creation of an instrument that can non-invasively 
count the number of cells during embryo development up to the blastocyst stage would help physicians make a better 
determination as to which one embryo to transfer, and may raise the success statistics of single embryo transfer and thus 
eliminate the motivation for multiple embryo transfers.        
                 

2. OPTICAL QUADRATURE MICROSCOPY 
 
Optical Quadrature Microscopy uses a 632.8 nm laser within a modified Mach-Zender Interferometer setup to develop 
images of optical path difference.  The circularly polarized reference beam (Eref) is mixed with the 45 degree linearly 
polarized signal beam (Esig) in a non-polarizing beamsplitter producing the outputs Esig + Eref and Esig - Eref, where 
ideally:   
 

Eref  = E⋅e j(ωt + ϕ) (x+ jy)  (1) 
Esig = A⋅E⋅e j(ωt + ϕ + α)(x + y). (2) 

 
Only one of these outputs is required to complete the quadrature equations, however it was found that using them both in 
a balanced-mixing configuration improved image quality24.  The A⋅e jα in Equation 2 is the magnitude and phase induced 
by the sample on the signal arm.  Two polarizing beamsplitters (PBS) and four corresponding CCD cameras follow the 
recombining non-polarizing beamsplitter (NPBS), as seen in Figure 1, to capture the fields: 

 
Camera 0:  |Eref|2 + |Esig|2 + 2Re(Eref ⋅ Esig*) (3) 
Camera 1:  |Eref|2 + |Esig|2 + 2Im(Eref ⋅ Esig*) (4) 
Camera 2:  |Eref|2 + |Esig|2 - 2Re(Eref ⋅ Esig*) (5) 
Camera 3:  |Eref|2 + |Esig|2 - 2Im(Eref ⋅ Esig*). (6) 

 
The four equations can be represented succinctly as: 
  

Mn = |Eref|2 + |Esig|2 – 2Re(in ⋅ Eref  ⋅ Esig*). (7) 
 
By blocking the signal and reference arms individually and simultaneously we are able to capture images for the pure 
signal (Sn), reference (Rn), and detector dark voltage (Dn).  After subtraction of Dn from each of the components, the 
resultant image is reconstructed using: 
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Fixed-pattern levels of the individual cameras caused by non-ideal components, including the beamsplitters and cameras, 
are not removed by common mode rejection or the subtraction of Dn because they are associated with the individual 
cameras and thus require the subtraction of Sn and Rn.  The square root of Rn normalizes each component to ensure 
balanced intensities for balanced detection.  Dividing the result of Equation 8 by a reconstructed blank image not 
containing a sample will give the magnitude and phase due to the sample: 
 

A⋅e jα = Er / Er,blank (9) 
 
Since phase has a range from zero to 2π and the parameter of interest is the optical path length, equal to the integral of 
the index of refraction along the path, the phase image must be unwrapped using a 2D phase unwrapping algorithm.  The 
Lp-norm algorithm25 was experimentally found to work the best on a group of embryos tested.  Then multiplying the 
phase intensities by 2π / λ, where λ = 632.8 nm, gives images of optical path length difference for the sample.      
 
 

 
 

Figure 1: Layout for Optical Quadrature Microscopy 
 

 
3. DIFFERENTIAL INTERFERENCE CONTRAST 

 
DIC microscopy produces images from the gradient of optical path lengths along a given direction, in order to provide 
contrast for optically transparent samples.  The white light source is sheared with a Wollaston prism into a reference and 
signal beam with a difference less than the diameter of an Airy disk.  When these two beams are recombined with 
another Wollaston prism, the interference will result in high or low intensity depending on the increase or decrease in the 
difference of optical path length between the two paths.  As the gradient of optical path length difference increases, the 
contrast within the image increases.  The direction of the gradient is dependent upon the direction of polarization of the 
light source supplied by a linear polarizer before the first Wollaston prism.                  

 
 

4. EPI-FLUORESCENCE IMAGING 
 

Fluorescence microscopy is the technique whereby a fluorescent substance is excited by a narrow range of wavelengths 
and the emitted, fluorescent, wavelengths are collected to form an image.  Since the fluorescent light is emitted in all 
directions very low signals are captured within the numerical aperture of the objective, therefore restricting the number 
of optical elements in order to get a substantial signal-to-noise ratio at the detector.  Although many materials are 
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naturally fluorescent, stains are used to bind fluorophores to specific substances within the sample.  To image the nucleus 
of each cell we use Hoechst Stain which fluoresces in the blue when illuminated by UV light.  Imaging the nuclei with 
will allow us to estimate the number of cells within the embryo.  There is the possibility of multiple nuclei within a 
single cell after division of the nucleus but before full cell division.  This method of cell counting would be ideal for 
physicians, however the Hoechst Stain permanently binds to the DNA of the nucleus and is therefore considered an 
invasive procedure.   

 
 

5. MULTIFUNCTIONAL STARING MODE MICROSCOPE 
 

A 620 – 650 nm narrow bandpass dichroic beamsplitter is positioned after the camera port of the Nikon ECLIPSE 
TE200, already configured for Optical Quadrature, to allow the 632.8 nm light to continue through to the recombining 
beamsplitter while reflecting the other visible wavelengths to an additional CCD camera, as seen in Figure 2.  This 
allowed the additional CCD to capture images of DIC and Epi-Fluorescence, depending on the configuration of the 
microscope, with the least amount of Fresnel reflection from extra optical elements.  A transform was created with a 
calibration target to register all images created by the Optical Quadrature CCDs to the new DIC/Fluorescence CCD.  
Both fixed, Figure 3, and live, Figure 4, embryos have been imaged and registered in all three modes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Layout for Multifunctional Staring Mode Microscope, that incorporates Optical Quadrature, DIC and Epi-Fluorescence into  

one multi-modal microscope. 
 
 
 



 
   

         (a)              (b)            (c) 
 

Figure 3: A four cell embryo imaged in (a) DIC, (b) Optical Quadrature, (c) Epi-Fluorescence of nuclei using Hoechst Stain 
 
 

 
   (a)     (b)     (c)    (d)   
 
Figure 4: A twenty six cell embryo imaged in (a) DIC, (b) DIC with 90 degree polarization shift, (c) Optical Quadrature, and (d) Epi- 

Fluorescence of nuclei using Hoechst Stain.  
 

 
7. PRELIMINARY CELL COUNTING RESULTS 

 
We have developed a contour signature cell counting algorithm that only requires the Optical Quadrature image.  The 
algorithm begins by using experimentally chosen threshold values to identify a distinct outer boundary of the embryo 
and applies Sobel edge filters to enhance it.  A distance transform with Euclidean geometry is applied to the boundary to 
produce a separate gray level image to create a distinct shape for the sample, seen in Figure 5.  The distance transform 
starts with an intensity value of zero at the boundary and increases until reaching a maximum value at the center of the 
object.  This results in every point within the sample representing the distance to the nearest point on the boundary.  A 
contour signature curve is created by recording the distance between the centroid and each point along the perimeter of 
the object.  This curve is plotted and de-noised by utilization of Daubechies Wavelet of order 3, as seen in Figure 6.  The 
total local maxima of the curve is recorded as the total cell count for that layer of the sample.  The original Optical 
Quadrature image is then analyzed to determine whether a second layer of cells exists and requires counting.  The 
minimum cell size and single cell threshold are calculated based on the total area of the sample in the first count.  If the 
area of points above the second layer threshold is above the minimum cell size and below the single cell threshold one 
cell is added to the total cell count.  However, if the area of points above the second layer threshold is above the single 
cell threshold, the contour signature method is repeated.   
 
A program utilizing this method has been produced with two sets of experimentally chosen threshold values for a low 
number of cells, less than 10, and a high number of cells, more than 10.  Both sets of threshold values were applied to a 
group of 67 embryos ranging in cell number from eight to thirty one.  For samples with less than 10 cells the failure rate, 
depicting an inability to produce a count, was 9.09% with a rms error of 1.64 cells.  For samples with more than 10 cells, 
the failure rate for the best set of threshold values was 19.64% with a rms error of 6.89 cells.  The full results can be seen 
in Table 1.       
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
            (a)              (b)                        (c) 

 
Figure 5: (a) Normalized, edge-enhanced Optical Quadrature image, (b) Distance transform, (c) Binary image of distance transform  

from experimentally chosen threshold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 

Figure 6: Contour signature curve after smoothing with six local maxima 
 
 

 Sample Size  Failure Rate Error 
Threshold 1 18.18% ± 9.2 cells 6 – 10 cells 11 Samples Threshold 2 9.09% ± 1.64 cells 

     
Threshold 1 27.59% ± 5.54 cells 10 – 16 cells 29 Samples Threshold 2 3.45% ± 7.24 cells 

     
Threshold 1 11.11% ± 7.88 cells 16 – 31 cells 27 Samples Threshold 2 14.81% ± 16.61 cells 

     
Threshold 1 19.64% ± 6.89 cells 10 – 31 cells 56 Samples Threshold 2 8.93% ± 12.38 cells 

 
Table 1: Results of Contour Signature Method on 67 embryos. 

 



8. FUTURE WORK 
 

To improve accuracy using a model based algorithm, we have developed an elliptical fit cell counting algorithm that uses 
the combination of registered DIC and Optical Quadrature images.  This algorithm takes advantage of the distinct cell 
boundaries within the DIC image for cells within the focal plane.  A parabolic fit is created for a non-overlapped region 
of one cell and the maximum is set as the maximum optical path difference.  The user then fits an elliptical boundary 
around a cell on the DIC image and it is used with the maximum optical path difference to create an ellipsoid 
representing that particular cell.  The ellipsoid is subtracted from the Optical Quadrature image leaving either the 
background or the cells outside of the focal plane not seen in the DIC image.  The elliptical boundary procedure is 
repeated until only the background remains in the subtracted Optical Quadrature image.  This algorithm has only been 
used on a few samples but has shown great potential.   
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