Quadrature Tomographic Microscope
Project Narrative

1 Introduction

This CenSSIS project combines research in (1) cell biology, (2) interferometry, (3) light scattering, and
(4) limited—view tomography. A new type of microscope, a Quadrature Tomographic Microscope (QTM),
has been developed to obtain two—dimenstional images of magnitude and phase of the electric field at a
wavelengh of 633 nm for imaging unstained biological specimens. Our model biological system for QTM
imaging is mouse oocytes and embryos. The long-range goal is to use the QTM for imaging of human
oocytes and embryos from IVF clinics in order to noninvasively assess viability. In addition, the QTM will
likely have other biological applications, such as differentiating cancerous from normal cells. Multiple images
from the QTM may be combined tomographically to produce three-dimensional maps of the complex index
of refraction. Parameters of the oocyte or embryo (or other biological specimen) are then derived from the
images. In an alternative approach, the parameters are obtained directly from the 2-D images, without the
intervening 3-D image. For year 2, we plan to construct the thrd-generation microscope (QTM-III). We
will continue to compare QTM images with other microscopic images to determine the significance of our
chosen contrast parameters. We will also continue to develop theoretical models for predicting our ability to
detect these parameters, and will begin to develop inversion algorithms to obtain them.

2 Biological Rationale

The initial success of IVF in man [1] has led to an IVF industry that has produced more than 300,000 IVF
babies worldwide. However, the success rate of producing live babies from IVF is only about 20%, largely
due to the inability to properly assess embryo quality using present microscopic imaging systems. Women
undergoing IVF are treated with hormones so that they produce up to 20 oocytes per hormone cycle. After
fertilization and several days of culture, the “best” embryos must be chosen for transfer back to the mother.
At the present time, using conventional microscopy, it is not possible to determine which “normal” appearing
embryos are viable. This was highlighted in a recent article on human embryo research[2] that states, “In
producing embryos for transfer to the patient, infertility doctors often find themselves faced with too many
fertilized eggs. Generally they choose the best-looking embryos for implantation. But investigators are
finding that the best-looking embryos are not always normal.”

Another problem with current IVF practices is that multiple embryos are usually re-introduced into the
mother. This has led to a large number of twin and triplet births, leading to great physical and emotional
stress on the mothers who are often in their late 30s or early 40s. Moreover, a recent paper has reported that
the incidence of cerebral palsy among IVF triplets is 24%]3], making it highly desirable to be able to choose
the best single embryo for implantation back into the mother. The prospect of single blastocyst transfer
after IVF is being explored[4], but although this will alleviate the multiple birth problem, the success rate of
IVF after single blastocyst transfer is still about 20%. Clearly, new imaging techniques that could provide
a scientific, quantitative means to assess oocyte and embryo quality would be a major breakthrough.

3 Assessment of Oocyte and Embryo Viability with the QTM

As in all subsurface imaging, the basic question is about contrast: “What contrast features that distinguish
viable mammalian embryos from others can be measured noninvasively?” From the biologist’s perspective,
the first question is when to assess the embryo. Different parameters are observable in the oocyte (e.g.
expansion and radiance of cumulus cells, meiotic status, polar-body morphology, refractile bodies, vacuoles,
darkened or unhealthy cytoplasm, fractured zona pellucida, large perivitelline space), in the zygote (e.g.
number, polarization, and symmetry of nucleolar precursor bodies), and more developed embryos (e.g. sym-
metry/size of blastomeres, fragments in perivitelline space, quality of cytoplasm, embryo-development ratio).
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Figure 1: Distributions of Mitochondria.

These parameters have been chosen primarily because they are visible with existing non-invasive imaging,
rather than for their fundamental relationships to viability.

4 Mitochondrial Distribution

In contrast, it is known that mitochondria play a signficant role in the development of mammalian oocytes
and embryos[5, 6, 7, 8]. They produce energy and are thus located in areas of high energy demand within
the cell. Defective or low numbers of mitochondria are correlated with reduced developmental capacity.
Mouse oocytes contain about 92,500 mitochondria which are somewhat ellipsoidal with a major axis of 1.5
micrometers and a minor axis of 0.5. Assuming an index of refraction of 1.42 for mitochondria and 1.37
for cytoplasm[9], scattering cross—sections are of the order of 0.2 square micrometers with strong forward
scattering (g > 0.95). If they are packed homogeneously in a 70-micrometer diameter cell body (although,
as discussed below, this is not necessarily true), the scattering coefficient would be around 500 inverse
centimeters (comparable to that of tissue). Although there is significant scatter (usf =~ 4), most of it is
forward (us(1 — g)¢ =~ 0.2) and the embryo, even in this case, looks quite transparent.

The mitochondria are, in fact, not always homogeneously distributed, and their distribution changes
with growth. In the oocyte, the mitochondria change from a homogeneous distribution to a perinuclear
one. Aggregation in the cytoplasm has also been observed, as has a compact, cortical distribution. It is not
presently certain which types of mitochondrial distribution are indicative of embryo health. The four types
of mitochondrial distribution that have been described are shown in Figure 1. We will assess mitochondrial
distribution in mouse oocytes and embryos by labeling the mitochondria with fluorescent dyes and imaging



them by using confocal microscopy. Dr. Donald O’Malley at NU will assist us with the confocal imaging
procedures. We will also use the 2—photon scanning laser microscope available through Dr. David Golan
at BWH to assist in the determination of the “ground truth” of mitochondrial distribution in oocytes and
embryos.

Then these mitochondrial distribution patterns will be compared to the images obtained with the QTM.
Since the mitochondria in the oocytes and embryos do not need to be stained for analysis with the QTM,
we should be able to compare mitochondrial distribution patterns with viability. Viability of oocytes will be
assessed by the ability of ooctyes to be fertilized and develop to the blastocyst stage. Viability of embryos
is more complicated to assess than viability of oocytes. We will assess viability of embryos by the ability
to generate live offspring after embryo transfer to foster mothers. These experiments will be undertaken in
later years of this project.

An interesting point is that aggregation of several mitochondria will produce a scattering cross—section less
than the sum of that of the individual ones, and with a very different angular distribution. Mitochondria can
be resolved with a high-magnification microscope, but because of their number, resolving all of them would
be a formidable task, and success would lead to the question, “What do we do with all this information?”
We plan an alternative approach. The far—field angular distribution of light from a single scatterer contains
information about its composition, size, and shape. The field from multiple scatterers is the sum of the
individual contributions. Spatial filtering can be employed to limit the number of scatterers observed in
a single measurement. Because the QTM measures the complex field, we can, to some extent, collect a
single image and perform transformations to do spatial filtering and examine the far—field patterns. Because
the patterns depend on size, shape, and composition, ambiguity normally results. The use of multiple
wavelengths may resolve this, and is easily implemented in the QTM. Thus, it seems likely that we can set
a goal of determining mitochondrial distribution without the intervening step of full 3-D imaging.

5 Model Building

In order to understand how to collect and process the appropriate images, we need a model of how light
propagates in a cell. Because of the amount of scattering, it is not likely that a single-scatter model will
be sufficient. We plan to use a model developed at the University of Texas by Andrew Dunn, presnetly at
the MGH NMR Center[9], to compute the images which will be seen by the QTM. The model was designed
for cells having a diameter of about 10 wavelengths, but advances in computers since that time have made
it possible to use it up to about 50 wavelengths. We plan to use the computing power of CenSSIS to reach
the goal of more than 100 wavelengths. The present program produces the angular distribution of the field
over a hemisphere. We plan to modify the output routine to calculate images in a smaller area, representing
the objective lens of the QTM, and to propagate these to the image plane using a Fresnel-Kirchoff integral.
Consideration will be given to multiple views, and views where the directions to the light source and the
imager are not parallel. This gives rise to an interesting limited—view tomography problem, in which (1)
for a single illumination direction, multiple non—contiguous patches of image may be available, (2) a limited
number of illumination directions will be available, (3) illumination may not be with plane waves, (4) multiple
wavelengths may be used for each view, and (5) the goal will be to determine a limited set of parameters for
mitochondrial distribution, e.g. homogeneous, aggregated, perinuclear, or cortical as was shown in Figure 1.

6 Cell Count

The next parameter we plan to study, which is known to affect embryo viability, is cell count (reviewed in
Warner and Brenner, 2001[10]) When the oocyte is fertilized it becomes a zygote, which then divides to
becomes a two—cell embryo. Each of these cells then divides, and the process continues to the blastocyst
stage (approximately 32 cells in the mouse), and only after this stage does the embryo begin to grow in total
size. Because the timing of cell division is random after the two-cell stage, any number of cells is possible. In
the blastocyst, cells are differentiated as being outer cells, the trophectoderm (TE) or inner cells, the inner
cell mass (ICM), as shown in Figure 2. The ICM gives rise to the fetus whereas the TE gives rise to the
placenta. The number of cells in the ICM has been related to embryo viability[11, 12, 13, 14, 15] However,
the complexity of the embryo at this stage makes cell counting difficult. In contrast to the cells of the early
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Figure 2: Blastocyst showing the major components.

embryo, those of the blastocyst are highly scattering, and imaging through the TE to see the ICM is difficult,
if not impossible, without staining the embryo and thereby compromising its viability.

Again, this presents an interesting imaging problem. The resolution requirement is quite modest, as we
are looking for approximately 32 cells in a volume of 100 cubic wavelengths. The challenge is to process
the data in such a way as to “hide” all the detailed information about cell nuclei, mitochondria, and other
“clutter” so that the cells may be counted. Some information must be retained, of course, to distinguish the
ICM from the trophectoderm. Here again, multiple wavelengths may be useful, particularly to penetrate the
trophectoderm, using techniques borrowed from diffusive optical tomography. It is evident that this clutter
rejection task is not unlike the task of imaging landmines through a rough ground surface using ground-
penetrating radar. The model we use for the mitochondrial density imaging will be used with different inputs
to produce a model for the blastocyst. We will construct a model in which cells are spheres of differing sizes
within the embryo, and each sphere contains a nucleus and a different distribution of mitochondria.

7 The QTM

The QTM is an interferometric instrument that measures both amplitude and phase. In conventional inter-
ferometry, light which interacts with the specimen mixes with a reference wavefront to produce an irradiance

I = |U|2 = |Uspec + Uref|2 = |Uspt26|2 + |Uref|2 +2R [Uspch:ef] ) (1)

where U is the total field amplitude, Uspe. is the amplitude contributed by the specimen path and U, is
the amplitude contributed by the reference path.

The first advantage of coherent detection is the ability to approach the fundamental limit of optical
imaging. Because Ugype., which contains information about the specimen is multiplied by Uy, the measured
signal can be increased without increasing exposure of the specimen, by increasing the reference power. In
this way, the QTM can overcome detector noise and approach the fundamental limit more easily than can
incoherent detection, which can only observe |Uspec|?.

The second advantage of coherent detection is that it is sensitive to phase, and can thus distinguish
different parts of a specimen using a wavelength that is not absorbed significantly by any part of the
specimen. Thus, most of the incident light is detected rather than absorbed in the specimen, reducing the
potential for toxicity.

Conventional interferometry produces ambiguous results, however, because it can not distinguish be-
tween changes in amplitude and changes in phase (See Equation 1). Quadrature interferometric imaging[16]



Figure 3: Phase image (unwrapped) of mouse oocyte.

overcomes this limitation by obtaining at least two images with different phases for the reference. In fact,
in the current QTM, four images are used. Two images are obtained by mixing the linearly polarized signal
with a circularly polarized reference generated by the quarter—wave plate in the figure, and selecting two
polarizations at +45 degrees to the signal polarization. Both outputs of the interferometer are used in a
balance-mixer configuration, common in coherent radar, producing two more images. At one output, the
signal is Uspeec + Ureyp, while on the other it is Uspee — Uyes. The polarizers separate the in-phase and
quadrature channels and the detectors produce signals proportional the square of the amplitudes;

I+ = |Uspec|2—|— |Uref|2+§R|:U$Pch:ef:|7 (2)
2 2 .
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_ 2 2 in/2\"
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Thus, we can obtain an estimate of the total field from the specimen as viewed at a particular pixel in the
detector;
A I, +1 )+ + Q-
Uspec — ( + ) - (Q+ Q ) (6)
ref

The reference field, U,y can be known only to within a constant of unit amplitude, as its absolute phase is
unknown, so U in Equation 3 is the complex field amplitude multiplied by this unknown constant.

The present table—top implementation (QTM-II) has produced the images we have shown to date, (an
example is shown in Figure 3 but it is not sufficient to produce images which can be of great use to the



biologist. Thus we plan to develop QTM-III on a microscope body, with collimated laser illumination. The
laser will be directed to the illumination path through a single-mode optical fiber splitter. The other output
of the splitter will be directed to an assembly of beambsplitters and four cameras like that on the QTM-II,
except that these will be placed in the camera port of the microscope. Because the fiber splitter has a second
input, it will be easy to implement a two—wavelength QTM. Because the fiber will act as a spatial filter, many
of the optical artifacts caused by the beam profile in the present system will be eliminated. Furthermore, the
use of a commercial microscope body and higher quality objectives will reduce the aberrations which limit
the present system. Finally, the use of a commercial microscope body will make it easy to change objectives
to obtain different magnifications, and will permit the use of a heated, perfused stage so that the specimens
can be kept alive for long imaging sessions.

8 Data Processing Algorithms

We will begin development of inversion algorithms, along the lines we have discussed in a proposal that we
submitted to the NIH, which is under revision for resubmission. It is important to optimize the reconstruction
process to maximize information extraction and minimize cell exposure. In our attempt to minimize cell
exposure we are led to imaging kernels for the QTM that provide nonlocal information about the spatial
distribution of the specimen (unlike e.g. confocal microscope images). In particular, these kernels have
tomographic-like characteristics, and produce challenging inverse problems [17, 18].

Inversion methods popular in medical tomography (e.g. filtered back—projection), are based on the exact
Radon inversion formula, which assumes the presence of a set of high-quality data with complete angular
coverage [17]. These methods are known to work poorly with limited data, however, due to the fact that they
ignore the actual acquisition geometry and physics responsible for the data. In constrast, by using the models
we will develop as the basis for inversion, we are able to take such information into account and can produce
useful inversions even in the face of limited and low quality data. We have successfully performed such data
inversion in problems of atmospheric tomography and synthetic aperature radar imaging [19, 20, 21]. The
price for such a model-based approach is computational. Indeed, since some of the kernels developed in our
preliminary analysis of the problem have a large effective support, the computational load during inversion
can be high if the exact forward model is used as is.

To meet this computational challenge, we will take a two prong approach. First, we will develop rational
approximations of the imaging operator based on our understanding of the physics of the problem. For
example, the coherent detection process will allow us to combine data from adjacent pixels to generate
“custom kernels” which may have shapes which simplify the inversion problem. One such combination
produces a kernel similar to that of x—ray tomography, which can be inverted simply, but suffers from poor
resolution. Another combination can change the focus[22]. These kernels can produce a “coarse image,”
which can be used to reduce the computational load for processing images using the nonlocal kernels. Second,
we can make use of the fact that our actual information needs are much less than complete reconstruction.
For example, a typical image is less than a million pixels. If we reconstruct 0.25-micrometer voxels in a
100-micrometer cube, this requires 64 million voxels, making the problem very underdetermined. On the
other hand, if we wish to determine the mitochondrial density in voxels of 10 micrometers, we have only
1000 unknowns, and the problem is in some sense overdetermined. The challenge is to ensure that unwanted
details do not contaminate the desired 1000 measurements.

This project contains two challenging tasks in computing requirments: the forward model and the data
collection and processing. We will work with Profs. Kaeli and Meleis on the model. With Prof. Manolokos
we will explore the potential use of Javaports for the latter task.

9 Conclusion

In summary, we have found two parameters, mitochondrial distribution and cell count in the ICM, which
are likely coupled to oocyte and embryo viability, are observable with the QTM, are difficult to observe
non-invasively otherwise, and pose challenging but solvable problems in modelling, image reconstruction,
and data management.
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