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Optical computed-tomographic microscope
for three-dimensional quantitative histology
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Abstract. A novel optical computed-tomographic microscope has been developed allowing quantitative three-dimensional (3D)
imaging and analysis of fixed pathological material. Rather than a conventional two-dimensional (2D) image, the instrument
produces a 3D representation of fixed absorption-stained material, from which quantitative histopathological features can be
measured more accurately. The accurate quantification of these features is critically important in disease diagnosis and the clinical
classification of cancer. The system consists of two high NA objective lenses, a light source, a digital spatial light modulator
(DMD, by Texas Instrument), an z—y stage, and a CCD detector. The DMD, positioned at the back pupil-plane of the illumination
objective, is employed to illuminate the specimen with parallel rays at any desired angle. The system uses a modification of the
convolution backprojection algorithm for reconstruction. In contrast to fluorescent images acquired by a confocal microscope,
this instrument produces 3D images of absorption stained material. Microscopic 3D volume reconstructions of absorption-stained
cells have been demonstrated. Reconstructed 3D images of individual cells and tissue can be cut virtually with the distance

between the axial slices less than 0.5 pm.
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1. Introduction

With the exception of immunohistochemistry, histo-
logical techniques have changed little in the last fifty
years. Yet, pathological review of biopsy sections re-
mains the cornerstone of clinical cancer diagnosis and
management. The authors estimate that pathologists
world-wide analyze approximately 100 million histol-
ogy sections annually (25,000 pathologists looking at
an average case load of 4,000 specimens per year).
It is well recognized that severe limitations imposed
by classical specimen preparation and microscopy sys-
tems result in sub-optimal specimen analysis condi-
tions. Conventional practice involves cutting 4—7 pum
thick tissue sections in order to image cells that are 10—
30 pum in diameter. This practice is necessary to pro-
duce crisp images with the minimal overlap between
cells on a conventional transmission microscope; how-
ever, the probability of imaging intact cells is rather
low. This so-called sectioning artifact introduces er-
rors in the calculation of quantitative features, such as
nuclear-to-cytoplasm ratio and DNA amount. It also
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makes the analysis of tissue architecture difficult in
more than two dimensions.

Broadly speaking, pathologists appraise biopsy sec-
tions by examining the morphology of individual cells
or cell fragments, and by assessing the cellular or-
ganization or “architecture” of the tissue. The use of
specific labels, for example, stoichiometrically labeled
DNA, affords the opportunity to measure the amount
and distribution of the label of interest. We anticipate
that as knowledge is gained from genomics and pro-
teomics, the need for examination, localization and
quantification of more specific labels will increase both
in clinical practice and in research applications. The
sectioning artifacts presented by thin sections will al-
ways limit these endeavors unless a means is developed
to easily examine thick sections.

There have been a number of developments in
computer-aided pathology in the past several decades,
particularly in cytometry [17,18,21,22]. Near-mono-
layer preparations and automated image analysis (e.g.,
Tripath FocalPoint) have greatly advanced cytological
specimen analysis and impacted the practice of clini-
cal cytopathology. The optical computed-tomographic
(CT) microscope for 3D quantitative analysis, pre-
sented in this paper, possesses the potential to produce
similar advances in both tissue (histological) and cell
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cluster (cytological) specimens, and eliminate some of
the barriers to computer-aided pathology caused by
thin sections. The intended clinical benefits include the
ability for pathologists to: (i) look at multiple levels
of a section without physical sectioning by micro-
tome; (ii) remove sectioning artifacts caused by thin
microtome slices and cell fragments; (iii) look at more
natural tissue architecture, including whole intact cells.

The optical CT microscope [2,14,13], recently de-
veloped by our group at the BC Cancer Research
Centre, is a novel imaging device for the 3D visualiza-
tion and quantitative analysis of the internal structure
of absorption-stained biological samples. A conven-
tional optical microscope produces a 2D magnified
image of a thin tissue section. 3D image acquisition of
absorption-stained thick sections would allow the vi-
sualization of both 3D tissue structure and 2D virtual
projections free from sectioning artifacts. The spatial
arrangement of individual cells and their cellular com-
ponents in 3D space is available for pathologists with
the optical CT microscope. This new information may
help in the earlier diagnosis of cancer.

Confocal microscopy [20] has improved our knowl-
edge of cell and tissue structure by producing excellent
3D images of thick tissue sections. However, confocal
microscopy has limitations. In general, confocal mi-
croscopy requires fluorescence stains for imaging. The
bulk of pathologists’ work involves interpretation of
absorbance stained specimens, and there are archival
and stability issues with fluorescent stained specimens.
Further, the optical CT microscope represents a cost-
effective alternative to confocal microscope, which
can cost several hundred thousand dollars per instru-
ment. Building on pathologists’ extensive knowledge
and experience derived from classical 2D absorbance
microscopy, histopathology could easily shift to 3D
analysis of cellular structures and tissues using quanti-
tative 3D absorbance imaging.

The optical CT microscope employs a tomographic
reconstruction technique for 3D image generation. It
is an optical analogue of the well-established X-ray
absorption computed-tomography technique [5,8,23].
In X-ray CT, the 3D spatial distribution of an ob-
ject’s linear attenuation coefficient is reconstructed
from projections through the sample recorded at dif-
ferent angles. Mathematically, each element in the
recorded projection corresponds to a line integral of the
attenuation coefficient, which represents the total at-
tenuation of the X-ray beam as it goes along a straight
line through the sample. The concept of computed to-
mography was employed later in X-ray phase contrast

tomography [1,25] and X-ray micro-tomography [19,
24].

Relatively little attention has been given to straight-
ray tomographic techniques in the context of op-
tical microscopy. The idea of tomographic optical
microscopy using a computerized reconstruction al-
gorithm and a transmission optical microscope was
first proposed by S. Minami and S. Kawata at Os-
aka University (Japan) in 1985. Their first system
was a straight implementation of the X-ray computed-
tomography technique in an optical microscope. The
group used a mechanical rotation system to illuminate
the sample at different angles. Over a five-year period
the group published a series of papers [10,9,16], in
which they discussed their research results and algo-
rithms for tomographic reconstruction.

2. Optical computed-tomography microscope with
digital light modulator

Our group was the first to use a spatial light modula-
tor in an optical CT microscope [4,3,15]. The group in
collaboration with Digital Optical Imaging Corp. has
built a bench-top instrument with a digital micromirror
device (DMD, by Texas Instruments Inc.) as the spatial
light modulator in order to control the angles of light
rays that illuminate a sample [2]. The DMD is an array
of tiny micromirrors (on 17 pm centres), each of which
can be controlled individually (Fig. 1). An aperture dis-
played on the DMD at some position (z, y) causes the
specimen to be illuminated at a specific angle (¢, 0).
Figure 2 illustrates the coordinate system. The polar
angle ¢ is the angle between the optical axis Z and the
direction of illumination light rays. The azimuthal an-
gle 0 is the angle between the X-axis and the projection
of the light ray in the XY plane.

Using the DMD instead of a mechanical rotation
system provides considerable advantages in flexibility,
speed, and precision. It enables computer-controlled
sequential illumination and detection with an ap-
pointed set of illumination angles. Instead of mechan-
ically rotating, or tilting the specimen, the system
allows changing electronically the angles of light rays
for illumination of a stationary specimen.

The DMD can be used as a spatial light modulator
for different types of microscopes. Papers published
by our and other research groups describe an appli-
cation of the DMD for confocal microscopy [12,7,6]
and confocal microendoscopy [11]. However, in this
paper we present a different type of microscope: opti-
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Fig. 1. Digital Micromirror Device (or DMD by Texas Instruments
Inc.). The array of micromirrors is visible in the front, while the con-
trol system is on the top. The size of the array is 17.4 mm X 13.1 mm.
It consists of 1024 X 768 micromirrors.
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Fig. 2. The coordinate system. Z-axis corresponds to the optical axis
of the microscope. The polar angle ¢ is the angle between the optical
axis Z and the direction of illumination light rays. The polar angle
—¢max < ¢ < ¢max is limited by the numerical aperture of the
objective. The azimuthal angle 6 is the angle between the X-axis
and the projection of the light ray in the XY plane. Azimuthal angle
could be any angle 0 < 6 < 2w, constant for a particular set of
projections.

cal computed-tomographic microscope for absorption-
stained biological samples imaging.

A schematic of the optical CT microscope based
on the DMD is presented in Fig. 3. The instrument
is based on a conventional transmission microscope
in which the sub-stage condenser has been replaced
with a second objective lens mounted on its own inde-
pendent translation stage. The system consists of two
high-numerical aperture objective lenses, relay lenses,

a DMD, a light source, and a CCD camera. The field
stop limits the illuminated field of view at the speci-
men. The DMD is placed in the illumination path of
the microscope conjugate to the back pupil plane of
the illumination objective (condenser lens). The sys-
tem aperture stop is located at the DMD. This aperture
stop is projected into the back pupil plane (conjugate
aperture stop) of the objective by a relay lens. The
DMD determines which part of the back pupil plane
receives illumination. A circular disk of “on-mirrors”
(30-50 micromirrors in diameter) written to the DMD
serves as an off-axis aperture stop. The position of the
disk on the DMD corresponds to a particular angle of
illumination. As the disk is translated across the DMD,
the angle of illumination changes accordingly. The
primary (image-forming) and secondary (illumination)
objectives were identical (Zeiss PlanApo 63 x-1.4NA
oil). The resolution of the DMD was 1024 x 768
micromirrors with an on-off contrast ratio of 255: 1.
The specimen was mounted between two large cover
slips and placed on the microscope stage. A picture
of the DMD-based optical computed-tomographic mi-
croscope is shown in Fig. 4. The system provides the
ability to acquire projections from any arbitrary az-
imuthal angle, 0 < € < 2x. The maximal theoretical
polar angle —@max < ¢ < Pmax Was limited by the nu-
merical aperture (NA) of the objective lens to +67.5°.
In practice we used projections within +60° due to the
finite solid angle subtended by the illumination disk.

The limited angle constraint is a critical limitation
of the computed-tomographic microscopy system that
must be overcome using the proper reconstruction al-
gorithm. Another limitation is related to absorption. If
too much light is absorbed by the specimen, the acqui-
sition time is too long. To decrease the absorption we
reduced the staining time during specimen preparation.
Scattering that may cause serious problems in some
macroscopic applications like optical mammography,
does not seem to be a problem at the microscopic level,
at least for specimen thickness up to 20 um. To date,
we have not investigated how thicknesses more than
20 pm affect the reconstruction quality.

3. Reconstruction of 3D images
3.1. Reconstruction algorithm
The filtered back-projection algorithm [8] that com-

bines information from different angular positions can
calculate the 3D distribution of the attenuation coeffi-
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Fig. 3. Schematic of the DMD-based optical computed-tomographic microscope.

Fig. 4. DMD-based optical computed-tomographic microscope.

cient in the absorption stained sample. Since the atten-
uation coefficient is directly proportional to a density
for a given material, the technique effectively allows
the determination of the three-dimensional density dis-
tribution in the sample. The filtered back-projection
algorithm is currently used in almost all applications of
straight ray tomography. It has been shown to be very
accurate and amenable to fast implementation. Briefly,
the gray scale values of the image are converted from
absorption units to an optical density. Each pixel from
the optical-density image is projected back through a
reconstruction volume. This volume acts as a 3D ar-
ray of accumulators. The accumulated optical density
at each voxel produces a 3D volume representation of
the specimen.

Filtering of images is needed during the reconstruc-
tion in order to correct for blurring effects. Filtering
and back projection are both linear operations, and they
can be performed in any order. However, it is better to
perform the filtering before the back projection since
this involves fewer computations. We performed filter-
ing of images in a frequency domain by multiplying
the Fourier transform of a projection by the filter’s
transfer function. The result was then inverse Fourier
transformed to produce the filtered image. A number
of different types of filters were tested in our computer
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simulations. The Shepp—Logan filter, which combines
a sinc function with a ramp filter, was chosen for our
application since it was less sensitive to noise and re-
sulted in a small amount of blurring.

The reconstruction algorithm developed by our
group, involves reconstruction from several sets of pro-
jections made from different directions of illumination
scanning, and combination of several reconstructions
in order to compensate for incompleteness of infor-
mation due to the limited NA of the optical system.
The limited NA in the CT microscope is a major prob-
lem for traditional reconstruction techniques. It leads
to the presence of artifacts in the reconstructed image
and image distortion. In order to improve the qual-
ity of images in a final reconstruction and to remove
the distortion, the final 3D object was generated from
several reconstructions of the object made from differ-
ent azimuthal angles. The spatial light modulator that
we used in the system enabled us to obtain several
sets of object projections acquired from different di-
rections of illumination. A single reconstruction data
set was acquired by illuminating the sample with light
at different polar angles, ¢; < ¢ < ¢, and constant
azimuthal angle #. This data set, and its correspond-
ing reconstructed volume, are referred to as have being
“acquired along direction 6”. A composite reconstruc-
tion is assembled from several single reconstructions
acquired along multiple directions. Voxels from differ-
ent reconstructions were combined using four different
methods: average, minimum, maximum, and median
vote criteria. The median vote method seemed to work
the best. Finally, our 3D reconstruction algorithm,
which was validated with experimental data, can be de-
scribed in the following basic steps:

— Acquire initial 2D images of a sample (projec-
tions, taken under different angles with a CCD
camera). The images are cropped, centered and
corrected using usual image non-uniform illumi-
nation correction algorithm.

— Corrected images are converted into a set of sino-
grams. The “sinogram” of a projected image is the
collection of all possible line-projections through
the image. (One single projection measures the
attenuated beam intensity, and thus the line inte-
gral of the attenuation coefficient along projected
rays.)

— The sinograms are digitally filtered. The inverse
Radon transform is performed to backproject the
sinograms and produce a reconstructed slice of
the 3D object.

— A 3D reconstructed volume is created from a
stack of reconstructed slices.

— Several reconstructions of the same object are
combined together to compensate the incomplete-
ness of information due to the limited angular
field of view.

3.2. Microscopic 3D image reconstruction results and
discussion

In our research we used formalin-fixed, paraffin-
embedded lung specimens. The tissue sections were
cut at thickness from 4 to 20 pum. Two different
staining methods were used: Feulgen-Thionin, and
Hematoxylin + Eosin (H&E). The Feulgen-Thionin
staining method was modified by reducing the staining
time from one hour to 7 minutes, at room temperature.
H&E staining was performed according to laboratory
standards.

One to four sets of projections were measured with
the CCD camera for every final reconstruction. Each
set consisted of ether 121, or 65 projections of a
specimen, and projections were uniformly distributed
within angular interval 120°. Two CCD images of
a Feulgen-Thionin stained biopsy sample acquired at
two different illumination angles are shown in Fig. 5.
The size of acquired CCD images was 648 x 516 pix-
els. The acquisition time was 0.8 sec per image. For
reconstruction all initial CCD images were cropped to
the area of interest (usually 256 x 256 pixels).

Microscopic 3D volume reconstructions of quan-
titatively absorption-stained cells have been demon-
strated. A reconstructed volume was commonly cre-
ated as a cube with the size of 256 x 256 x 256 voxels.
The computational time was about 2 sec per recon-
structed slice. The reconstruction algorithm was coded
in Matlab for ease of implementation. Coding in C
language could reduce the reconstruction time con-
siderably. An example of the reconstructed volume is
presented in Fig. 6(a-h). The figure illustrates a z-axis
image-stack of Feulgen-Thionin stained thick tissue
specimen. The z-axis separation between images in the
figure is 1-2 pm. The image-stack was virtually sliced
from a 3D reconstructed volume, generated from two
sets of projections that were taken from two different
azimuthal angles, and polar angles —56° < 6 < 56°.
Every set included a total of 57 projections (8 of the
65 projections were removed for this particular recon-
struction). Reconstructed 3D images of individual cells
and tissue can be cut virtually with the distance be-
tween the axial slices less than 0.5 pm. The X, Y and
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(b)

Fig. 5. Two projections (a) and (b), acquired at two different illumi-
nation angles. The relative angle between (a) and (b) is 64 degrees.
Sample of biopsy is stained with Feulgen-Thionin to show DNA con-
tent.

Z resolution is sufficient to see the inner cellular struc-
ture. To date, we have not measured the resolution of
the system.

The optical CT microscope possesses the ability to
make the results of quantitative 3D imaging compa-
rable to 2D analysis by virtual slicing and projection
of reconstructed 3D biological samples. Virtual cut-
ting and virtual slicing of 3D reconstructed volumes
can provide valuable information for pathological in-
terpretation and diagnosis. A virtual slice can include
a layer with totally intact cells, and a 2D projection
from such a slice will have all the quantitative infor-
mation of intact cells and will be presented in the way
convenient for pathological interpretation with known
methods. Algorithms for virtual slicing, segmentation,

and projection of reconstructed 3D biological objects
are under development.

Architectural analysis of pathological material can
also be performed based on the quantitative informa-
tion acquired by the optical CT microscope. For cancer
diagnosis, architectural analysis attempts to charac-
terize neoplastic progression at the level of tissue
organization, i.e., measuring the organization of cells
within the tissue. With this technique, the position of
cell nuclei is determined for each cell in the region
of interest, and a tessellation (i.e., tiling) of the image
is performed. The density of cells and the thickness
of the epithelium can be computed. The orientation of
cells with respect to the basement membrane can be
investigated. Up to 20 features may be extracted from
graphical representations of the cell positions. In anal-
ogy with descriptions of order in crystalline structures,
the entropy (degree of disorder) and other properties
of the spatial distribution of cells may be defined and
the local and global extent of cell clustering may be
quantified. The spatial distribution of reconstructed
cells is illustrated in Fig. 7(a—h), where a rotation of a
reconstructed tissue-biopsy in 3D space is shown. Ad-
ditional 3D reconstructions and image-stacks can be
viewed online at www.bccre.ca/optical-tomography/.

The optical CT method is easily extended for multi-
color imaging by the sequential illumination of the
sample with red, green, and blue light. A feasibility
of generating 3D true-color RGB (red-green-blue) im-
ages was demonstrated with optical CT microscope.

4. Conclusion

A novel optical computed-tomographic microscope
has been developed based on digital light modulation
technology for image projections acquisition and the
radon-transform-based method for reconstruction of
3D images. The algorithm combines information from
different angular positions to calculate a distribution of
the attenuation coefficients in the specimen. The sys-
tem provides the ability to acquire projections from any
arbitrary azimuthal angle 0 < 6 < 2, and the polar
angle theoretically limited to —67.5° < ¢ < 67.5°.

The optical CT microscope has demonstrated the
feasibility of 3D histological analysis of absorption
stained tissue. The instrument can provide additional
3D diagnostic information to pathologists that might
be critical for cancer detection and diagnosis. The
optical CT microscope overcomes the limitations of
confocal microscopy, which is expensive, and re-
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(8 (h)

Fig. 6. Z-axis image-stack of Feulgen-Thionin stained thick tissue specimen. The z-axis separation between images is 1-2 um. The image-stack
was virtually sliced from a 3D reconstruction, generated from 57 projections acquired over 112°. The images are shown in optical density units
where black pixels correspond to zero absorption and white pixels correspond to maximum absorption.
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(a) (b)

() (d)

(2 (h)

Fig. 7. The figures (a—h) illustrate a rotation of a 3D reconstructed tissue-biopsy. The angle between each view (a) through (d) is approximately
20 degrees. (d) corresponds to the angle of view perpendicular to the glass slide.
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quires fluorescent stained material. Microscopic 3D
volume reconstructions of quantitatively absorption-
stained cells have been demonstrated.

The instrument enables pathologists to look at multi-
ple optical levels of a section with the distance between
virtual slices less than 0.5 pm. More natural tissue ar-
chitecture, including whole intact cells, and a spatial
arrangement of individual cells and their cellular com-
ponents, are available for analysis with the optical CT
microscope. The optical computed-tomographic mi-
croscope enables to acquire 3D images of thick tissue
sections, 20 pm or more, where numerous intact cells
are presented.
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