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METHOD AND APPARATUS FOR
PSEUDO-PROJECTION FORMATION FOR
OPTICAL TOMOGRAPHY

RELATED APPLICATIONS

This application 1s a continuation-in-part (CIP) of co-pend-
ing U.S. patent application Ser. No. 10/126,026, filed Apr. 19,
2002, of Nelson entitled “Variable Motion Optical Tomogra-
phy of Small Objects,” which 1s incorporated herein by this
reference.

FIELD OF THE INVENTION

The present invention 1s related to optical systems and,
more particularly, to optical systems for extended depth-oi-
field imaging through a thick specimen (1.e. non-planar) to
generate shadowgrams, wherein the apparatus permits the
rapid acquisition of data necessary for tomographically
reconstructing the three dimensional (3D) 1image of a speci-
men useful in applications such as high-resolution optical
tomography of micron-scale objects.

BACKGROUND OF THE INVENTION

Overview

For some 1imaging applications, it 1s desirable to generate
information 1n three dimensions within a thick specimen. An
optical tomographic device 1s intended to produce three-di-
mensional reconstructions of specimens by providing a mul-
titude of ‘shadowgrams’, a shadowgram (a.k.a. projection)
being a measure of light attenuation along a set of ray paths
through the specimen. An i1deal shadowgram contains only
information about absorption of the specimen, and has an
infinite depth-of-field, with no change 1n spatial frequency
response along the axis of projection. Computed tomographic
algorithms such as filtered backprojection, are used to convert
the set of shadowgrams into a three-dimensional volume
image.

The approach described above 1s effective for x-ray tomog-
raphy, in which the photon wavelength 1s much smaller than
the desired spatial resolution. However, in high-resolution
optical tomography, the illumination photon wavelength(s)
may be on the order of the desired spatial resolution and
object feature size, a projection 1mage obtained 1n a manner
analogous to the methods of x-ray tomography will be
obscured due to diffraction of the incident light by the speci-
men features. Thus, means for rejecting or reducing the
elfects of scattered light must be employed to obtain a useful
shadowgram. It 1s critical 1n computational tomographic
image reconstruction that the photon path from source,
through the object and onto the array detector 1s known geo-
metrically and that only photons along the single line path
reach a single-detector element. Because photons are scat-
tered or detlected from their straight-line paths, particularly in
passing through the object, the detector elements may receive
photons from unknown locations within the object. Such
scattering can become a significant problem when the scat-
tered photon 1ntensity 1n any given detector element exceeds
that of the signal-to-noise limit 1n the reconstruction process.
Therefore, it 1s desirable to remove the scattered (non-ballis-
tic) photons from the detected image. In addition, refraction
must also be controlled to preserve the 1deal straight ray paths
from 1llumination source to detector.

The methods for controlling or rejecting scattered light can
be divided 1nto two functional categories: point-source-based
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2

projection and pseudoprojection. Point source based projec-
tion methods employ an 1llumination point source and detec-
tor 1n an analogous manner to that used for X-ray tomogra-
phy. Shadowgram quality 1s improved (mainly by controlling
or reducing scattered light) by minimizing the source-object-
detector distance, by using virtual sources, by using wave-
length-shifting cell-bound probes, by limiting the acceptance
angle of the detector array, by polarization, by reducing wave-
length, or by confocal-like rejection. Pseudoprojection meth-
ods employ 1maging optics to provide a shadowgram such
that the depth of field 1s at least as large as the region of
interest of the specimen. One method for accomplishing this
1s through use of long depth-of-field imaging optics, prefer-
ably with a long working distance to accommodate as many
source-detector pairs as possible, such that the large number
of views obtained increases the three-dimensional recon-
structed 1image resolution compared with the resolution of a
single shadowgram. Another method involves extending the
depth of field by mechanically scanning the focal plane 1n a
continuous manner, and integrating the images onto a detec-
tor. This method provides better spatial frequency response
along the optical axis (better 3D MTF) compared with using
long depth-of-ficld imaging optics because of the greater
rejection of out-of-focus light by a high-NA objective.

Shadowgram Formation

The latter pseudoprojection method 1s the one of primary
interest in this patent. To obtain a three-dimensional repre-
sentation of an object, a microscope objective 1s axially
scanned such that 1ts plane of focus scans through the speci-
men’s thickness. The focal plane of the objective lens can be
moved through the specimen while the detector 1s located 1n
the microscope’s 1image plane. Thus, a projection 1mage can
be compiled from a set of discrete focal planes within the
specimen.

Some example descriptions of discrete focal-plane scan-
ning are provided by N Ohyama et al., in U.S. Pat. No.
5,680,484 1ssued Oct. 21, 1997, entitled “Optical Image
Reconstructing Apparatus Capable of Reconstructing Optical
Three-Dimensional Image Having Excellent Resolution and
S/N Ratio”; by E A Swanson et al., in U.S. Pat. No. 5,321,501
issued Jun. 14, 1994, entitled “Method and Apparatus for
Optical Imaging with Means for Controlling the Longitudinal
Range of the Sample”; by R E Grosskopt, in U.S. Pat. No.
4,873,653 1ssued Oct. 10, 1989, entitled “Microscope System
for Providing Three Dimensional Resolution”; and by A D
Edgar, in U.S. Pat. No. 4,360,885 1ssued Nov. 23, 1982,
entitled “Micro-Optical Tomography.” However, all these
methods sutfer from low throughput rates due to the stopping
and restarting of the moving parts. Furthermore, the spacing
between each focal plane places a limit on the spatial resolu-
tion that can be achieved, and storage of the separate images
requires large amounts of computer memory. Since each pixel
1s measured only once, no reconstruction 1s done. These
methods simply assemble discrete focal-plane scans intoa 3D
image with additional sampling errors from reconstructing
from a set of projections. In addition, out-of-focus light from
the other focal planes contributes to undesirable spurious
signals (blurring) in the assembled image. The blurring can be
reduced by using an objective lens with a short depth of field
or by using confocal microscopy.

In contrast to the drawbacks of the background art, the
present invention provides a method and apparatus for con-
tinuously scanning the focal plane of an optical 1maging
system along an axis perpendicular to said plane through the
thickness of a specimen during a single detector exposure.
This then generates a shadowgram (projection image), whose
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resolution can depend on the depth of focus of the moving
tocal plane, as well as on the lateral spatial resolution (1.e., the
resolution within the focal plane). The light that exits the
specimen region should theretfore comprise a shadowgram of
the specimen as seen from an individual perspective as
viewed from a particular angle of rotation. The process 1s
repeated from multiple perspectives, either 1n series using a
single 1llumination/detection subsystem, or 1n parallel using
several 1llumination/detection subsystems, or some combina-
tion of series and parallel acquisition. In this way, a set of
pseudo-projections 1s generated, which can be iput to a
tomographic image reconstruction algorithm (such as filtered
backprojection) to generate a three-dimensional 1image. The
apparatus described has greater speed and higher signal-to-
noise than the prior art described above while providing a
means for 3D reconstruction by computer-aided tomographic
techniques. The method disclosed may be useful 1n applica-
tions such as high-resolution optical tomography of small

objects.

Application to Cell Imaging

In application, high resolution optical tomography 1s of
primary interest for three-dimensional imaging cells and cell
nucleil; these specimens are the primary motivation for imag-
ing on the micron scale. The mmvention 1s described herein
with respect to specific examples relating to biological cells;
however, 1t will be understood that these examples are for the
purpose of 1llustrating the principals of the invention, and that
the invention 1s not so limited. In one example, constructing a
three-dimensional distribution of point densities and emis-
s10n intensities within a microscopic volume allows the mea-
surement of density and fluorescence at any location within
the microscopic volume and determines the location of struc-
tures, molecules or molecular probes of interest. By using
tagged molecular probes, the quantity of probes that attach to
specific structures in the microscopic object may be mea-
sured. For 1llustrative purposes, an object such as a biological
cell may be labeled with at least one tagged molecular probe,
and the measured amount and location of this probe may yield
important information about the disease state of the cell,
including, but not limited to, various cancers such as lung,
colon, prostate, breast, cervical and ovarian cancers, or infec-
tious agents.

Sample preparation has also been problematic for prior
methods. For example, others have had problems with simple
vacuum-based insertion of cells or relying on capillary action
to wick-up the cell suspension. The present mvention has
overcome such drawbacks. Methods for using cells in micro-
capillary tubes for optical tomography are also presented
herein.

Image Reconstruction

After acquiring a series of two-dimensional projections
(shadowgrams), 1mage reconstruction 1s used to create the
three dimensional image. The most common and easily
implemented reconstruction algorithms, known as filtered
backprojection methods, are dertved from a similar algorithm
in x-ray computed tomography (CT) using parallel-beam
geometry. (See the following references, for example, Kak, A.
C. and Slaney, M., Principles of Computerized Tomographic
Imaging, IEEE Press, New York, 1988, and Herman, G.,
Image Reconstruction from Projections: The Fundamentals
of Computerized Tomography, Academic Press, New York,
1980). These methods are based on theorems for Radon trans-
forms with modifications that retlect the particular geometry
of the source/detector configuration and the ray paths in the
irradiating beam.
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4
SUMMARY OF THE INVENTION

In the current invention, a variety ol methods for generat-
ing optical shadowgrams for use in optical CT are presented.
One such method 1s accomplished by moving an objective
lens, thereby scanning the focal plane through the thickness
of the specimen region, such that the entire specimen thick-
ness 1s scanned continuously during a single detector expo-
sure interval. The procedure 1s repeated from several perspec-
tives over an arc ol up to 180 degrees, using one or more pairs
of light sources and detector arrays simultaneously. The
specimen can be rotated and/or translated to acquire addi-
tional shadowgram viewpoints. The methods of (CT) image
reconstruction can then be applied to obtain a high-quality
three-dimensional reconstruction of the specimen region.
Other methods presented herein involve reducing scattered
light when generating a shadowgram using 1llumination point
source-based projection.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows an example illustration of cells
packed into a capillary tube as contemplated by an embodi-
ment of the present invention.

FIG. 2 schematically shows an example of a flow diagram
illustrating the steps prior to the three-dimensional (3D)
image reconstruction as contemplated by an embodiment of
the present invention.

FIGS. 3A, 3B 3C, 3D, 3E and 3F schematically show the
types of arrangements ol source-detector pairs 1n an optical
tomography system as single plane, and multiple planes.

FIG. 4A illustrates an example of an optical tomography
system employing multiple sets of pseudo-projection view-
ing subsystems about a single specimen, as contemplated by
one embodiment of the present invention.

FIG. 4B 1llustrates an example of an optical tomography
system employing multiple sets of pseudoprojection viewing,
subsystems along a series of different specimens as contem-
plated by an alternate embodiment of the invention.

FIG. 5A schematically shows a cell within a micro-capil-
lary tube that can be rotated for taking multiple projections
and an objective lens that can be axially scanned using
pseudo-projection techniques.

FIG. 5B schematically shows a cell within a micro-capil-
lary tube that can be rotated for taking multiple slices of
two-dimensional images using confocal scanning techniques.

FIG. 6 A and FIG. 6B illustrate schematically one embodi-
ment of the present 1nvention, incorporating a microscope
objective lens mounted on a piezoelectric translation device.

FIG. 7 depicts an example 1llustration of one arrangement
of the timing characteristics ol one embodiment of the present
invention, mcorporating a lens system mounted on a piezo-
clectric translation device.

FIG. 8A and FIG. 8B show a graphical representation of
specimen motion and camera exposure for a system as con-
templated by the present invention.

FIG. 8C graphically shows a function for scanning differ-
ent focal planes 1n the specimen by varying the i1llumination
intensity of the viewing subsystem as the objective 1s moved
spatially with respect to the specimen.

FIG. 9 schematically shows an example 1illustration of a
prior art optical system that can be employed in combination
with the present invention for three-dimensional 1maging.

FIG. 10 schematically shows an example of a geometric
advantage of minimizing the distances between source and
object 1n accordance with the teachings of the present inven-
tion.
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FIG. 11 schematically shows an example of significant
diffraction that occurs when light 1s projected past a light-
attenuating region of interest (ROI) around a specimen.

FIG. 12 schematically shows an example of a virtual light
source arranged in accordance with the principles of the
present invention.

FIG. 13 A schematically shows a method for shadowgram
formation using wavelength-shifting probes bound to a cell
where the probe determines point source dimension.

FIG. 13B schematically shows a method for shadowgram
formation using wavelength-shifting probes bound to a cell
where the probe 1s smaller than the focal point size.

FIG. 14 A schematically shows an example of an arrange-
ment of collimators 1n an array that have a limited acceptance
angle so that a large percentage of scattered light 1s rejected
based on angle constructed 1n accordance with the teachings
of the present invention.

FI1G. 14B 1s a more detailed magnified view of a section of
the array of collimators of FIG. 14A.

FIG. 15A schematically shows an alternate example of a
collimator configuration with a microlens array to further
restrict or vary acceptance angle at each detection point con-
structed 1n accordance with the teachings of the present
ivention.

FIG. 15B 1s a more detailed magnified view of a section of
the array of collimators of FIG. 15A.

FIG. 16 schematically shows an example 1illustrating the
use of polarization filters and/or phase plates 1n a three-di-
mensional 1mage reconstruction as contemplated by an
embodiment of the present invention.

FIG. 17 schematically shows an example of a confocal
arrangement that allows rejection of scattered light based on
angle, with a pinhole placed at one focal plane to minimize
light scattered at the object constructed 1n accordance with
the teachings of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

General Embodiments

Referring now to FIG. 1, there shown schematically 1s an
example 1llustration of cells packed 1nto a capillary tube as
contemplated by an embodiment of the present invention. In
this example embodiment, a section of the capillary tube 3 1s
filled with cells 1 that are packed rigidly into the tube. Each of
the cells may include a nucleus 2. The capillary tube 3 has a
central axis 4 oriented with reference to a coordinate system
6 having coordinates in the x, y and z-directions. In some
instances, at least one molecular probe 13 may be bound
within the cell. A computer 7 1s coupled to provide control
signals to a rotational motor 5 and a translational motor 8. It
will be recognized that equivalent arrangements of one or
more motors, gears or fluidics or other means of generating
motion may also be employed to achieve the necessary trans-
lational and rotational motion of the capillary tube or other
substrate. In some cases, one or more of the motors may be
replaced by manual positioning devices or gears or by other
means ol generating motion such as hydraulic or piezoelec-
tric transducers. The axis of translation 1s the z-axis, and
rotation 1s around the z-axis. The positioning motor 9 1s
coupled to move the cell 1n a plane defined by the x, y-axes,
substantially perpendicular to the central axis for the purpose
ol centration, as necessary.

It will be recogmized that the curved surface of the capillary
tube will act as a cylindrical lens and that this focusing effect
may not be desirable in a projection system. Those skilled in
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the art will appreciate that the bending of photons by the tube
can be eliminated 11 the spaces between (a) the 1llumination
source 11 and the tube and (b) between the tube surface and
the detector 12 are filled with a material 10 whose index of
refraction matches that of the capillary tube and that the tube
can be optically coupled (with o1l or a gel, for example) to the
space filling material. When index of refraction differences
are necessary, for mstance due to material choices, then at
minimum the index of refraction difference should only exist
between flat surfaces 1n the optical path. Illumination source
11 and detector 12 form a source-detector pair 14. Note that
one or more source-detector pairs may be employed.

Consider the present example of cells packed 1nto a capil-
lary tube. The cells may pretferably be packed single file so
that they do not overlap. The density of packing whole cells of
about 100 microns in diameter into a capillary tube with
diameter less than 100 microns can be roughly 100 cells per
centimeter of tube length. For bare nuclei of about 20 microns
in diameter, the packing can be roughly 500 nucle1 per cen-
timeter of tube length where the tube diameter 1s proportional
to the object size, about 20 microns in this case. Thus, within
several centimeters of capillary tube length, a few thousand
non-overlapping bare nuclel can be packed. By translating the
tube along 1ts central axis 4, motion in the z-direction can be
achieved. In an alternative arrangement, the cells can flow
within the tube. Moving the tube 1n the x, y-directions allows
objects within the tube to be centered, as necessary, in the
reconstruction cylinder of the optical tomography system. By
rotating the tube around its central axis 4, a multiplicity of
radial projection views can be produced. Moving the tube in
the z-direction with constant velocity and no rotation simu-
lates the special case of flow optical tomography.

One advantage of moving a tube filled with cells that are
otherwise stationary inside the tube 1s that objects of interest
can be stopped, then rotated, at speeds that permit nearly
optimal exposure for optical tomography on a cell-by-cell
basis. That is, the signal to noise ratio of the projection 1images
can be improved to produce better images than may be usu-
ally produced at constant speeds and direction typical of flow
systems. Objects that are not of interest can be moved out of
the 1maging system swiitly, so as to gain overall speed 1n
analyzing cells of interest 1n a sample consisting of a multi-
tude of cells. Additionally, the ability to stop on an object of
interest, and then rotate as needed for multiple projections,
nearly eliminates motion artifacts. Still further, the motion
system can be guided at submicron movements and can
advantageously be applied in a manner that allows sampling
of the cell at a resolution finer than that atforded by the pixel
s1ze of the detector. More particularly, the Nyquist sampling
criterion could be achieved by moving the system 1n incre-
ments that fill half a pixel width, for example. Similarly, the
motion system can compensate for the impertect fill factor of
the detector, such as may be the case 1f a charge-coupled
device with interline-transfer architecture 1s used.

In another embodiment, the capillary tube 3 may be
replaced with a solid medium 1n a cylindrical shape, and
having cells embedded within. This solid medium comprises
a polymer or UV-cure polymer, or cell mounting medium
formed into a cylindrical shape, creating an optically clear
cylinder, like that of a polymer optical fiber, with cells embed-
ded. The embedding may be accomplished by extruding a
liquid suspension or by other means.

Referring now to FIG. 2, an example of a flow diagram
illustrating the three-dimensional (3D) image acquisition as
contemplated by an embodiment of the present invention 1s
shown. As contemplated by one example of the present inven-
tion, a 3D 1mmaging process 20 includes the steps of loading
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the tube packed with cells at step 21, immersing the tube
within a refractive index-matched medium 22, translating the
tube until the first cell of interest has been located at step 23,
centering the cell of interest, as necessary, at step 24, gener-
ating a set of projections at each different rotation angle at
step 25, determiming when the data set 1s complete at step 26,
and repeating the process from steps 23 through 26 until all
cells of interest have been analyzed. The process of acquiring
shadowgrams stops at step 27. The process may be imple-
mented 1 a computer software program executed by a per-
sonal computer such as computer 7, for example. During
and/or after image acquisition, 1mages may be corrected for
mechanical registration errors at step 28, and 1mage recon-
struction performed to obtain the three-dimensional image at
step 29.

Referring now to FIGS. 3A, 3B 3C, 3D, 3E and 3F, there
shown are some example types of geometries possible for
1llumination sources 11 and detectors 12. Note that the rings
are shown only to illustrate the planar configuration within
the sources and detectors lie, and do not necessarily represent
a physical structure. In all configurations, the tube may be
rotated and/or translated to provide an adequate number of
views for three-dimensional reconstruction. FIG. 3A 1s an
example of one or more source-detector pairs 14 arranged 1n
a plane, said plane being orthogonal to the axis 4 of the tube.
FIG. 3B 1s an example of one source-detector pair per plane,
employing multiple parallel planes. All planes are orthogonal
to tube axis 4, with an angular oft

set between consecutive
planes. The specimen, such as cell 1, 1s translated along the
tube axis, and single shadowgrams are acquired in serial
fashion. FIG. 3C shows source-detector pairs arranged 1n a
plane parallel to the tube axis 4. The multitude of source-
detector pairs 1n each plane allows acquisition of multiple
shadowgrams simultaneously (1in parallel fashion). As the cell
1s translated from one source-detector plane to the next, an
angular offset provides new views. Typically, a decrease 1n
shadowgram resolution occurs by increasing the distance
between source and detector, but increases the number of
projections acquired simultaneously. This increase 1n paral-
lelism of shadowgram acquisition improves overall through-
put of the device. Acquiring more (angular) views 1ncreases
voxel resolution 1n the three-dimensional reconstruction.
FIG. 3D shows the source-detector pairs oriented 1n a plane
parallel to the tube axis. FIG. 3E and FIG. 3F show the
possibility of orienting source-detector pairs in multiple
planes, with the set of planes forming a common point of
intersection. The degree of parallelism of shadowgram acqui-
sition can be increased by using 1llumination source-detector
array pairs that lie in multiple planes, each with a common
intersection point. This parallelism 1ncreases speed of acqui-
sition and reduces the possibility for registration errors
because the specimen moves less, or not at all, between shad-
owgram acquisitions. While translation and/or rotation of the
specimen 1n the tube may be performed, i1deally all view-
points necessary for three-dimensional reconstruction would
be performed simultaneously to obtain maximum sample
throughput. FIG. 3E illustrates a geometry that 1s favorable
for rotation of the specimen to acquire more views.
Referring now to FIG. 4A and FIG. 4B an example of an
optical tomography system employing multiple sets of
source-detector pairs, as contemplated by the present inven-
tion 1s schematically shown. In FIG. 4A, multiple perspec-
tives are captured 1n parallel from the same specimen, using,
two or more optical imaging systems, each comprising, as a
mimmum, a light source, a PZT, an objective, and a detector
array. There shown 1s a specimen, such as a cell 1 or anucleus
2, within a medium having a predetermined 1ndex of refrac-
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tion captured in a micro-capillary tube 3. A detector system
42 each includes an objective micro-lens 40 and CCD or
CMOS camera 43 juxtaposed to recerve light from an 1llumi-
nation system 41 including a light source, condenser lens, and
one or two apertures as commonly used 1n condenser assem-
blies (separate components not shown). The detector system
42 may be seen as a more specific embodiment of the detector
12, and the illumination system 41 as a more specific embodi-
ment of 1llumination source 11. It will be understood that each
of the two or more optical imaging systems may incorporate
additional or alternative components, such as those described
in the other embodiments as, for example, an ep1-1llumination
system which adds a beam splitter but reduces the number of
lenses by the capillary by half. The two or more optical
imaging systems are arranged about the central axis of the
micro-capillary tube at regular intervals; the number of sys-
tems used being limited by the desired numerical aperture
(NA) to be captured by each imaging system and geometric
constraints.

As an 1illustrative example, consider five such 1imaging
systems, as depicted in FIG. 4A. In this example, a detector
system 42 of each imaging system 1s separated by a predeter-
mined angular increment AQ 30, from a corresponding 1illu-

mination portion 41 of the adjacent imaging system. In the
example embodiment AO 1s 36 degrees. This arrangement
permits each objective lens to accommodate a higher NA than
would be possible 1f the light-capturing portions 42 were

adjacent to one another; 1n this example, an NA approaching
0.59 (=sin [ /2x360/3]) 1s possible.

A projection 1mage exhibits a two-fold rotational symme-
try; thus a perspective acquired from angle 0>180° 1s equal to
the projection image acquired from angle 0-180°. Therefore,
the direction of the light path form source to detector may be
tlipped by 180° without affecting the resulting projection
image. The configuration depicted in FIG. 4A exploits this
fact to obtain more efficient arrangement of the sources and
detectors. The scanning positions of the n light-capturing
portions 42 can be run 1n phase, 1f desired, such that all of
them are moving toward the center of the specimen such as
cell 1 at the same time. In this way, the overall system’s center
of mass remains stationary, making it easier to reduce
mechanical vibrations and undesired mechanical stresses.

In the example method depicted 1n FIG. 4A, the angular
increment A0 remains the same while the total angle of rota-
tion, 0, . 1s equal to 180/n-A0. In the present example, n=5,
and thus an angular rotation of (36-A0) degrees 1s required,
instead of the (180-A0) degrees that would be necessary 1f
only a single source and detector were 1n use. Table 1 shows
the order 1 which the angles may be acquired, using an
example angular increment A0=2 degrees. In the first data
acquisition time interval, perspectives are acquired for 0=0,
36, 72, 108, and 144 degrees from the five imaging systems
42, the tube 1s then rotated by A0=2 degrees, and perspectives
are then acquired for 0=2,38,74, 110, and 146 degrees. These
steps are repeated until perspectives are acquired for 6=34,

70, 106, 142, and 178 degrees; data for all the necessary
perspectives have now been collected.

In another method, which may also be employed using the
configuration depicted 1n FIG. 4A, the angular increment AQ
1s equal to 10 degrees. With this angular increment, the per-
spectives are acquired 1n 2-degree increments over 18 time
intervals.
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TABLE 1

Angle of Acquired Projection

Step No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Imaging 0 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
System 216 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70
Angle 72 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106
288 108 110 112 114 116 118 120 122 124 126 128 130 132 134 136 138 140 142
144 144 146 148 150 152 154 156 158 160 162 164 166 168 170 172 174 176 178
TABLE 2
Angle of Acquired Projection
Step No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Imaging 0 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
System 216 36 46 56 66 76 86 96 106 116 126 136 146 156 166 176 6 16 26
Angle 72 72 82 92 102 112 122 132 142 152 162 172 2 12 22 32 42 52 62
288 108 118 128 138 148 158 168 178 8 18 28 38 48 58 68 78 88 98
144 144 154 164 174 4 14 24 34 44 54 64 74 84 94 104 114 124 134

In the present example, the configuration that corresponds
to Table 1 1s expected to be faster, since the total angle of
rotation 1s smaller (0, =34 degrees) than the configuration
associated with Table 2 (0, =170 degrees). The time savings
will be larger 11 the acceleration and deceleration times are not
negligible. Thus a preferred method of data collection,
according to this embodiment, 1s the one corresponding to
Table 1. However, it 1s understood that other configurations,
including but not limited to the one associated with Table 2,
are included 1n this mvention. Following the acquisition of
one or more projection exposures from a single perspective,
the specimen 1s rotated as best shown 1 FIG. 4A or rotated
and/or translated as shown, for example 1n FIG. 4B, by a small
angle about an axis that 1s, typically, perpendicular to the
PZT’s direction of motion. Once this rotation ceases, another
series ol one or more projection exposures 1s acquired from
this new perspective; and the specimen 1s then rotated further.
This process may continue until the total change 1n angle from
the first perspective has reached up to 180 degrees. A three-
dimensional reconstruction of the specimen can then be gen-

erated from the accumulated data.

Referring now particularly to FIG. 4B, an example of an
optical tomography system employing multiple sets of
source-detector pairs along a series of different specimens as
contemplated by an alternate embodiment of the invention 1s
schematically illustrated. A plurality of specimens such as
cells 1 or nucle1 2 may be carried by a rigid medium having
one or more fiducials 43 for registration. Each of the multiple
sets of pseudo-projection viewing subsystems include an
image detector 42 such as a CCD or CMOS camera, disposed
to receive 1mage information from an objective lens 40, 1llu-
minated by an 1llumination system 41 comprised of a 1llumi-
nation source, condenser lens, and two apertures. The rigid
medium may comprise a micro-capillary tube 3 or a polymer
optical fiber, or other equivalent media, for example. Speci-
men samples are moved through various stations of source-
detector pairs along the direction indicated by arrow 48. Each
fiducial 45, such as an opaque microsphere, aids 1n detecting
specimen positiomng and positional shifts during translation
and/or rotation, and may be used with conventional automatic
image registration techniques on the images being integrated
on the image detector, or on individual images that are being
summed for a single integration by the computer. The regis-
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tration of the multiple projections 1s corrected as the rigid
medium 1s rotated as indicated by arrow 49. In contrast to
prior art techniques, the present invention moves the objective
lens with respect to the specimen to scan the focal plane
continuously and sums the images optically at the detector,
and 1s not restricted to summing individual 1mages acquired
and summed only electronically. Unique indicia 44, such as a
micro-barcode, may be placed to 1identily and to maintain a
chain of custody for each of the plurality of specimens.

Referring now to FIG. SA, there shown 1s a close-up view
of a single specimen, as for example a single cell, immersed
within a medium of optical indexing material. The single
specimen 1s shown within a micro-capillary tube 3 (e.g. one
such tube 1s manufactured by Polymicro Technologies, LLC.,
AZ, US) that can be rotated for taking multiple projections
and an objective lens 40 that can be axially scanned 1s sche-
matically shown. An illumination source includes a light
source 30 that projects light through an aperture 51, a stop 52,
and through a condenser lens 53 that 1s positioned before a
microscope slide 54. A micro-capillary tube 3 holds a cell 1
between the slide and a thin coverslip 55. An objective lens
40, preferably an oil-immersion lens, 1s disposed to receive
light passed through the micro-capillary tube 3. The objective
lens 1s translated along the optical axis by an actuator 57 such
as a piezoelectric element. The coverslip 55 must be thin
enough so that the distance between the center of the micro-
capillary tube and the outer surface of the coverslip 1s smaller
than the working distance of the objective lens. The con-
denser lens 53 1s within the index of refraction n, (e.g. air).
The slide 54 and coverslip 55 have index of refraction n,. A
region 58 surrounding the micro-capillary tube 3 contains
index-matching medium 15 such as optical gel or immersion
o1l, which has index of refraction n,. The micro-capillary tube
3 itself has index of refraction n,. The region 59 surrounding
the cell 1 within the micro-capillary tube contains a medium
10 possessing an index of refractionn.. A region 60 within the
cell may be filled with the same medium 10, or may differ in
its index of refraction n,. It 1s preferred that n,=n,=n.=n,
(differences must be minimized) between the two flat parallel
surfaces formed by slide 54 and coverslip 35 to avoid a
cylindrical lens distortion. The image 1s projected onto a
camera 43.
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In another embodiment, a micro-objective lens, solid
immersion lens, or microlens array 1s used instead of a micro-
scope objective 40. This enables the scan speed to increase
due to the reduction in weight. In yet another embodiment, the
condenser assembly (50,51,52,53) 1s replaced with an 1llumi-
nation point source, and objective lens 40 and actuator 57 may
be removed, such that this embodiment 1s not restricted to
pseudoprojection, but also includes point source-based pro-
jection.

Referring now to FIG. 5B, 1n yet another embodiment, a
matching objective lens system 302, including a pair of objec-
tive lenses 40, and actuators 57 symmetrically placed on both
sides of the cell 1 within a micro-capillary tube 3, for the
purpose ol using a confocal scanning technique 1n transmis-
s10n 1s shown. One of the objective lenses 40 1s 1lluminated to
function as an illuminating lens and the second serves as a
collecting objective lens. Due to the symmetrical nature of the
apparatus and the use of imaging a single cell that can be
centered within the capillary tube due to Poiseuille laminar
flow (parabolic laminar flow), the optical path length 1s well
controlled between objective lenses. Very small optical path
differences between rays from one objective lens 40 to the
other will allow the use of confocal imaging 1n transmission
without loss of contrast and resolution as compared to con-
focal microscopes 1imaging thicker specimens with uncon-
trolled optical path differences. The total optical path ditter-
ence 1s defined as the net sum of the index of refraction
multiplied by the difference in length of the optical ray along
cach of the total ray paths.

Some examples of confocal scanning beam optical 1imag-
ing or mapping systems for macroscopic samples are dis-
closed 1n U.S. Pat. Nos. 5,760,951 1ssued Jun. 2, 1998, and
6,072,624 to Dixon et al., 1ssued Jun. 6, 2000, in which an
expanded laser beam passes through a scan system and a
telecentric laser scan lens focuses the beam to a moving spot
in the sample. In addition, a virtual pinhole technique was
disclosed by J. S. George 1n U.S. Pat. No. 6,038,067 1ssued
Mar. 14, 2000, that alleviates the problem of maintaining an
array of pinholes (spatial light filters) aligned during confocal
scanning 1n either the transmission or retlection modes. U.S.
Pat. Nos. 5,760,951, 6,038,067 and 6,072,624 are all incor-
porated herein 1n their entirety by reference. Light reflected
(or emitted) from the 1lluminated spot 1s collected by the laser
scan lens, descanned by the scan system, and detected by a
confocal detector. In one embodiment an array of point
sources (e.g. created by a pinhole array, a spatial light modu-
lator, or microlens array) are used to create an array of light
beams for i1lluminating a specimen. A pixel-array detector,
such as a camera, with virtual pinhole image post processing
by computer software 1s made conjugate to the array of point
sources. The array of point sources can be scanned directly or
their resultant optical beams can be scanned as an array of
illumination beams by one or more mirrors 303, while the
descanning requirement 1s eliminated by having an array of
confocal detectors with virtual pinhole filters of the collected
light signals. In this case descanming mirrors 305 are replaced
by the array of confocal detectors.

In the present invention, a plurality of two-dimensional
image slices of the object of interest may be obtained by
scanning both the i1lluminating light beams by one or two
scanning mirrors 303 and the collecting light beams by one or
two descanning mirrors 305 1n synchrony so that the confocal
arrangement stays in optical alignment. Since the objective
lenses are typically larger 1n size, the two-dimensional image
slice 1s scanned faster by having the i1lluminating beam of
light be scanned by one or two mirrors before reaching the
objective lens. Thus, after the collection lens the transmitted
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beam of light containing the signal will be scanned in the
opposite manner (1.e. descanned) to insure confocality of the
scanned and transmitted beam.

A three-dimensional 1image 1s assembled by capturing a
series of these two-dimensional image slices along the optical
axis that 1s perpendicular to the dotted vertical lines 304. A
new 1mage slice can be generated by changing the plane of
focus of the two objective lenses 1n synchrony, stepping the
axial position of the two objective lens assemblies with
respect to the capillary tube, or adjusting the capillary tube
position along the optical axis. The capillary tube can be
rotated to generate a second three-dimensional view of the
cell, which 1s used to compensate for the non-symmetric point
spread function of the objective lens, producing lower axial
resolution than lateral resolution.

A system having one pinhole at the 1llumination side and a
conjugate pinhole at the collection side of a specimen 1n
transmission confocality can be expanded by having a one-
dimensional or two-dimensional array of pinholes, micro-
lenses, or spatial light modulators (e.g. liqmd crystal or
micromirror array) thus increasing the speed of imaging and
decreasing the scan range of the scanning and descanning
mirrors or objective lenses. The detector for the scanned
beams 1n parallel can be a camera instead of a single pixel fast
detector such as a photomultiplier tube. The descanning mir-
rors are not necessary 1f the camera 1s made optically conju-
gate to the array of micro-light sources or pinhole apertures 1n
transmission. By post processing the camera images (e.g.
where the camera 1s a CCD device) so that only the central
point of focus 1s acquired and the surrounding light 1s elimi-
nated, a virtual pinhole spatial filter can be created in soft-
ware. This method 1s most useful with an array of scanning
point sources that are imaged onto the video camera so that
physical alignment of multiple spatial filters 1s not necessary
to maintain.

Using Color Information

In order to discriminate between image contrast due to
absorption, and 1mage contrast due to refraction, the use of
color information 1s important. While the range of wave-
lengths absorbed by the dye or marker typically occupies a
narrow band and/or has a peak absorption, the range of wave-
lengths refracted 1s typically much larger, or at least differs
from the absorption band of the dye/marker. The image can be
separated based on color to produce two or more 1images, with
one i1mage primarily consisting of features generated by
absorption by the dye/marker used.

For cells which have significant texturing of the cytoplas-
mic boundary, refractive contrast may dominate at some
angles of viewing, making 1t more difficult to obtain informa-
tion about the stained portions of the cell (1.e. nucleus). Thus
separating the image by color, with one 1image formed from
wavelengths only due to absorption of the dye/marker, or
possibly limited to a narrow range of absorption by the dye/
marker. The 1image then contains primarily features whose
contrast was generated due to absorption of the dye, and at
least partially eliminates feature contrast due to refractions.
This provides a more 1deal projection for performing optical
tomographic reconstruction (three dimensional). Another
image consisting of part or all of the other wavelengths (ex-
cluding those of the first image) can be generated, the primary
mechanism of contrast generation being refraction. This
‘refraction 1mage’ may aid 1n detecting texturing of the cyto-
plasmic or nuclear boundary to determine a cell’s condition.

A second use of separation of the image based on color 1s
to reject image contrast generated by refraction, 1n order to
form the best possible absorption image. This helps in the
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quantification of absorption for densitometric studies, or to
improve optical density measurements.

Separation can be achieved by either using colored 1llumi-
nation to match the absorption peak of the dye, or post-
acquisition with a color camera and performing the color
separation of the image digitally.

Choice of dye/marker can greatly alter the effectiveness of
this method. Dyes/Markers with narrower absorption band (a
fluorophore or quantum dot can be used, as long as the emis-
s1on light 1s separated out also) can provide greater rejection
of 1mage features generated by refracted light. For example,
when using hematoxylin stain on cell nuclei, the range of
1llumination wavelengths might be chosen to be 585-615 nm.

Pseudoprojection Embodiments

Referring now to FIG. 6 A and FIG. 6B, one embodiment of
the present invention, incorporating a microscope objective
lens mounted on a piezoelectric translation device 1s sche-
matically shown. A piezoelectric transducer (PZT) 57 1s used
to move an objective lens 60 an axial distance of about 40
microns or more. In one useful embodiment, a micro-objec-
tive positioning system provides a suitable actuator 57, which
1s driven up and down along the z axis of tube coordinate
system 6. In this embodiment, 1t may be used with a high
numerical aperture objective, mounted on an standard trans-
mission microscope 64 with a video camera 43 attached and
a computer-controlled light source and condenser lens assem-
bly 61. The computer-controlled condenser and light source
50 may advantageously be a light source including one or
more incandescent bulbs, an arc lamp, a laser, or a light
emitting diode. Computer control signals 70 are linked to the
computer-controlled condenser and light source 50 for con-
trolling light modulation.

The output from the camera 43 is stored in a computer
memory 72. A specimen assembly 65 can be translated along
the X or y axes of tube coordinate system 6. In addition, a
micro-capillary tube 3 containing the specimen can be rotated
about 1ts “0” axis 49, via a rotational stage 5 that can be
computer-controlled. As used herein micro-capillary tube 1s
defined as a capillary tube having a diameter where the field
of view for microscopic imaging 1s comparable to the capil-
lary tube diameter. In an example embodiment the rotational
stage S 1s controlled by control signals 71 as provided by the
computer 7. For high speed applications other controls may
be added 1n order to reduce vibrations during an axial scan.

Referring now particularly to FIG. 6B, the specimen
assembly 65 comprises a microscope slide 54, which serves
as an optically clear substrate; a micro-capillary tube 3, index
matching material 15; and three coverslips 55. In one
example, the micro-capillary tube 3, with inner and outer radii
of approximately 50 and 150 microns respectively, contains
the specimen. The micro-capillary tube 3 1s placed on the
slide 54 and pressed between the two coverslips 55, which are
mounted to the slide 54 using an adhesive. The cover slips 35
serve to constrain the motion of the micro-capillary tube 3
along the x and y axes as defined by tube coordinate system 6.
Immersing the micro-capillary tube 3 1n an index matching
material 15 provides lubrication during rotation about the “0”
axis 49 and provides a uniform medium between the micro-
capillary tube and the coverslips 55, thus reducing optical
aberrations.

The index matching material 15 1s selected to allow the
optical characteristics of the medium to remain substantially
constant, even as the perspective presented to the objective 60
1s varied. The index matching material 15 may advanta-
geously be chosen to match the refractive index of the micro-
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capillary tube 3. Index matching materials are commercially
available (e.g. commercial sources include Nye Optical Gels,
Dymax Corp, and Cargille Labs) and include, for example
optical gels, oils and fluids of varying indices of refraction for
reducing light retlection at optical interfaces. Optical gels are
particularly usetul where higher viscosity 1s desired and may
comprise a medium of o1l, gel, polymer epoxy, or other opti-
cally transparent materials that matches refractive indices of
the surroundings. Specimens can be held 1n index-matching
epoxy, embedding media, or plastic polymer as well as index-
matching gels and viscous fluids.

It should be noted that scanning focal plane methods are
not limited to mechanical means. Non-mechanical means for
scanning the focal plane includes the use of the chromatic
aberration in lens 40 or objective lens 60 combined with
shifting the center wavelength of the illumination. Non-me-
chanical means for scanning the focal plane also includes the
use of birefringence of lenses 40 or 60 and shifting of polar-
1ization of the 1llumination source. Non-mechanical means for
scanning the focal plane also may take advantage of spherical
aberration 1n lenses 40 or 60 combined with annular scanning
of the illumination source.

The present invention provides an improved method for
sample preparation by 1njecting specimens within a viscous
index-matched medium 13 1nto a micro-capillary tube using
positive pressure. In one example, pressure of about 200
pounds per square inch (psi1) 1s maintained for at least 30
minutes to accommodate the viscosity of an index matching
gel. The specimen can also be stained with absorptive dyes,
absorbing and light scattering dyes, antibody labels, antibod-
ies conjugated with metal particles, quantum dots, plastic
micro-spheres, fluorescent labels, and the like. Other micros-
copy modes may also be used, such as fluorescence, phase
contrast, polarization, and dark field. A dark field mode 1n
conjunction with a bright field mode may allow diffraction
artifacts to be separated from the acquired image to improve
the absorption 1image quality.

Now referring to FI1G. 7 anillustrative example of one set of
possible timing characteristics for this embodiment 1s 1llus-
trated. The PZT-driven axial movement of the objective lens
1s depicted by a curve C1, which describes a sinusoidal wave
with a period of 100 milliseconds (imsec) and an amplitude of
25 microns. The time interval for a new perspective 12 begins
at time t,=0. The next stored 1mage exposure interval 13
occurs between t,=33 msec and t,=67 msec. and it 1s saved
into computer memory. It will be observed that the exposure
I3 1s synchronized with the objective lens movement such that
the interval 13 occurs while the focal plane position 1s moving
at a roughly constant velocity from about 25 microns above
the axial center of the specimen to about 25 microns below the
axial center of the specimen. A time interval for a lateral
translation 14 begins immediately after the exposure interval
I3, and extends until time t,=97 msec. Note that there 1s an
exposure 1nterval IS, which overlaps 1n time with the lateral
translation interval 14; however, because 1t occurs while the
field of view 1s changing, 1t 1s not saved to computer memory.
The next saved exposure iterval 13 occurs between time
t.=133 msec and time t.=167 msec. This series of operations
continues until four projections, which cover the specimen’s
tull lateral extents, have been saved to memory. The fourth
saved 1image exposure mterval 13 for this perspective 12 ends
at time t,.=367 msec, and 1s followed by a rotation interval 16,
an additional lateral translation interval 14, and an unsaved
exposure interval I5. During the rotation interval 16, the speci-
men rotates about one of the lateral axes by an angle AQ, for
example 1°. At time t,=417 msec, the rotation 1nterval 16 1s
complete and the time interval for a new perspective 17




US 7,738,945 B2

15

begins. This procedure 1s repeated until up to 180/A0 rotation
intervals 16 are completed. A three-dimensional representa-
tion of the specimen can now be computed.

To 1ncrease speed and reduce multi-frame summation arti-
facts, a progressive scan video camera may be used instead of
an interleave format. Since the specimen 1s scanned by rela-
tive movement of the focal plane through the specimen, alter-
nate scanning methods include scanning the objective lens, or
capillary tube, or for samples within a liquid media, scanning
the specimen within capillary tube or microchannel.
Mechanically scanning the objective lens (high numerical
aperture) creates an extended depth of field. The condenser
lens may also be scanned under Koehler 1llumination condi-
tions for imaging. An infinity corrected objective is pretferred
to avoid magnification difference due to scanning objective
but stationary camera (CCD, CMOS). The mass of objective
lens may advantageously be minimized to maximize scan
frequency for high speed.

In another embodiment, the system closely resembles the
previous embodiment, except that the microscope system
includes an aperture in the 1image plane to permit a confocal
arrangement. In this embodiment, the depth of focus is
reduced for each image plane 1n the itegrated continuum.
Doing so reduces the background level due to out-of-focus
planes, which may be as large or larger than the signal level
from the 1n focus plane. Thus a more accurate integration of
the projection 1image can be generated when the confocal
setup 1s used.

Because the field of view 1s reduced by the use of the
aperture, this embodiment may also include a translational
stage for moving the specimen or objective laterally 1n
between each shadowgram. A system of rotating mirrors may
also be used to scan the 1llumination. Each perspective will,
therefore, be composed of several such shadowgrams, form-
ing a mosaic of projections that includes the specimen’s full
lateral extents.

In another embodiment the system resembles the first
embodiment, but the condenser lens has an aperture and field
stop to alter the size and numerical aperture of the 1llumina-
tion. In the case where exceptionally high numerical aperture
condenser 1s desired, the microscope slide of the assembly
shown 1n FIG. 6B 1s replaced with a thin #0 coverslip (typi-
cally 130 microns thick). The condenser may be an objective
lens and may include immersion materials such as index
matching gels or equivalent materials.

In another embodiment, multiphoton microscopic tech-
niques may be applied to limit depth of focus of the static
imaging system (independent ol movement of the objective).

In another embodiment, the specimen region may com-
prise an artificially generated test phantom.

In yet another embodiment, coherent monochromatic light
may be used 1n one or multiple discrete wavelengths.

In another embodiment, other imaging modalities avail-
able for optical microscopy may be used other than bright
field, such as polarization, fluorescence, phosphorescence,
phase contrast, dark field, and differential interference con-
trast. Beamsplitters and optical filters may be required as used
routinely 1n the field of optical microscopy.

In another embodiment, a point source such as a fiber optic
core or pinhole may be used 1n conjunction with a lens as a
condenser.

In another embodiment, the specimen and the specimen
holder may be translated rather than the objective.

For example, as shown in FIG. 8 A and FIG. 8B a graphical
representation of the motion, and camera exposure for a sys-
tem as contemplated by the present invention 1s shown. Wave-
form R shows a ramp function usetul for driving the actuator
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57 to move an objective lens 40 or 60 an axial distance of
about 40 microns or more with respect to the specimen for
cach incremental rotation of the micro-capillary tube. This
function 1s depicted as a linear ramp but may take the form of
a sine wave, a ramp function with rounded transitions, or any
other function (linear or nonlinear) to provide the desired
weilghting of focal plane information and the most predictable
actuator motion. During a portion each period of the wave-
form R, the detector array 1s turned on for a single exposure as
indicated by the “ON/OFF” function graphed in FIG. 8B.
Thus, for each period of relative motion of the objective, a
pseudo-projection image of the specimen 1s scanned onto the
detector array 1n a continuous scan over a single exposure.
Scanning 1s repeated for various views of the specimen as the
micro-capillary tube 1s rotated. The pseudo-projection image
thus formed 1s an integration of the range of focal plane
images by the objective onto the detector array during each
period of the scanning waveform R.

Referring now to FIG. 8C, there graphically shown 1s a
function for scanning different focal planes 1n the specimen
by varying the illumination intensity of the viewing sub-
system as the objective 1s moved spatially with respect to the
specimen. In this case, 1t 1s not necessary to alter the integra-
tion time for the detector array to compensate for the varia-
tions 1n the objective’s axial speed. By varying the illumina-
tion itensity with respect to focal plane position, the range of
tocal planes averaged by the detector array with respect to the
specimen can be controlled.

Alternatively, non-linear velocity of the scanning focal
plane may be employed to increase weighting from integra-
tion across areas of slower velocity and decrease the weight-
ing of areas that are traversed more rapidly. Such differential
weilghting can be accomplished by varying the optical 1llumi-
nation levels, increasing optical illumination will increase the
welghting and vice versa. For example, this may be usetul for
scanning the entire mner diameter of the capillary tube, how-
ever the region of iterest (nucleus) may be 1 only one
portion of the capillary of scan range of the objective lens.
Therefore, the 1llumination may be strongest only when the
focal plane 1s scanning the cell nuclear region. Two or more
illumination sources can be applied simultaneously. For
example, one 1s used for generation of the shadowgram, and
the other source used to detect a molecular probe (i.e. fluo-
rescent probe).

Following the acquisition of the specimen’s shadowgram
as seen from one perspective, the specimen may be rotated
about the “0” axis 49, and the shadowgram from a new per-
spective can be generated. The actuator 57 may, 1f desired, be
driven continuously, and new 1images taken at a constant rate
throughout the procedure; however, only those 1mages taken
at appropriate times need to be saved for inclusion 1n the
reconstruction computation. A triggering mechanism, gener-
ated via a computer program using the actuator 37 position (or
velocity) and the specimen rotation velocity as inputs, can
accomplish this task. Additional embodiments may use alter-
native signals from the specimen or fiducials within the
sample.

Referring now to FIG. 9 an example illustration of a prior
art optical system that can be employed 1n combination with
the present invention for three-dimensional imaging with a
scanning objective 1s schematically shown. In one example
embodiment, a confocal arrangement with an extended lateral
field of view can be obtained using a microlens array, in a
similar manner to that described by H J Tizian1 and M I Uhde,
in their article entitled “Three-dimensional analysis by a
microlens array confocal arrangements (Applied Optics 33,
567 [1994]). The present mvention offers an improvement
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over their system, 1n that the axial scanning 1s continuous, not
discrete, within and beyond the specimen volume. In this
embodiment, a microlens array 91 scans through the speci-
men 90 thickness, and a pinhole 1s located 1n the back focal
plane of a second lens 92, which 1s located between the
pinhole 93 and the microlens array 91. By placing a detector
array 94 behind the pinhole 93, an image of the focal plane
may be obtained, having good rejection of out-of-focus axial
planes and a wide lateral field of view. The field of view so
acquired may be larger than that for a conventional confocal
arrangement; however, 1t will be sampled at an interval cor-
responding to the pitch of the lenses 1n the microlens array 91.
For an NxN array, this arrangement allows the number of
scanning points to be reduced by a factor of N for the same
field of view. As with the other embodiments, projection
images are taken from multiple perspectives about an arc of
up to 180 degrees.

Point Source-Based Projection Embodiments

Types of Illumination Point Sources

Each source may have the same general characteristics,
preferably:

it may approximate a small circular point source for use in
cone beam geometry,

it may be bright, uniform and with known spectral content,

the photons emitted from the source may have a known
geometry such as a cone beam or a fan beam.

Further, the wavelength of the sources 1s selectable either by
use of various diode emitters or other lasers or by bandpass
filtering of a white or other broadband source, for example a
mercury or Xxenon arc lamp.

There are several options that can be employed to create
micron-sized or submicron-sized optical point sources, such
as:

a pinhole 1n front of a laser or other high intensity photon
source,

an optical fiber with a small cross-section and small appar-
ent aperture,

a short focal length lens in front of a photon source,

an electron beam that irradiates a point on a phosphor
surface (a form of CRT), and

various combinations of the above.

As used herein, the point sources referred to above are of
course not 1deal point sources since they must be of a finite
s1ze 1n order to transmuit light through an aperture. The finite
s1ze of the i1llumination light source gives rise to an angular
error 1n which even straight line light rays overlap to reduce
resolution and contrast 1n the shadowgram. Reducing the size
of this source while maintaining high enough light intensity
throughput for the detection system 1s desired to obtain a high
quality shadowgram. Smaller sized apertures can be created
using photonics crystal fiber, with its current core size as
small as 1 micron, and due to different physical laws govern-
ing its means of light transmission, smaller core sizes can be
expected 1n the future. Another recent photonics develop-
ment, surface-plasmon enhanced transmission, can be
employed not only to increase light throughput, but may also
be used to control the exit angle of the light from the aperture.
Typically these illumination systems use laser light sources,
possibly destroying the optical coherence by passing the
beam of light through a distribution of optical path difier-
ences of up to +/—A, 1n parallel.
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Mimimization of Source-Object-Detector Distance

Minimizing the source-object-detector distance 1s critical,
since the detector must in the near field (1.e., multiple Fresnel
zones), roughly characterized as R<D?*/A, where R is the
distance from the detector to the scattering plane and D 1s the
desired lateral spatial resolution. Beyond this point, far-field
diffraction (Fraunhofer diffraction) predominates.

The geometry 1s such that, the closer the point source to the
object of interest (the cell), the higher the magnification due
to the wider geometric angle that 1s subtended by an object
closer to the source. Magnification in a simple point-source
projection system 1s approximately M=(A+B)/A, where A 1s
the distance between the point source and the object (cell) and
B 1s the distance between the object and the detector. Con-
versely, 1 the required resolution 1s known in advance of the
system design, then the geometry can be optimized for that
particular resolution.

FIG. 10 shows the geometric advantage of minimizing the
distances between source and object. When the object 100,
such as nucleus 2, 1s placed far away from the illumination
source 101 at distance a2, the 1llumination cone angle 1s on
the order of the scatter angle 102, so by the time desired
magnification M 1s achieved at plane S2, the scattered light
completely envelops the area that the straight ray path light
103 covers. However, when the object 100 1s placed near the
source 101 at distance al, the detector 12 may be positioned
closer, at distance S1, while still achieving the desired mag-
nification, thereby substantially minimizing the spread of the
scattered light over an area. Because the illuminating light 1s
now projected through a large exit angle, scattered light tends
to separate out and not completely envelop the area covered
by the straight ray path light. Note that at plane S1 there 1s a
region 1n the shadow of the object where scattered light may
not atlect at all.

FIG. 11 illustrates the importance of, first, reducing the
contribution of scattered light to the formation of a standard
shadowgram by insuring that the 1llumination light cone 104
does not overfill the region of interest (ROI) object 100. In a
specific case, this ROI may be the cell nucleus 2. As a result
the high mtensity light that diffracts 114 around the boundary
of the ROI and 1ts surroundings (e.g. the plasma membrane of
a cell where the ROI 1s the nucleus). Thus adding unwanted
noise, helping to obscure an 1deal shadowgram that 1s based
on absorption.

A second consideration involves close placement of the
object ROI 100 to a high exit numerical aperture source so
that the overall distance between source, object, and detector
1s minimized. Such close placement substantially reduces the
contribution of non-ballistic light scattered through an ofl-
axis angle because the light has less chance to spread out and
obscure the ideal straight ray path shadowgram. Furthermore,
the high exit angle of the light of the point source 1s advanta-
geous because light 1s mostly scattered through a shallow
off-axis angle centered around the incident ray vector,
thereby potentially creating more spatial separation between
straight ray path light and scattered off-axis light

Due to the typical sizes objects within the specimen ROI
being on the scale of microns, and the wavelengths of light
used for optical tomography being 0.3 to 1 micron, significant
diffraction occurs when the light 1s projected through the
light-attenuating ROI and its surroundings. Thus, the light
signal detected, ideally being a geometrically determined
densitometric 1mage, 1s greatly obscured by the relatively
high intensity of light that diffracts around the ROI, which in
the case of cells may be roughly 100 microns 1n diameter.
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Thus, 1t 1s advantageous to reduce this diffraction and refrac-
tion by minimizing any mismatch of reflective index outside

the ROL.

Using Virtual Point Sources

FIG. 12 shows an example of a virtual point source 120
created from projecting a point source 101 through optical
component 122. The use of a virtual point source 120 greatly
improves the contrast in the transmittance image because
light that previously may have diffracted around the ROI into
the center of the 1image, or passed entirely outside the ROI, 1s
more efliciently projected into the ROI. However, this con-
figuration limits the sampling of the ROI to a sub-region
within the ROI. In a tomographic reconstruction utilizing
multiple perspectives around the ROI, the resultant three-
dimensional data set would be a relatively thick slice through
the ROI, but with relatively better image quality 1n the
absence of diffraction from the perimeter of the ROI and full
utilization of all the photon intensity from the source. This
will be particularly useful 1n quantitative densitometry with
stoichiometric stains or labeled molecular probes.

It would be beneficial to locate the point source 101 close
to the object ROI 100, but because the object of interest 1s
typically contained within a quartz micro-capillary tube 3
with outside diameter approximately 1350 microns. In one
example, a light source may advantageously be physically
located no closer than 200 to 300 microns from the center of
a cell within the flow micro-capillary tube. To overcome such
physical constraints, an external set of optical components
can be used to focus a virtual point inside the micro-capillary
tube, closer to the cell. Virtual light source(s) can be used 1n an
optical tomography system to maintain the requirement of
possessing small (sub-micron) source size wherein all of the
source photons pass through the ROI. Because the sample 1s
typically an aqueous solution, a solid immersion lens can be
used 1n place of the standard objective lens, with the 1llumi-
nation source embedded 1n the lens; this provides the higher
index of refraction needed to decrease the focal spot size
turther, as the wavelength and angle of incidence are already
at practical limaits.

There 1s a further benefit of the close placement of a virtual
point source near the ROI. If coherent light 1s used, then
speckle patterns appear as a result of interference between the
coherent diffracted light waves. By eliminating a majority of
the diffracted light (around the edge of the ROI) from the
transmittance 1mage, a coherent source may be used with
mimmal speckle noise. Coherent sources include laser diodes
and lasers, which are typically the highest energy density
sources available, and allow more photons to be pumped 1nto
a small area. This allows the reduction of exposure time that
may benecessary to obtain the transmittance image that 1s not
motion blurred, (i.e., blurred using pulsed illumination of
very short duration) and, 1 turn, allows higher specimen-
throughput rates while potentially substantially improving,
resolution 1n the shadowgram.

Referring now jointly to FIG. 11 and FIG. 12 an example of
significant diffraction that occurs when light 1s projected past
a light-attenuating region of interest (ROI) around a specimen
1s schematically shown. A light source 101 1lluminates a flow
micro-capillary tube 3 containing a specimen such as cell 1
having a region of interest (ROI) 100 and a flow direction 48.
The light source 101 produces a projected illumination cone
104 that impinges on the ROI 100 producing diffraction 114
around the edges of the ROI. The projection illumination cone
forms a shadowgram image on a two dimensional (2D) detec-
tor array 12. In a preferred embodiment, the light source 1s
preferably a point source as understood by one skilled in the
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art and/or as described, for example in Nelson’s U.S. patent
application Ser. No. 10/126,026.

Using Cell Membrane-Embedded Probes

Now referring to FIGS. 13A and 13B, an alternative
method 1s shown for creating a virtual point source of light
adjacent to the cell by employing a secondary micro-sources
of light embedded 1n or bonded to the cell. As discussed
carlier, when generating shadowgrams using point sources of
illumination where the wavelength of 1llumination 1s on the
order of the desired resolution in the shadowgram, the source-
to-object-to-detector distance should be minimized to obtain
the best resolution. By labeling the cell boundary 1 (either the
cytoplasmic boundary or the nucleus 2 boundary) with a
wavelength-shifting label 133 (e.g. microsphere containing
fluorophores or quantum dots), a real illumination point
source 1s placed 1n very close proximity to the object (that of
the cell). FIG. 13 A shows a label 135 on the cell boundary 1s
excited by the 1llumination light, either a standard 1llumina-
tion source such as an arc lamp, a laser, or by a two-photon
source. The excitation of the label causes an emission light
139 at a different wavelength, and through use of an optical
clement 140, such as a bandpass filter or dichroic beamsplit-
ter, the excitation light 138 1s blocked from reaching the
detector array 12, where the absorption ‘image’ 1s formed.
Thus a point source 1s formed by the label 135 1n close
proximity to the object (here, for example, the nucleus 2),
providing the best possible resolution. The advantage of using
a fluorescent-shifted wavelength of light as the excitation
source for optical tomography 1s the incoherent nature of the
light and the abaility to filter the point source from the focused
beam of light. Scatter of the emission light can be rejected by
limited acceptance angle of the detector, or by confocality as
described previously 1n this section. The advantage of using
fluorescent-labeled microspheres 1s that the fluorescence
does not photobleach during excitation because the fluoro-
phores are embedded 1n a material that prevents contact with
oxygen and free radicals.

FIGS. 13A and 13B illustrate the difference between sizes
and densities of the wavelength-shifting label. In FIG. 13 A,
the label density 1s kept somewhat low, such that only a single
label 1s excited at a time, with the diameter of the label
determining the point source dimension. When a sparse den-
sity of labels 1s used, then the sample or focused beam must be
moved to align the label with the focused beam. This align-
ment can be determined to be optimal when the emuitted
fluorescence light 1s at a maximum using a photodetector 142
on the same side of the sample as the focused beam of exci-
tation light. A translation stage 9 and rotation stage 5 adjusts
the position of the cell, or a translation stage 136 adjusts the
position of the light source, causing a shift in the position of
excitation.

FIG. 13B 1s meant to illustrate the possibility of using a
much higher density, smaller diameter label 146 (i1.e. where
label diameter <<excitation beam diameter). In this case the
beam diameter determines the dimension of point source 148,
and alleviates potential problems of not knowing the exact
location of the label. This process of excitation of a label or
group of labels and recording of the image incident on the
detector array must be repeated a multitude of times at dii-
terent locations. For optical tomography, the location of the
point sources relative to one another must be known and
recorded 1n order for a proper computed reconstruction to be
done. Relative position of the series of excitation points
around the cell can be determined by measuring the depth of
focus and the extent of sample rotation and translations done
between each measurement.
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In another embodiment, element 140 1s a dichroic beam-
splitter, such that both emission and excitation light may be
measured with two separate detector arrays 12.

By Limiting the Acceptance Angle of the Detector

Referring now to FIG. 14A, an arrangement of collimators
in an array that have a limited acceptance angle so that a large
percentage of scattered light 1s rejected based on angle 1s
schematically shown. One effective method for removing
photons that do not conform to the straight line paths origi-
nating at an illumination source 101, necessary for tomo-
graphic 1mage reconstruction, 1s to place a collimator 154
with a reduced entrance numerical aperture between an object
100 and a detector 152. Such a device limits the acceptance
angle 150 for each pixel in the shadowgram. This acceptance
angle should be less than an illumination scatter angle 102.
However, the most effective and efficient collimator should
climinate incoming photons with channel size no larger than
the single pixels of the detector array. Moreover, 1t 1s desirable
to avoid “cross talk” between channels so as not to contami-
nate adjacent pixels.

In the example shown, an 1llumination source 101, such as
listed 1n the previous section on types of illumination sources,
projects a light beam 104 impinging on an object in a region
of interest 100. A collimator array 154 including a plurality of
collimator fibers wherein each fiber 1s mapped to a single
pixel on a photosensor array 152 as schematically represented
by arrow 160. The photosensor array 152 may advanta-
geously comprise a CCD array or equivalent sensor array.

In one embodiment, a collimator may advantageously be
mounted against, or in close proximity to, the detector surface
wherein the collimator contains channels matched to the
detector pixel size. This channel collimator 1s comprised of
glass fibers or tubes that have been bundled and thinned and
which may be coated and clad to create a matrix of channel
clements that absorb photons with undesired trajectories. Fur-
ther, the collimator front surface can be shaped so as to create
a constant numerical aperture (NA) for a given arrangement
of source/object/detector. Typically, this would be achieved
by polishing a spherical concave surface 1nto the front surface
ol the coherent fiberoptic bundle that 1s attached to the detec-
tor. By controlling the length of the collimator, the cladding,
the absorbing coating between the fibers, the diameter of each
channel and the distance from the object to the detector, the
system may be substantially optimized for detector fill factor,
contrast, resolution and signal-to-noise. Thus the collimator
can be highly effective in increasing the effective M'TF of the
system for optimal 3D 1mage reconstruction.

Referring now to FIG. 14B, a more detailed magnified
view of a section of the array of collimators of FIG. 14A 1s
shown. A plurality of collimators 162 each includes an
absorbing layer 166, cladding 168 and a core 170. The colli-
mators may include an mnput end having an optional, slightly
concave angle 164. In one example the core diameter may
advantageously be on the order of 3 um where the fibers have
a NA of about 0.11. However, with absorbing layer 166

present, core diameter, and length of the fiber will determine
the effective NA, with values of NA<<0.11.

Referring now to FIG. 15A, an alternate example of a
collimator configuration with the addition of a microlens
array to further restrict acceptance angle at each detection
point constructed 1n accordance with the teachings of the
present mnvention 1s schematically shown. FIG. 15A shows a
collimator configuration similar to FIG. 14A, but with the
addition of a microlens array 180 to further restrict or vary
acceptance angle at each detection point on the sensor array
152. In yet another example embodiment, a microlens array
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can be used in front of the fiber array or formed onto the
surface of each optical fiber within the coherent fiber bundle
to Turther limit or vary acceptance angle, thereby increasing
the rejection of scattered light. The advantage of this micro-
lens addition to each collimator or optical fiber 1s the ability to
use standard components and vary their acceptance NA to
match the specific need of the optical tomography instrument.

Referring now to FIG. 15B, a more detailed magnified
view of a section of the array of collimators of FIG. 15A 1s
shown. A plurality of collimators 192 each includes an
absorbing layer 194, cladding 196 and a core 198. The colli-
mators may include an input end including a micro-lens 190.
The difference 1in index of refraction of core versus cladding
can be varied to determine the effective numerical aperture,
with wave-guided light that exceeds the associated critical
angle subsequently striking the absorbing layer 194 and
attenuated. In one example the core diameter may advanta-

geously be on the order of 3 um where the fibers have a
variable NA.

By Polarization

Referring now to FI1G. 16, there shown schematically 1s an
example illustrating the use of polarization filters (and/or a
phase plate) 1n a three-dimensional (3D) 1image reconstruc-
tion as contemplated by an embodiment of the present inven-
tion. All image reconstruction algorithms are vulnerable to
various forms of noise in the projection data, such as scatter
and diffraction. Light scatter and diffraction may become
significant 1n optical tomography where the wavelength of the
i1lluminating photons 1s of the same order as the desired reso-
lution within the object to be reconstructed and where the
object contains structures that are of the same order in size as
the 1lluminating wavelength. Interactions that can change the
polarization of photons or cause a phase shift provide an
opportunity to remove or reduce the contamination in a pro-
jection 1mage through the use of polarization filters and/or a
phase plate. For example, 11 a point source 101 1s filtered
through a first linear polarizer 200, then a first polarized light
ray 201 1s produced that impinges on object 100. Rays 114
represent photons scattered as a result of the first polarized
light ray 201 impinging on the object 100. A surface of a
sensor 12, positioned to sense a projection 1image generated
by the point source 101, 1s similarly filtered through a second
linear polarizer 202 having the same orientation as the {first
linear polarizer 200. As indicated by the rays 114, photons
whose polarization vector has shifted will be removed from
detection. At the same time, unscattered light rays will pass
through both polarization filters resulting in a portion of
unscattered light 103, impinging on the detector 12. To
remove phase shift, a phase plate 204 can be placed proximate
the second linear polarizer 202. In this way, the background of
noise due to shifts 1n polarization and phase can be reduced
significantly.

By Shorter Ultraviolet Wavelengths

Visible wavelengths (400-700 nm) require the use of a
label or dye to visualize cellular structure. However, with
ultraviolet wavelengths (10-400 nm), natural absorption
occurs 1n the ultraviolet range, thus processing of the cells to
label them may no longer necessary. Differences 1n absor-
bance of proteins compared with absorbance of nucleic acids
as a function of wavelength may also be used to discemn
relative contributions of these two distinct cellular compo-
nents. Because the wavelength 1s significantly shorter than
the desired resolution or minimum feature size of interest,
diffraction 1s less of a problem, and signal-to-noise 1n the
shadowgram 1s improved.
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By Confocal-Like Rejection

Referring now to FIG. 17, by using a lens system 210
combined with a pinhole 212 such that the back focal point of
the lens system 1s placed at the 1llumination point source 101,
scattered light 114 can be rejected from the shadowgram, the
shadowgram consisting of straight ray path light 103 incident
on detector 12.

The invention has been described herein 1n considerable
detail in order to comply with the Patent Statutes and to
provide those skilled 1n the art with the information needed to
apply the novel principles of the present invention, and to
construct and use such exemplary and specialized compo-
nents as are required. However, 1t 1s to be understood that the
invention may be carried out by specifically ditferent equip-
ment, devices and algorithms, and that various modifications,
both as to the equipment details and operating procedures,
may be accomplished without departing from the true spirit
and scope of the present invention.

What 1s claimed 1s:

1. A method for multi-dimensional imaging of a specimen
region, comprising the steps of:

a) 1lluminating the specimen region;

b) moving an optical element to scan a focal plane through
the thickness of the specimen region at a fixed viewpoint
to produce a pseudo-projection 1mage of the specimen
onto a two-dimensional array of detectors during a
single exposure of the two-dimensional array of detec-
tors, wherein the pseudo-projection image thus formed
includes an integration of a range of focal plane 1mages;
and

) repeating steps a) and b) for two or more viewpoints to
produce a set of pseudo-projection images.

2. The method of claim 1 wherein steps a) and b) are
repeated about an arc at least partially encircling the speci-
men region.

3. The method of claim 1 wherein steps a) and b) are
repeated about multiple arcs with a common line or point of
intersection, the multiple arcs at least partially encircling the
specimen region.

4. The method of claim 1, further comprising the step of
using a computer algorithm to extract features of interest from
one or more of the set of pseudo-projection 1mages.

5. The method of claim 1 wherein the optical element
comprises an objective lens.

6. The method of claim 1 wherein the step of moving an
optical element 1s accomplished by driving a piezoelectric
clement coupled to the optical element.

7. The method of claim 1, wherein the specimen region
comprises a cell.

8. The method of claim 1, wherein the specimen region
comprises an artificially generated test phantom.

9. The method of claim 1 wherein the step of 1lluminating
the specimen region comprises 1lluminating with a laser.

10. The method of claim 1 wherein the step of illuminating
the specimen region comprises illuminating with substan-
tially incoherent light.

11. The method of claim 10 wherein the substantially 1nco-
herent light 1s generated by an arc lamp.

12. The method of claim 1 further comprising interposing
at least one microlens array between the specimen region and
the two-dimensional array of detectors.

13. The method of claim 1, wherein the optical element 1s
configured 1n a confocal arrangement with an extended lateral
field of view.

14. The method of claim 1, wherein the the step of moving
comprises moving an oil-immersion lens along 1ts optical
axis.
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15. The method of claim 1, wherein the specimen region
comprises a specimen within a specimen holder, wherein the
specimen holder 1s selected from the group consisting of a
micro-capillary tube, a plastic bead, polymer optical fiber,
and a microscope slide.

16. The method of claim 1 further comprising coupling an
array ol collimator fibers to the two-dimensional array of
detectors, wherein each fiber 1s mapped to a single pixel on
the two-dimensional array of detectors.

17. The method of claim 16 wherein the two-dimensional
array of detectors comprises a CCD array.

18. The method of claim 1 further comprises positioning a
microlens array in front of a fiber bundle, where each fiber 1s
mapped to a region on the two-dimensional array of detectors
so as to limit acceptance angle, thereby increasing the rejec-
tion of scattered light.

19. The method of claim 1 wherein the two-dimensional
array of detectors comprises a coherent fiber bundle attached

to a detector pixel array.

20. The method of claim 1, wherein the specimen region
comprises a specimen that has been pressure-injected into a
micro-capillary tube.

21. A method for multi-dimensional imaging of a specimen
region, comprising the steps of:

a) arranging at least two sets of i1llumination and 1mage

capturing systems 1n an arc about a specimen region;

b) operating each set of illumination and 1mage capturing
systems to capture images from a continuum of parallel
focal planes, where each of the continuum of parallel
focal planes 1s within the specimen region and 1s sub-
stantially perpendicular to the incident light rays from
one of said illumination and 1image capturing systems,
such that a set of pseudo-projection 1mages are simulta-
neously compiled from each of said illumination and
image capturing systems, wherein each of the set of
pseudo-projection 1mages 1s produced during a single
exposure of one of the 1llumination and 1image capturing
systems and wherein each of the set of pseudo-projec-
tion 1mages includes an mtegration of a range of focal
plane 1images; and

¢) wherein the arc at least partially encircles the specimen
region so that the set of pseudo-projection 1images 1s
suitable for use 1n tomographic 1mage reconstruction.

22. The method of claim 1 further including the step of
separating at least one of the set of pseudo-projection images
based on color to produce two or more 1mages, with one
image primarily consisting of features generated by absorp-
tion by a dye/marker.

23. The method of claim 1 further comprising the step of
separating color 1n the specimen region to produce two or
more pseudo-projection 1mages, with one 1image primarily
consisting of features generated by absorption by a dye/
marker.

24. A method for multi-dimensional imaging of a specimen

region, comprising:

a) 1lluminating the specimen region;

b) continuously sampling along an optical axis at a fixed
viewpoint through the thickness of the specimen region
to produce a pseudo-projection 1image of the specimen
onto a two-dimensional array of detectors during a
single exposure of the two-dimensional array of detec-
tors, wherein the pseudo-projection image thus formed

includes an integration of a range of focal plane 1mages;
and

¢) repeating steps a) and b for two or more viewpoints to
produce a set of pseudo-projection 1images.
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