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of Interest (33) Is centered as necessary and rotated through a plurality of radial angles to generate a set of projection images (34)
at each radial angle of the plurality of angles.
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of interest (1) is illuminated with at least one optical projec-
tion beam (13). The linear container (32) is translated until the
object of interest (1) is located within a region of the at least
one optical projection beam (13). The object of interest (33) is
centered as necessary and rotated through a plurality of radial
angles to generate a set of projection images (34) at each radial
angle of the plurality of angles.
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5 VARIABLE-MOTION OPTICAL TOMOGRAPHY OF SMALL OBJECTS .

Field of the Invention
The present invention relates to opti_cﬂ tomographic (OT) imaging systems in
general, and, more particularly, variable-motion optical tomography (VOT) where the
motion of a small object,: such as a biological cell, for eXaxhple, is controlled by a
10 mechanical --motior; system whose motion is not necessarily constant and/or

unidirectional, but may be variable and multi-directional.

' Background of the Invention :

U.S. patent number 6,522,7;75 of Alan C. Nelson, issued Febrﬁaty i8, .2003, "
entitled "APPARATUS AND METHOD F 6R IMAGING SMALL OBJECTS IN A
1s  FLOW STREAM USING OPTICAL TOMOGMHY , (hérginaﬁer called the
~ FOT design). In the aforesaid Nelson patent |
| appﬁmﬁon, cell motion is accdmj)ﬁshed in a flow stream, wherein cells in suspension
move with constant velocity along the single flow .axis of a capillary tube. '.I'hpe‘ FOT |

design does not address the more general case where cell velocity and/or direction of

20 motion are variable.

Summary of the Invention
In one embodiment, a method for three dimensional (3D) reconstruction of an object
- of interest (1), includes the step of packing objects of interest into a linear container (31). An

object of interest (1) is illuminated with at least one optical projection beam (13). The linear

container (32) is translated until the objeCt of interest (1) is located within a
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region of the at least one optical projection beam (13). The object of interest (33) is centered

as necessary and rotated through a plurality of radial angles to generate a set of projection

images (34) at each radial angle of the plurality of angles.

According to another embodiment of the present invention, there is provided a
method for three dimensional (3D) reconstruction of an object of interest comprising a
plurality of cells, the method comprising the steps of: (a) packing the plurality of cells into a
tube, where the plurality of cells are packed single file so they do not overlap, and wherein the
cells are otherwise stationary inside the tube; (b) illuminating the tube with at least one optical
projection beam; (c) translating the tube until at least one of the plurality of cells is located
within a region of the at least one optical projection beam; (d) centering the at least one of the
plurality df cells; (e) rotating the tube through a plurality of radial angles, wherein moving the
tube filled with cells that are otherwise stationary inside the tube allows stopping, then
rotation, at speeds that permit optical tomography on a cell-by-cell basis; (f) generating a set
of projection images at each radial angle of the plurality of angles; and (g) repeating the steps

(b) through (f) until the plurality of cells has been scanned.

Brief Description of the Drawings

FIG. 1 schematically shows an example illustration of cells packed into a

capillary tube as c0ntemplated by an embodiment of the present invention.

FIG. 2 schematically shows an example illustration of an optical tomography

reconstruction cylinder as contemplated by an embodiment of the present invention.

FIG. 3 schematically shows an example of an alternate system for variable-
motion optical tomography (VOT) as contemplated by an embodiment of the present

invention.

FIG. 4 schematically shows an example of a flow diagram illustrating three-
dimensional (3D) image reconstruction as contemplated by an embodiment of the present

invention.
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FIG. 5 schematically shows an example illustrating the use of polarization
filters and/or phase plates in a three-dimensional (3D) image reconstruction as contemplated

by an embodiment of the present invention.

Detailed Description of the Preferred Embodiments

The invention is described herein with respect to specific examples relating to

biological cells, however, it will be understood that these examples are for the purpose of
illustrating the principals of the invention, and that the invention is not so limited. In one
example, constructing a three-dimensional distribution of point densities and emission

intensities within a microscopic volume allows the

A
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measurement of density and fluorescence at any location within the microscopic
volume and determines the location of structures, 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 measured. For illustrative
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
infectious agents.

Referring now to FIG. 1, there shown schematically is an example illustration
of cells packed into a capillary tube as contemplated by an embodiment of the present
invention. In this example embodiment, a section of the capillary tube 3 is 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 coordmate
system 6 having coordinates in the x, y and z-directions. In some instances, at least
one molecular probe 53 may be bound within the cell. A computer 7 is 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
translational 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 of generating motion such as hydraulics or piezoelectrics.

The axis of translation is the z-axis, and rotation is around the z-axis. The positioning

PCT/US03/10901
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motor 9 is coupled to move the cell in a plane defined by the x,y-axes, substantially
perpendicular to the central axis for the purpose of centration, as necessary.

It will be recognized 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 the art will appreciate that the bending of photons by the tube
can be eliminated if the spaces between the point source and the tube and between the
tube and the detector surfaces are filled with a material 54 whose index of refraction
matches that of the capillary tube and that the tube can be optically coupled (with oil
or a gel, for example) to the space filling material.

Consider the present example of cells packed into a capillary tube. The cells
may preferably 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 nuclei per centimeter of tube length where the tube diameter is 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 nuclei can be packed. By
translating the tube along its central axis 4, motion in the z-direction can be achieved.
Moving the tube in 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

simulates the special case of flow optical tomography.

PCT/US03/10901
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One advantage of moving a tube filled with cells that are otherwise stationary
inside the tube is 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 18,
the signal to noise ratio of the projection images can be improved to produce better
images than may be usually produced at constant speeds and direction typical of flow
systems. Objects that are not of interest can be moved out of the imaging system
swiftly, so as to gain overall speed in analyzing cells of interest in a sample consisting
of a multitude of cells. Additionally, the ability to stop on an object of interest, 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 afforded by the pixel size of the detector. More particularly, the
Nyquist sampling factor of 2 could be managed by the motion system moving in
increments that fill half a pixel width, for example. Similarly, the motion system can
compensate for the imperfect fill factor of the detector.

Referring now to FIG. 2, there shown schematically is an example illustration
of an optical tomography reconstruction cylinder as contemplated by an embodiment
of the present invention. There shown is a VOT configuration with at least one point
source 10b arranged at fixed angles along a circumference 11 at the tube wall. At
least one detector 50b includes at least one detector surface 12, with surfaces
opposing the at least one point source 10b, arranged on a wider circumference in the
same plane as the point sources. Each point source projects a cone beam 13 onto a

detector area 14 such that the projected cones do not overlap on the detector. It will

PCT/US03/10901
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be understood that other projection geometries may be acceptable such as those
utilizing fan beam and pencil beam projections. To simplify the figure for
understanding, only one cone beam has been shown, but it wiil be understood that
each point source projects a separate cone beam. The central axis of each cone beam
intersects the other cone beam central axes at a central point 15 in the middle of the
tube or in the middle of the cell within the tube, as the case may be. Each time the
tube is rotated by a desired incremental angle 16 while the arrangement of point
sources and detectors remains fixed, another set of projections are collected, thus
generating a new set of independent projections at different radial angles, and so on.

The computer 7 is coupled to transmit data, control signals and timing s gnals
to the point sources 10b, sensing elements 12 and motors. The computer may
comprise a known computer or plurality of computers and array processors adequate
for image acquisition and image reconstruction processing.

The reconstruction cylinder in this new configuration, can be designed more
optimally as compared to the FOT design. In particular, because the object of interest
can be rotated, a reconstruction cylinder may advantageously be designed with a
single point source and detector pair that creates and captures the proj ection image
(sometimes known as a shadowgram) at each rotation angle.

In the example embodiment shown in FIG 2, one example VOT contfi guration
has nine fiber optic point sources arranged at twenty radial degrees spacing around a
circumference at the tube wall. The opposing nine detector surfaces are arranged on a

wider circumference in the same plane as the point sources. Each point source

projects a cone beam onto a detector area such that the projected cones do not overlap

PCT/US03/10901
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on the detector. The central axis of each cone beam intersects the other cone beam
central axes at a central point in the middle of the tube or in the middle of the cell
within the tube. Each time the tube is rotated by a 2 degree increment another set of
projections is collected, so that after 10 incremental rotations, a total of 90
independent projections have been generated at each 2 degree mcrement around 130
radial degrees of circumference. Similarly, if the tube containing the object of interest
were centered and rotated through twenty 1 radial degree increments, then 180 unique
projection images would be created. After a suitable number of projections have been
created, the cell of interest or tube containing other cells of interest may be translated
in the z-direction to accommodate a new view and repeat the image collection
Process.

In this design, a semicircle of equally spaced point sources have opposing
detector arrays positioned around an opposite semicircle, and all elements of the
imaging system are positioned on the same central plane generally perpendicular to
the tube axis. However, the point source/detector combinations need not lie on the
same central plane, and point sources may be spaced at unequal intervals and
advantageously be interspersed between detector arrays.

As also shown in Fig. 2, because of the unbounded nature of the tube in the z-
direction above and below the circle of point sources and detectors that comprise a
reconstruction zone 51, it may be useful to position additional sources 10a, 10c and
additional detectors 50a, 50c above and below the reconstruction zone 51 to generate
images for improving the accuracy of the computed image reconstruction. Note that

in a particular embodiment, the reconstruction zone may comprise a plane defined by

PCT/US03/10901




10

15

20

WO 03/0899359

CA 02482920 2004-10-18

the placement of a set of point sources and detectors. These configurations would
apply to the flow optical tomographic (FOT) system design as well.

Referring now to FIG. 3, there shown is an example of an alternate system for
variable-motion optical tomography (VOT) as contemplated by an embodiment of the
present invention. A particularly useful design includes placing a ring of point sources
17b in a plane 18 located just above or below proximate a ring of detectors 19b
located around a detector plane 21 such that the projection cones are aimed at their
respective detector surfaces and the center of the cell 20 is located between the two
planes at the point where all projection cones overlap. In this configuration, the cell
can be sampled around a full 360 degree radial circumference to achieve an optimal
image reconstruction, given an adequate number of point source/detector pairs, and as
such, rotation of the tube is not required. Again, it may be useful to position
additional sets of optical point sources 17a, 17¢ and opposing detectors 19a, and 19¢
above and/or below a reconstruction zone 52 to improve the accuracy of the
computed image reconstruction. In the example of Fig. 3, the reconstruction zone 52
is located above and/or below plane 18. This geometry also applies to the FOT.

In the preceding example, 3D image reconstruction is accomplished using 2D
projection images from cone beam geometry. It is also possible to use fan beam
geometry whereby the 3D image is generated by stacking contiguous planar images
reconstructed from linear (1D) projections using fan beam reconstruction algorithums.
With fan beam geometry, the plurality of optical point sources 10b that are collimated
to emit fan-beams, in conjunction with oppoémg detectors 12 mounted around a

circumference of the tube can sample multiple projection angles through the entire

PCT/US03/10901
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cell 1 as it is moved past the sources. A cell is thus optically sectioned with
projections through the cell that can be reconstructed to form a 2D shice in the x-y
plane. By stacking or mathematically combining sequential slices, a 3D picture of the
cell will emerge. The 3D picture of the cell can yield quantitative measures of sub-
s cellular structures and the location and amount of tagged molecular probes that
provide diagnostic information.
Light Source.
Each source may have the same general characteristics, preferably:
e it may approximate a small circular point source for use in cone beam
10 geometry,
e it may be bright, uniform and with known spectral content,
e 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 is selectable either by use of various diode
15  emitters or other lasers or by bandpass filtering of a white or other broadband source,
for example a mercury or xenon arc lamp.
There are several options that can be employed to create optical point sources,
such as:
e apinhole in front of a laser or other high intensity photon source,
20 e an optical fiber with a small cross-section and small apparent aperture,
e a short focal length lens in front of a photon source,
e an electron beam that irradiates a point on a phosphor surface (a form of

CRT), and
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The geometry is 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 proj ection
system is approximately M=(A+B)/A, where A is the distance between the point
source and the object (cell) and B is the distance between the object and the detector.
Conversely, if the required resolution is known in advance of the system design, then
the geometry can be optimized for that particular resolution. For background, those

skilled in the art are directed to Blass, M., editor-in-chief, Handbook of Optics: Fiber

Optics and Nonlinear Optics, 2% od.. Vol. IV, Mcgraw-Hill, 2001.

Referring now to FIG. 4, an example of a flow diagram illustrating three-
dimensional (3D) image reconstruction as contemplated by an embodiment of the
present invention is shown. As contemplated by one example of the present invention,
a 3D image reconstruction process 30 includes the steps of loading the tube packed
with cells at step 31, translating the tube until the first cell of interest has been located
at step 32, centering the cell of interest, as necessary, at step 33, generating a set of
projections at each different rotation angle at step 34, determining when the data set
is complete at step 35, and repeating the process from steps 32 through 35 until all
cells of interest have been analyzed. The process stops at step 36. The process may
be implemented in a computer software program executed by a personal computer
such as computer 7, for example.

Image Reconstruction.

10
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The most common and easily implemented reconstruction algorithms, known
as filtered backprojection methods, are derived from a similar paradigm in
computerized x-ray tomography (CT) using cone-beam and fan-beam geometry. (See

the following references, for example, Kak, A.C. and Slaney, M., Principles of

5 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 transforms with modifications that reflect the particular geometry

of the source/detector configuration and the ray paths in the nrradiating beam.

10 However, in the case of clinical x-ray CT, the human subj éct is usually held

motionless while the x-ray source and detector arrays may move along an arc or helix

around the patient to collect data from multiple projection angles. Then the human

subject may be repositioned along the z-axis and another set of data is collected, etc.

Alternatively, in the more modern clinical helical CT, the patient may be

15  continuously translated in the z-direction while the source-detector assembly rotates

continuously to provide helical projection data, which is then interpolated to provide
projections orthogonal to the patient z-axis.

In flow optical tomography (FOT) and variable-motion optical tomography

(VOT), the object (a cell) is moved relative to the stationary sources and detector

20  arrays wherein the plurality of source/detector systems acquire data in synchrony with

specific gated time points along the cell velocity vector in a fashion that generates

multiple projection angle data within a given slice or volume. For slice-by-slice

scanning using a fan beam, the reconstruction algorithm will compute a 2D image of

11
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a plane perpendicular to the axis of motion, and the serial stacking of multiple slices
will generate the 3D picture of the object where contrast is a function of the variations
in the x-ray attenuation coefficient or optical absorption coefficient as a measure of
density within the object for CT or flow optical tomography, respectively. For
volumetric, cone-beam scanning the reconstruction algorithm computes a 3D image
of a volume within the cell or other object directly from planar transmission or
emission optical projections, where the contrast is a function of the optical density
and/or tagged probe density distribution within the imaged object.

It may be desirable for either the transmission data to produce the cell density
reconstruction or for the emission data (from internal sources, if any) to reconstruct
the labeled probe distribution, or both, to employ image reconstruction algorithms
other than filtered backprojection. The general class known as iterative reconstruction
algorithms 1s more efficacious in some instances, especially for emission tomography
or, when 1t is possible, as in the instance of the current invention where the axial
symmetry and tricompartmental nature of the object are known, to incorporate a
priori information into the reconstruction algorithm to improve the quality of the
reconstruction (See, for example, Gilbert, P., "lterative Methods for the Three-
dimensional Reconstruction of an Object from Projections,” Journal of Theoretical
Biology 36:105-17, 1972, and other references noted hereinabove).

Reterring now to FIG. 5, there shown schematically is an example illustrating
the use of polarization filters (and/or a phase plate) in a three-dimensional (3D) image
reconstruction as contemplated by an embodiment of the present invention. All image

reconstruction algorithms are vulnerable to various forms of noise in the projection

12
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data, such as scatter and diffraction. Light scatter and diffraction may become
significant in optical tomography where the wavelength of the illuminating photons 1s
of the same order as the desired resolution within the object to be reconstructed and
where the object contains structures that are of the same order in size as the
illuminating 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
projection image through the use of polarization filters and/or a phase plate. For
example, if a point source 37 is filtered through a first linear polarizer 41, then a first
polarized light ray 39 is produced that impinges on object 42. Rays 40 represent
photons scattered as a result of the first polarized light ray 39 impinging on the object
42. A surface of a sensor 45, positioned to sense a projection image generated by the
point source 37, is similarly filtered through a second linear polarizer 43 having the
same orientation as the first linear polarizer 41. As indicated by the rays 40, 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 44, impinging on the sensor 45. To remove phase shift, a
phase plate 46 can be placed proximate the second linear polarizer 43. In this way, the
background of noise due to shifts in polarization and phase can be reduced
significantly.

What 1s claimed 1s:

13
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CLAIMS:

1. A method for three dimensional (3D) reconstruction of an object of interest

comprising a plurality of cells, the method comprising the steps of:

(a) packing the plurality of cells into a tube, where the plurality of cells are
packed single file so they do not overlap, and wherein the cells are otherwise stationary inside

the tube;
(b) illuminating the tube with at least one optical projection beam;

(¢) translating the tube until at least one of the plurality of cells is located

within a region of the at least one optical projection beam;
(d) centering the at least one of the plurality of cells;

(e) rotating the tube through a plurality of radial angles, wherein moving the
tube filled with cells that are otherwise stationary inside the tube allows stopping, then

rotation, at speeds that permit optical tomography on a cell-by-cell basis;

(f) generating a set of projection images at each radial angle of the plurality of

angles; and

(g) repeating the steps (b) through (f) until the plurality of pells has been
scanned.
2. The méthod of claim 1 wherein the optical projection beam is selected from the

group consisting of fan beams and cone beams.

3. The method of claim 1 wherein the step of illuminating further comprises

positioning a plurality of point sources in a first plane and a plurality of detector elements in a

second plane, where the first and second planes are parallel.

14
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