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OPTICAL TOMOGRAPHY OF SMALL
OBJECTS USING PARALLEL RAY
ILLUMINATION AND POST-SPECIMEN
OPTICAL MAGNIFICATION

RELATED APPLICATION

This application 1s a continuation-in-part of co-pending
U.S. application Ser. No. 09/927,151 of Alan C. Nelson,
filed Aug. 10, 2001, 1ssued on Feb. 18, 2003 as U.S. Pat. No.
6,522,775, that 1s 1n turn related to the provisional applica-
tion of Alan C. Nelson, Ser. No. 60/279,244, filed Mar. 28,
2001, both entitled “APPARATUS AND METHOD FOR
IMAGING SMALL OBIJECTS IN A FLOW STREAM
USING OPTICAL TOMOGRAPHY.”

This application 1s also related to U.S. Pat. No. 6,591,003,
issued Jul. &, 2003 to Chu, entitled “OPTICAL TOMOG-
RAPHY OF SMALL MOVING OBIJECTS USING TIME
DELAY AND INTEGRATION IMAGING.”

FIELD OF THE INVENTION

The present invention relates to optical tomographic (OT)
imaging systems 1n general, and, more particularly, to
parallel-beam optical tomography (PBOT) where a small
object, such as a biological cell, for example, 1s 1lluminated
by an intense, parallel beam in the visible or ultraviolet
portion of the electromagnetic spectrum and magnified
transmitted or emission projected 1mages are produced by
means of post-specimen magnification optics.

BACKGROUND OF THE INVENTION

U.S. application Ser. No. 10/126,026 of Alan C. Nelson,
filed Apr. 19, 2002, enfitled “VARIABLE-MOTION OPTI-
CAL TOMOGRAPHY OF SMALL OBJECTS” 1s incorpo-
rated herein by this reference. In Nelson, projection images
of shadowgrams are digitally captured by means of conven-
tional 1image detectors such as CMOS or CCD detectors. In
imaging moving objects, such 1mage sensors require short
exposures to “stop motion” 1n order to reduce motion blur.
Short exposures limit the signal to noise ratio that can be
attained when 1maging moving objects.

Nelson’s patent applications teach cone beam projection
images or shadowgrams generated using sub-micron point
sources of 1llumination and captured using CCD or CMOS
image detectors. Cone beam illumination and projection
geometry possesses the desirable characteristic that the
fransmitted projection image 1s magnified by virtue of the
divergence, 1n two dimensions, or one dimension in the case
of fan beam geometry, of the light ray paths 1n the beam. The
aforesaid arrangement allows improvement of the resolution
limitation that might otherwise be imposed by a detector
pixel size, and the spatial resolution 1n the projections 1s
ultimately limited by either the source aperture diameter or
the wavelength of the 1llumination, whichever is greater.
Cone beam geometry for projection and tomographic imag-
ing has been utilized 1n diagnostic and other x-ray 1imaging
applications (Cheng, P C, Lin, T H, Wang, G, Shinozaki, D
M, Kim, H G, and Newberry, S P, “Review on the Devel-
opment of Cone-beam X-ray Microtomography”, Proceed-
ings of the X-ray Optics and Microanalysis 1992, Institute of

Physics Conference Series Volume 130, Kenway, P B, et al.
(eds.), Manchester, UK, Aug. 31-Sep. 4, 1992, pp.559-66;

Defrise, M, Clack, R, and Townsend, D W, “Image Recon-
struction from Truncated, Two-dimensional, Parallel
Projections”, Inverse Problems 11:287-313, 1995; Defrise,

M, Noo, F, and Kudo, H, “A Solution to the Long-object
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Problem 1 Helical Cone-beam Tomography”, Physics 1n
Medicine and Biology 45:623-43, 2000; Endo, M, Tsunoo,

T, Nakamori, N, and Yoshida, K, “Effect of Scattered
Radiation on Image Noise in Cone Beam CT7, Medical
Physics 28(4):469-74, 2001; Taguchi, K and Aradate, H,
“Algorithm for Image Reconstruction in Multi-slice Helical
CT”, Medical Physics 25(4):550-61, 1998). There it arises
naturally, since x-rays from thermally-assisted tungsten
filament, electron-impact, laboratory or clinical diagnostic
radiology sources mvariably diverge from the point on the
target anode that 1s bombarded by the accelerated electrons.
Since the discovery of x-rays 1n 1895, the vast majority of
X-ray sources have operated on the mechanisms of
Bremsstrahlung and characteristic x-ray production. Except
for synchrotrons, which are elaborate and expensive devices
inaccessible to most research and healthcare professionals,
parallel-beam x-ray sources are not available in the portions
of the x-ray spectrum usually employed in clinical and
scientific 1maging applications. There are, however, lasers
and other relatively mnexpensive sources capable of produc-
ing 1intense, parallel-ray i1llumination 1n the visible and
ultraviolet portions of the spectrum.

A number of researchers have employed parallel-beam
geometry to perform synchrotron and laboratory x-ray
microtomography (micro-CT). (See, for example, Bayat, S,
Le Duc, G, Porra, L, Berruyer, G, Nemoz, C, Monfraix, S,
Fiedler, S, Thomlinson, W, Suortti, P, Standertskjold-
Nordenstam, C G, and Sovijarvi, A R A, “Quantitative
Functional Lung Imaging with Synchrotron Radiation Using
Inhaled Xenon as Contrast Agent”, Physics in Medicine and
Biology 46:3287-99, 2001; Kinney, J H, Johnson, Q C,
Saroyan, R A, Nichols, M C, Bonse, U, Nusshardt, R, and
Pahl, R, “Energy-modulated X-ray Microtomography”,
Review of Scientific Instruments 59(1):196-7, 198S.
Kinney, J H and Nichols, M C, “X-ray Tomographic Micros-
copy (XTM) Using Synchrotron Radiation”, Annual Review
of Material Science 22:121-52, 1992; Jorgensen, S M,

Demirkaya, O, and Ritman, E L, “Three Dimensional Imag-
ing of Vasculature and Parenchyma in Intact Rodent Organs

with X-ray Micro-C1”, American Journal of Physiology
2'75(Heart Circ. Physiol. 44):H1103-14, 1998; Bentley, M

D, Ortiz, M C, Ritman, E L, and Romero, J C, “The Use of
Microcomputed Tomography to Study Microvasculature 1n
Small Rodents”, American Journal of Physiology
(Regulatory Integrative Comp Physiol) 282:R1267-R1279,
2002).

A syncrotron beam may be monochromatized using crys-
tals or other optical elements from which 1t emerges with
extremely low divergence. In the laboratory setting, with
conventional microfocal x-ray sources, if the specimen or
object 1s placed far from an 1ntense x-ray source, 1t intercepts
a relatively small cone of x-rays and the projection geometry
may be approximated as parallel with only minimal detri-
ment to the resulting image quality, though flux at the
specimen 1s very low. Synchrotrons produce enormously
intense radiation that facilitates relatively rapid scan times
(e.g. scan times of seconds or minutes) for 3D microtomog-
raphy. Unfortunately, synchrotron-based microtomography
devices are very expensive. Electron-impact laboratory or
clinical sources of the types described above are of much
lower 1ntensity relative to synchrotrons. In such systems,
divergence of the beam and small cone angle subtended by
a specimen placed remotely from the source in order to
approximate the parallel geometry result in very low fluence
at the specimen and commensurately long scan times of, for
example, hours to days.

Although useful for various applications, cone beam
projection geometry has some drawbacks. For example, the
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achievable spatial resolution 1s limited by the source size,
thus mandating a sub-micron source for microscopic and
cellular imaging. Further, the fluence or number of photons
per unit area 1n the beam available from a sub-micron point
source 1s very low, thereby placing stringent demands on the
sensitivity and noise characteristics of the detector if
adequate 1mage quality and signal-to-noise ratio are to be
obtained 1n the projection 1mages. It 1s challenging to
produce the sub-micron source size necessary to provide
sub-micron resolution for cone beam imaging. Reproducibly
fabricating such sub-micron light sources that produce rela-
tively uniform or gaussian beam intensity profiles presents a
significant challenge. For example, in some cases it 1s
necessary to draw laser diode-pigtailed, single-mode optical
fibers to a tapered tip. In other cases small apertures or
microlenses must be placed between lasers or laser diodes or
alternative light sources and the specimen. For optimal
imaging and accurate 1mage reconstruction, it 1s advanta-
geous that the 1maged object be positioned centrally 1n the
cone beam, precisely aligned with the source position.

In the cone beam 1maging geometry, projection magnifi-
cation 1s strongly dependent upon the source-to-specimen
distance, which 1s not the case 1n a parallel 1imaging geom-
etry. In a dynamic flow tomographic 1maging system, as
described 1n the referenced Nelson patents, where the
source-detector pairs may be disposed about a reconstruc-
tion cylinder 1n a variety of geometric arrangements, source-
to-specimen distances must be precisely controlled and
known to a high degree of accuracy for all source-detector
pairs. Differing source-to-specimen distances between the
source-detector pairs may result in degradation of the recon-
structed 1mage quality. Because projection magnification
varies through the object space 1n cone beam 1maging, the
two-dimensional projection 1mages or shadowgrams may be
difficult to interpret. For example, it may be difficult to
extract diagnostically-relevant features from the projection
images directly. Cone beam projection geometry also
requires 3D 1mage reconstruction algorithms and computer
programs that are complex and computationally intensive.

SUMMARY OF THE INVENTION

The present 1nvention provides a parallel-beam optical
tomography system for imaging an object of mterest includ-
ing a parallel ray beam radiation source for 1lluminating the
object of interest with a plurality of parallel radiation beams.
An object containing tube 1s located to be 1lluminated by the
parallel ray beam radiation source, wherein the object of
interest 1s held within the object containing tube such that
when 1t 1s 1lluminated by the plurality of parallel radiation
beams, radiation emerges from the object containing tube. A
detector array 1s located to receive the emerging radiation
pattern that may be magnified prior to 1imaging upon the
detector.

In one contemplated embodiment, a parallel ray beam
radiation source illuminates the object of interest with a
plurality of parallel radiation beams. An outer tube has an
optically flat input surface for receiving the illumination and
a concave output surface, where the concave outer surface
acts as a magnifying optic to diverge the radiation emerging
from the outer tube after passing through the object of
interest. An object containing tube 1s located within the outer
tube, wherein the object of interest 1s held within the object
containing tube. A motor 1s coupled to rotate and otherwise
manipulate the object containing tube to present differing
views of the object of interest. A detector array 1s located to
receive the emerging radiation from the concave output
surface.
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The present invention relates generally to three-
dimensional optical tomography using parallel beam pro-
jections produced by a laser or other illumination system 1n
conjunction with CCD or CMOS detectors and, more
particularly, to three dimensional tomographic 1imaging of
microscopic objects, including biological cells, in a flow
stream or entrained 1n a rigid medium.

One motivation of this invention 1s to improve the signal-
fo-noise ratio 1n the projections and two-dimensional or
three-dimensional reconstructed 1mages 1n dynamic optical
tomography systems by using available intense parallel-
beam 1llumination sources in the visible and ultraviolet
portions of the electromagnetic spectrum.

One advantage of the method and system described
herein, relative to a similar system employing divergent
cone beam 1llumination geometry, 1s that 1t provides a PBOT
system where achievable 1image resolution i1s substantially
independent of source aperture size.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 15 that it provides a PBOT system wherein a
submicron source diameter 1s not required.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that it provides a PBOT system wherein inten-
sity distribution through a beam cross section can be more
casily controlled and made more uniform or more nearly
gaussian.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that it provides a PBOT system wherein 1llu-
mination intensity, herein also called fluence, at the speci-
men 15 increased by orders of magnitude.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system wherein signal-
to-noise ratios achievable 1n the projection and reconstructed
images 15 significantly higher.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system wherein

required 1llumination sources can be more easily and repro-
ducibly fabricated.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system wherein geo-
metrical constraints and spatial tolerances required in terms
of the location of system components relative to the imaged
sample, most 1importantly the source-to-specimen distance,
are considerably relaxed.

Another advantage of the present mnvention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system whereimn the
precision of the temporal synchronization required for the
strobing or pulsing of the source, the projection 1mage
acquisition by the sensor, and the passage of the specimen
through the 1imaged volume between the sources and detec-
tors 1s considerably lowered.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system requiring lower
precision for source location.

Yet another advantage of the present invention, relative to
a similar system employing divergent cone beam 1llumina-
tion geometry, 1s that 1t provides a PBOT system wherein
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projection 1mage magnification 1s substantially constant
through an object space, so as to make potentially diagnostic
image features such as densities, areas and volumes 1n the
projection images easlier to interpret and accurately quantify.

Another advantage of the present invention, relative to a
similar system employing divergent cone beam 1llumination
geometry, 1s that 1t provides a PBOT system wherein
selected 1ndividual transaxial images, or slices through the
imaged object may be reconstructed from a subset of the
data acquired by the two-dimensional sensor arrays.

Still another advantage of the present invention, relative
to a similar system employing divergent 1llumination geom-
etry and a cone beam reconstruction algorithm, 1s that it
provides a PBOT system wherein the complexity and com-
putational intensity of the reconstruction algorithm, whether
of the analytical convolution backprojection, iterative, sta-
tistical or other type, are substantially reduced, and degra-
dations in the 1mages caused by the reconstruction process
itself are ameliorated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows an example illustration of a
Parallel Beam Flow Optical Tomography system as contem-
plated by an embodiment of the present invention.

FIG. 2 schematically shows an example illustration of a
Variable Motion Parallel Beam Optical Tomography system
as contemplated by an embodiment of the present invention.

FIG. 3 schematically shows an example illustration of a
system 1llumination geometry, including a single source-
magnifying concave optic pair as contemplated by one
example embodiment of the present 1invention.

FIG. 4 schematically shows an example 1illustration of a
system 1llumination geometry, including a single source-
magnifying convex optic pair as contemplated by an alter-
nate embodiment of the present invention.

FIG. 4A schematically shows another example 1llustration
of a system illumination geometry, including a single
source-magnilying convex optic pair as contemplated by
another alternate embodiment of the present invention.

FIG. 5 schematically shows an example 1llustration of an
illumination geometry and the 1maged sample volume with
multiple source-magnifying concave optic pairs as contems-
plated by an embodiment of the present invention.

FIG. 5A schematically shows another example 1llustration
of the 1llumination geometry and the 1maged sample volume
with multiple source-magnifying convex optic pairs as con-
templated by an embodiment of the present imnvention.

FIG. 6 1s a highly schematic drawing that shows an
example 1llustration of a reconstruction cylinder as contem-
plated by an embodiment of the present invention.

FIG. 7 schematically shows an example flow diagram
illustrating the operation of a TDI 1image sensor as contem-
plated by an embodiment of the present invention.

FIG. 8 schematically shows an example illustration of a
parallel ray beam light source system as contemplated by an
embodiment of the present invention.

FIG. 9 schematically shows an example of a reconstruc-
tion cylinder surrounding a flow tube containing flowing
object, such as cells, as contemplated by an embodiment of
the present imvention.

FIG. 10 schematically shows an example of a reconstruc-
tion cylinder including a series of partial circumierences
arranged along a Z-axis through an object containing tube,
wherein each partial circumference may contain more than
one source-detector pair.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The mvention 1s described herein with respect to specific
examples relating to biological cells. It will be understood,
however, that these examples are for the purpose of 1llus-
trating the principals of the imnvention, and that the invention
1s not so limited. In one example, constructing a three
dimensional distribution of optical densities within a micro-
scopic volume enables the quantification and the determi-
nation of 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 stain or 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,
breast, prostate, cervical and ovarian cancers.

One feature of the present mnvention 1s that the chosen
illumination is parallel, or nearly parallel, until after passage
through the object volume that may contain the cell or other
specimen or object to be 1imaged. After passage through the
object, a post-specimen optic diverges the emergent pattern
of light intensities 1n order to produce a magnified pattern of
light intensities 1n any plane perpendicular to the system’s
optical axis and situated downstream from the post-
specimen optic.

Referring to FIG. 1, there schematically shown 1s an
example 1llustration of a Parallel Beam Flow Optical
Tomography (PBOT) system as contemplated by an embodi-
ment of the present mnvention. The invention provides an
apparatus and method for imaging small objects 1n a flow
stream or enftrained 1n a rigid medium using optical point
source or parallel beam projections, image sensors, such as,
for example, time delay and integration (TDI) image sensors
or CCD or CMOS solid state 1mage sensors and the like, and
tomographic 1image reconstruction. The optical tomography
(OT) system includes in one example embodiment, a flow
cytometer, including a reconstruction cylinder 12, posi-
tioned around object containing tube 2. The object contain-
ing tube 2 may, for example, comprise a cell entrainment
tube wherein the cell 1s held 1n a gel, or a capillary tube for
cell flow, depending on the type of optical tomography
system.

The PBOT system 4 1s oriented with reference to a
coordinate system 40 having coordinates in the X, Y and
Z-directions. In operation, an object of interest 1, such as, for
example a cell, including a human cell, 1s 1njected 1nto an
injection tube 3. The object containing tube 2 may be wider
at an 1njection end 5 and mncludes a pressure cap 6. A sheath
fluid 7 1s introduced at tube 8 to create laminar flow within
the object containing tube 2. A first source of photons 9a and
a first photo detector 10a work together with a pulse height
analyzer 11 to operate as a triggering device. Pulse height
analyzer 11 operates to provide a first signal 30a for the
beginning or leading edge of an object, such as a cell, and
a second signal 30b for the end or trailing edge of the object
as 1t moves through the tube. The signals 30a, 305, 31a and
31b are represented as a light intensity, “I” versus “TIME”
function within pulse height analyzer 11. The pulse height
analyzer 11 may be a conventionally designed electronic
circuit or the like. The pulse height analyzer 11 generates a
plurality of signals 14 that are sent to a computer 13 which,
after a delay related to the velocity of the moving object and
distance between the photo detector and the reconstruction
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cylinder 12, sends a trigger signal on line 15 to a recon-
struction cylinder 12 to mitiate and terminate data collection
for that particular object of interest. Additionally, a second
photon source 96 and a second photo detector 105 may
advantageously be positioned at a known distance down-
stream from the first set such that an interval between the
object triggering a third signal 31a and triggering a fourth
signal 315 may advantageously be used to calculate the
velocity of the object and also as a timing signal to syn-
chronize the line transfer rate of a TDI 1mage sensor. The
fiming signal 1s transmitted to computer 13 1n the plurality
of signals 14. The computer 13, which may be any useful
personal computer or equivalent, 1n turn sends synchroni-
zation signals on line 16 to the reconstruction cylinder 12. It
will be understood that lines 15 and 16 are representative of
communication and control lines between the PBOT system
and the computer that communicate data, i1mage
information, control signals and other signals between the
computer and the PBOT system. In this way, for example,
the movement of the object along the flow axis 20 may be
matched by a rate of transfer of charge from one stage of a

TDI sensor to the next, as described and shown 1n more
detail below with reference to FIG. 7.

Now referring to FIG. 2, there schematically shown 1s an
example 1llustration of a Variable Motion Parallel Beam
Optical Tomography system as contemplated by one
example embodiment of the present imnvention. A variable
motion PBOT system 100 takes advantage of a mechanical
positioner to present cells, which are entrained 1n a rigid
medium 1n a tube, to the 1maging system one at a time. As
compared to the flow system described with reference to
FIG. 1, in the variable motion PBOT system 100 only one
trigger mechanism 1ncluding a photon source 9 and a photo
detector 10 1s required since the velocity of the object, such
as a human cell, can be precisely controlled to synchronize
with the illumination sources and 1mage sensors in the
reconstruction cylinder 12. The trigger here 1s processed by
the pulse height analyzer 11 and the computer 13 and used
to start and stop data collection. The pulse height analyzer 11
1s an electronic circuit of design similar to pulse height
analyzer 11 except that 1t requires fewer mputs and outputs.
As indicated by double arrow line the object containing tube
2 1n this embodiment 1s translated along the z-axis through
the reconstruction cylinder 12 by a screw drive 18 driven by
a computer controlled motor 17. The object contained 1n
tube 2 may also be rotated about the z-axis by the computer
controlled motor 17. The computer controlled motor 17
receives control information 19 from the computer 13. It will
be understood by those skilled in the art having the benefit
of this disclosure, that any mechanism capable of translating
and rotating the object containing tube 2 can be used 1n place
of the screw drive. Signals from the reconstruction cylinder
12 may be analyzed directly or processed using image
processing, 1mage analysis and/or computerized tomo-
ographic 1mage reconstruction techniques to provide two
dimensional or three dimensional information about cells
and other objects of interest.

Referring now to FIG. 3, a system 1llumination geometry
within a reconstruction cylinder 12A for use 1n a parallel-
beam optical tomography system for imaging an object of
interest 1 1s shown schematically. The reconstruction cylin-
der 12A includes a parallel ray beam radiation source 35 for
illuminating the object of interest 1 with a plurality of
parallel radiation beams 36. An outer tube 32 has an optfi-
cally flat input surface 60 and a concave output surface 29,
where the concave outer surface 29 diverges radiation 61
emerging from the outer tube 32 after passing through the
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object of 1nterest 1. An object containing tube 2 1s located
within the outer tube 32, wherein the object of interest 1 1s
held within the object containing tube 2.

A motor, here indicated schematically as double arrow 34,
1s coupled to rotate the object containing tube 2 to present
differing views of the object of interest 1. A detector array
39 1s located to receive the emerging radiation 61 from the
concave output surface 29. In one embodiment, the parallel
ray beam radiation source 35 comprises a laser. In another
example embodiment, the laser may be selected to emat
radiation 1n the visible portion of the electromagnetic spec-
trum. In yet another example embodiment, the laser may be
selected to emit radiation 1n the ultraviolet portion of the
clectromagnetic spectrum. The detector array 39 may advan-
tageously comprise a sensor selected from the group con-
sisting of solid state sensors, charge coupled device (CCD)
sensors, complementary metal oxide semiconductor
(CMOS) sensors and time delay and integration sensors.

In another embodiment of the present invention, a cell or
other object to be 1maged 1s present either in a flow tube,
capillary tube, linear container, or 1n an entrainment tube. In
one embodiment of the parallel-beam optical tomography
system the object of imterest 1 comprises a human cell
having a nucleus 30. The cell may also contain subcellular
features or constituents. At least one fluorescing or absorb-
ing molecular probe 31 may be bound to one or more
cellular constituents.

The object containing tube 2, for example a flow tube,
capillary tube, linear container, or entrainment tube, 1is
located substantially concentrically within the outer tube 32
which has a substantially rectangular outer cross section,
and may have either a rectangular or circular inner cross
section. Other cross sectional geometries for the outer tube
32 are possible. The curved surface of the object containing
tube 2 acts as a cylindrical lens producing a focusing etfect
that may not be desirable in a projection system. Those
skilled in the art having the benefit of this disclosure will
appreciate that the bending of photons by the object con-
taining tube 2 can be substantially reduced if the spaces 37
and 33 between the source and the outer tube 32 and
between the tube 32 and the detector surfaces 39 are filled
with a material having an index of refraction matching that
of the object containing tube 2. Further, the tube can be
optically coupled to the space filling material. Such optical
coupling may be accomplished with o1l or a gel, for
example. An mdex of refraction-matching fluid 1n space 33,
such as o1l, for example, may advantageously be introduced
through port 38 to entirely fill the space between the tube 2
in which the cells or other microscopic objects are contained
and the outer tube 32. The index of refraction matching fluid,
both tubes 2 and 32, and any gel or flowing liquid medium
surrounding the cells to be 1maged have 1dentical, or nearly
identical indices of refraction. The object contained within
tube 2 may be rotated and/or translated within the index of
refraction matching fluid and outer tube 32 with both axial
and rotational motions under computer control.

In operation, a laser or other light source 35 produces
parallel 1lluminating beams 36, which impinge on the outer
tube 32, optionally delivered by an index of refraction-
matched coupling element 37. In the absence of scatter, the
light traverses parallel ray paths through both tubes 2 and 32.
Since the refractive mndices of all materials 1n the light path
arc matched, the rays traversing the index of refraction
matching fluid and the object space within the volume to be
imaged are parallel. Both tubes 2 and 32 comprise
transparent, or nearly transparent material with respect to the
illuminating wavelength. Both tubes 2 and 32 may comprise
fused silica, glass or other similar optical material.
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The exat face 29 of the outer, rectangular tube 32 may
advantageously be provided with a diverging or magnifying
optic, which, 1n one contemplated embodiment, may be a
circularly symmetric polished depression, or dimple, in the
fused silica or other optical material. The dimple acts as a
plano-concave lens, causing the light ray paths 61 to become
divergent at its exit surface 29. Such a dimple or any other
optical element or combination of optical elements, includ-
ing multiplets, or other equivalent elements, designed to
perform the same function 1s referred to herein as a post-
specimen optic. The post-specimen optic comprises,
generally, a magnifying optic.

Using known optical design principles, the radius of
curvature of the post-specimen optic may be determined and
designed to impart the desired degree of divergence to the
exiting light ray paths 61. The degree of divergence, together
with the distance between the post-specimen optic and the
TDI, CCD, CMOS or other image sensor 39, determines the
magnification of the projection 1mages. The magnification
required 1s determined by the relationship between the
desired spatial resolution of the projection 1images and the
detector pixel size, and 1t 1s advantageous for the magnifi-
cation to be much larger than twice the quotient of the pixel
size and the desired spatial resolution of the projection.

For example, 1n one contemplated embodiment of the
present mvention, 1f the desired spatial resolution in the
projections 1s 0.5 micron and the detector pixel size 1s 10
microns, 1t 1s advantageous for the magnification to be
significantly larger than 40 times. In this example, 1t may be
desirable for the magnification to be 80 times, 100 times, or
even more.

For a contemplated embodiment of the current invention
in which the post-specimen optic 1s a circularly symmetric
polished dimple on the exit face 29 of the outer tube 32, and
in which this post-specimen optic functions as a plano-
concave diverging lens, the front focal plane of the lens 1s at
infinity. There 1s no back focal plane. Thus, a magnified
projection 1mage or shadowgram containing information
about the absorption of the 1llumination as it passed through
the cell or other object to be 1imaged 1, can be produced by
capturing this emergent pattern of transmitted light intensi-
ties on a TDI, CCD or CMOS detector or other digital
imaging detector 39. The photo-conversion surface of the
detector can be situated m any plane perpendicular to the
system’s optical axis and downstream from the post-
specimen optic. Furthermore, the magnification can be cho-
sen by the placement of the detector plane: the further the
detector plane 1s downstream from the object, the greater the
magnification.

In embodiments of the present invention such as those
depicted schematically in FIG. 3 and FIG. 4, having a single
source-detector pair, two-dimensional or three-dimensional
tomographic imaging of the cell or other microscopic object
1s performed by obtaining images from varying angles of
view. After obtaining a first projection with the object
containing tube 2 held stationary at a first rotational angle
with respect to the optical axis, the object containing tube 2
may be rotated by a discrete angle about an axis as indicated
by the double arrow 34. A useful axis 1s 1identified as the Z
axis 1n FIG. 2, and/or pointing out of the page 1n FIG. 3 and
FIG. 4, that 1s perpendicular to the system’s optical axis in
order to orient the cell or other object 1 at a second rotational
angle with respect to the optical axis. A subsequent trans-
mitted projection image may be obtained after rotation of the
object containing tube 2. The process of rotating and 1mag-
ing may be repeated with the object containing tube 2
repeatedly rotated in discrete increments. A two-dimensional
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projection 1mage 1s recorded at each angle until a sufficient
number ol projections are obtained to produce a three-
dimensional 1image of the cell or other object 1, or portion
thereof, or to produce two-dimensional 1mages depicting
slices of the absorption pattern 1n the imaged object’s
interior.

Three-dimensional reconstructions are produced by
image processing of the plurality of two-dimensional pro-
jection 1images with known three-dimensional 1mage recon-
struction algorithms. Two-dimensional images of transverse
slices through the 1maged object are produced by processing
lines of data extracted from the plurality of projections,
where these lines of data are oriented parallel to rotated
versions of the X and Y axes as depicted 1n FIG. 1 and FIG.
2. The lines of data are generally referred to as rows of
detector data. The ability to reconstruct transaxial slices
through the cell or other object from rows of detected
projection data 1s an advantage of the method described 1n
the present mvention relative to cone beam geometry, in
which many lines of detector data would contribute to each
transverse 1mage plane through object space.

Referring now to FIG. 4, there shown schematically 1s an
alternate embodiment of a system 1llumination geometry
within a reconstruction cylinder 12B as contemplated by the
present invention, where a cell or other object to be 1maged
1 may be present 1in a flow tube or entrainment tube 2. The
reconstruction cylinder 12B includes a parallel ray beam

radiation source 35 for 1lluminating the object of interest 1
with a plurality of parallel radiation beams 36. An outer tube
32A has an optically flat mnput surface 60 and a convex
output surface 28, where the convex outer surface 28 focuses
radiation emerging from the outer tube 32A after passing
through the object of interest 1. As 1 the above embodiment
described with respect to FIG. 3, an object containing tube
2 15 located within the outer tube 32A, wherein the object of
interest 1 1s held within or flows through the object con-
taining tube 2. A motor, indicated schematically by double
arrow 34, may advantageously be coupled to rotate and/or
translate the object containing tube 2 so as to present
differing views of the object of interest 1. A pinhole aperture
127 1s located at the focal point 128 of the convex lens and
arranged to produce a cone beam of emergent radiation 1235.
As described above, a detector array 39 1s located to receive
the cone beam of emergent radiation 125 from the pinhole
aperture 127. In one example embodiment, the outer tube
32A may advantageously have a port 38 and the space 33
around the object containing tube 2 1s filled with a fluid such
as optical o1l having the same index of refraction as the outer
tube 32A and the object containing tube 2.

Referring now to FIG. 4A, there shown schematically 1s
another alternate embodiment of a system illumination
geometry within a reconstruction cylinder 12D as contem-
plated by the present mnvention, where a cell or other object
to be imaged 1 may be present in a flow tube or entrainment
tube 2. The reconstruction cylinder 12D includes all of the
clements as 1n the above embodiment described with respect
to FIG. 4, with the addition of an optical element 126. The
optical element 126 may advantageously comprise a plano-
concave or other diverging or magnifying optic located
between the pinhole aperture 127 and the sensor array 39. As
in FIG. 4, a pinhole aperture 127 1s located at the focal point
128 of the convex lens 28 and arranged to produce a cone
beam of emergent radiation 125. The emergent radiation 125
1s received by the plano-concave optical element 126,
whereby 1t 1s further diverged into radiation beams 225. As
described above, a detector array 39 1s located to receive a
cone beam of emergent radiation 225 from the pinhole
aperture 127.
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FIG. 5 schematically shows an example illustration of
illumination geometry and imaged sample volume with
multiple source-magnifying concave optic pairs as contems-
plated by another embodiment of the present mnvention. A
parallel-beam optical tomography system for imaging an
object of interest 1 generally mcludes the illumination
geometry described above with reference to FIG. 3 and a
plurality of parallel ray beam radiation sources 1-N 35,
where N 1s at least two, for 1lluminating the object of interest
1. Each of the plurality of parallel ray beam radiation
sources 1-N 35 generates a plurality of parallel radiation
beams at a differing angle of view with respect to the object
of imterest 1. Each of the plurality of parallel ray beam
radiation sources 1-N 35 may be an individual light source,
such as a laser, or at least one laser with light routed through
one or more optical fibers or optical fiber bundles, as
described herein below with respect to FIG. 8. An outer tube
41 has a plurality of optically flat input surfaces 63 and a
plurality of corresponding concave output surfaces 635,
where the plurality of corresponding concave output sur-
faces 65 cause the radiation emerging from the outer tube 41
to diverge after passing through the object of interest 1, so
as to produce magnified projection 1images of the object 1.
Alternatively, as described above with reference to FIG. 3,
the post-specimen optic may comprise any magnilying
optical element or combination of elements, including lens
multiplets or other equivalents.

As 1n the other examples described herein, an object
containing tube 2 1s located within the outer tube 41,
wherein the object of interest 1 1s held within the object
containing tube 2, and a plurality of detector arrays 1-N 39
are disposed to receive emerging radiation 36. Each of the
plurality of detector arrays 1-N 39 1s located to receive the
emerging radiation 36 from one or more of the plurality of
concave output surfaces 635.

FIG. 5A schematically shows another example 1llustration
of 1llumination geometry and 1maged sample volume with
multiple source-magnifying convex optic pairs as contem-
plated by an embodiment of the present invention. FIG. 5A
1s constructed substantially similar to FIG. 5, with the
exceptions that an outer tube 41 A has a plurality of optically
flat input surfaces 66 and a plurality of corresponding
convex output surfaces 67, where the plurality of corre-
sponding convex output surfaces 67 focus radiation 68
emerging from the outer tube 41A after passing through the
object of interest 1. An object containing tube 2 1s located
within the outer tube 41A, wherein the object of interest 1
1s held within the object containing tube 2. A plurality of
pinhole apertures 127 are located at the respective focal
points 69 of the convex output surfaces 67 where each of the
plurality of pinhole apertures 127 receives radiation from
one of the plurality of corresponding convex output surfaces
67 so as to produce an emergent cone beam 70.

A plurality of detector arrays 1-N 39 are disposed to
receive the cone beams 70. Each of the plurality of detector
arrays 1-N 39 1s constructed as described hereinabove and
located to receive the emerging radiation from one or more
of the plurality of pinhole apertures 127.

Referring to FIG. 6, there shown 1s a useful design of a
reconstruction cylinder 12C as contemplated by an embodi-
ment of this invention. Here, a ring of point sources 27 1s
disposed about the object containing tube 2 and a ring of
image sensors 23 1s placed 1n a plane situated above, at or
below the plane containing the point sources 27. While only
four point sources and four sensors are shown in the
illustration, it will be understood that the rings of sources
and 1mage sensors may advantageously comprise a greater
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number, that being enough to enable tomographic recon-
struction of 1maged objects. The 1mage sensors can be below
or above or 1n the plane of the point sources. By placing the
point sources 27 and 1mage sensors 25 on separate planes,
point sources on opposing sides of the cylinder will not
physically interfere with other illumination beams. Each of
the point sources may advantageously generate a parallel ray
beam 135 which may be magnified after passing through the
imaged object as described herein above with reference to
FIGS. 3, 4, 4A, 5§ and 5A.

During the course of moving through the reconstruction
cylinder, the cell 1 passes through at least one photon point
source. A central feature of the present invention 1s that a
number of photon point sources 27 of selectable wavelength
are disposed around and concentric with the object contain-
ing tube. The photon point sources operate 1n conjunction
with opposing CCD, CMOS, TDI or other image sensors 25
that are sensitive to selectable portions of the light spectrum,
thus allowing the acquisition of projections 21 of the light
transmitted through the cell 1. In this manner, a set of
projection rays 135 can be generated where the projection
rays can be described as the straight line connecting the
source point to an individual sensing element. The difference
between the number of photons leaving the source point
along a particular projection ray and the number of photons
received at the particular sensing element 1s related to the
number of photons lost or attenuated due to interactions with
the cell and other contents of the object containing tube 2
along the projection ray path.

However, complications may arise from light scatter,
photon energy shifts, imperfect geometry and poor
collimation, and photons from different sources may arrive
at a particular sensing element when multiple source points
are energized simultaneously. With careful construction of
the reconstruction cylinder, for example by judicious choice
of the geometry for the pattern of point sources and their
opposing detectors as described herein, and by proper timing
or multiplexing of activation of the multiple point sources
and readout of the sensor arrays, the photon contamination
due to these 1ssues can be minimized.

Photon contamination can be partially accounted for by
calibration of the system, for example, with no cells present.
That 1s, each light source may be 1lluminated 1n turn and its
cffects on each of the sensors can be measured, thereby
providing offset data for use in normalizing the system. An
additional calibration step may entail, for example, 1maging
latex polymer beads or other microspheres or oblate sphe-
roids whose optical properties are known and span the
density range of interest for cellular imaging.

Now referring to FIG. 7, there schematically shown 1s an
example of a flow diagram 50 1llustrating the operation of a
TDI 1mage sensor. Charge corresponding to an 1mage ele-
ment of the cell 1s transterred down a column of pixel
clements 51 of the TDI sensor in synchrony with the 1image.
The charge transter occurs sequentially until the accumu-
lated charge from the column 1s read out at the bottom
register of the sensor 26.

In one embodiment of the optical tomography system
contemplated by the invention, a plurality of TDI sensors 23
are oriented such that each sensor has a direction of line
transfer 52 that 1s parallel to that of cell movement 20 along
the z-axis. The TDI image sensor line transfer rate 1is
synchronized to the velocity of the cells by timing or
clocking signals from the computer 13.

The flow diagram of FIG. 7 shows a moving cell 1 and 1ts
location with respect to a TDI sensor 25 at various times
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along a time line 34. At time=0 the cell 1 1s just above the
TDI sensor 25 and no 1image 1s sensed. At time=1 the cell 1
1s partially imaged by the TDI sensor 25. A shadowgram 51
of the cell 1 1s imaged one line at a time. Electrical charges
22 corresponding to each 1mage line are transferred to the
next line of sensor pixel elements 23 in synchrony with the
movement of that image line down the TDI 1mage sensor
from time=0 to time=5. In this way, electrical charge cor-
responding to each pixel 1s accumulated down each column
24 of the TDI detector 25 until it 1s read out at the bottom
register 26 at time=>5.

The TDI sensors are oriented such that the direction of
line transfer 52 1s the parallel to that of cell movement 20
along the z-axis. The TDI image sensor line transfer rate 1s
synchronized to the velocity of the cells. Depending on the
number of lines or stages 1in the TDI 1image sensor, additional
photogenerated charge 1s accumulated and the signal 1s
boosted (e.g. up to 96 fold with a 96 stage TDI sensor such
as the Dalsa IL-E2 sensor).

Light Source.

Referring now to FIG. 8, an example 1illustration of a
parallel ray beam light source as contemplated by an
embodiment of the present invention 1s schematically
shown. In this example, the parallel ray beam light source
includes a laser 105 coupled to optical fibers 110. The optical
fibers 110 may comprise individual fibers or optical fiber
bundles or the equivalent. In operation the plurality of
optical fibers 110 receive laser beams 107 and deliver
parallel radiation beams 36 to source positions surrounding,
the flow tube or capillary tube. In this way, the number of
lasers needed for multiple light source systems, such as, for
example, described with respect to FIG. 5 and FIG. 5A
above, may advantageously be reduced by routing light
beams from a single laser through a number of optical fibers.
Optical elements such as lenses and/or mirrors may be
incorporated at the input or output, or both, of the optical
fibers 110.

In operation, each laser beam diameter may be on the
order of one-half to several millimeters, allowing a single
laser to couple many opftical fibers having openings ranging
from about thirty microns to one hundred-micron fibers out
of each laser source.

Each source may have the same general characteristics,
preferably:

it may approximate a small circular point source,

it may be a laser, laser diode or light emitting diode,

it may be bright with known spectral content,

the photons emitted from the source may form a beam of
a known geometry such as a pencil beam where all
photon rays are parallel.
Each source creates data for one projection angle. In an
example data collection geometry, a plurality of sources
arranged along a helix whose axis 1s the center axis of the
object containing tube creates data from multiple projection
angles as the cell moves through the module. Depending on
the sensor geometry, several point sources could be disposed
about the same circumference with angular separation such
that the projections do not overlap at the sensor. The desired
number of sources 1s a function of the needed resolution
within each planar reconstruction (the x-y plane) or volu-
metric reconstruction. Further, the wavelength of the sources
1s selectable either by use of various diode 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 source points,
such as:
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a laser or laser diode,
a laser-fiber bundle combination,

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

an aperture utilizing surface plasmon focusing of photons
on both the entry and exit sides of the pinhole,

an optical fiber with a small cross-section,

a virtual point source from a short focal length lens 1n
front of a photon source,

an electron beam that 1rradiates a point on a phosphor
surface (a form of CRT), and

various combinations of the above.

The geometry using a diverging beam of light 1s such that,
the closer the point source to the object of interest 1 (e.g. a
cell), the higher the magnification due to the wider geomet-
ric angle that 1s subtended by an object closer to the source.
Magnification 1n a simple projection system 1S approxi-
mately 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 1s known in advance of the system
design, then the geometry can be optimized for that particu-
lar resolution. For background, those skilled 1n the art are
directed to Blass, M., editor-in-chiet, Handbook of Opiics:
Fiber Optics and Nonlinear Optics, 2™ ed., Vol. 1V,
Mcgraw-Hill, 2001.

Referring now to FIG. 9, there shown schematically 1s an
example of a reconstruction cylinder 12E, surrounding tlow
tube 2 containing flowing objects 1, such as cells, as
contemplated by an embodiment of the present invention. A
reconstruction cylinder 12E includes, for example, a helix
70 including a plurality of parallel ray beam sources 72
disposed at a predetermined helical pitch. Sensing elements
39 are disposed to receive light from the point sources, after
it passes through the cell or other object of interest 1 and 1s
magnified by post-specimen optical elements as described
above with reference to FIGS. 3, 4, 4A, 5 and SA.

While the arrangement of the plurality of parallel ray
beam sources 72 1s helical, an array of parallel ray beam
sources used 1n a reconstruction cylinder as contemplated by
the present 1invention may take on a wide variety of geo-
metric patterns, depending in part on the speed of the
electronics, the cell velocity and the geometry that achieves
non-overlapping projection signals at the sensor (detector).

For example, with reference to FIG. 10, there shown 1s a
reconstruction cylinder 12F including a series of partial
circumferences 74 arranged along a Z-axis through the
object containing tube 2, wherein each partial circumference
74 may contain more than one source-detector pair.

The fixed optical point sources 72, 1n conjunction with
opposing detectors 39 mounted around a circumierence of
the tube can sample multiple projection angles through the
entire cell as 1t tlows past the sources. By timing of the
emission or readout, or both, of the light source and attenu-
ated transmitted and/or scattered and/or emitted light, each
detected signal will coincide with a specific, known position
along the axis in the z-direction of the flowing cell. In this
manner, a cell flowing with known velocity along a known
ax1s perpendicular to a light source that 1s caused to emit or
be detected 1n a synchronized fashion can be optically
sectioned with projections through the cell that can be
reconstructed to form a 2D slice in the x-y plane. By
stacking or mathematically combining sequential slices, a
3D picture of the cell will emerge. It 1s also possible to
combine the cell motion with the positioning of the light
source (or sources) around the flow axis to generate data that
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can be reconstructed, for example, 1n a helical manner to
create a 3D picture of the cell. Three dimensional recon-
struction can be done either by stacking contiguous planar
images reconstructed from linear (1D) projections, or from
planar (2D) projections directly. The 3D picture of the cell
can yield quantitative measures of sub-cellular structures
and the location and amount of tagged molecular probes that
provide diagnostic information.

The mvention has been described herein 1n considerable
detail mn 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, it 1s to be understood that the
invention may be carried out by specifically different
equipment, and devices and reconstruction 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 parallel-beam optical tomography system for 1mag-
ing an object of interest comprising;

a plurality of parallel beam radiation sources for i1llumi-
nating the object of 1nterest with a plurality of parallel
radiation beams; and

an object containing tube, wherein the object of 1nterest 1s
held within the object containing tube, and wherein the
object containing tube has a reconstruction cylinder
positioned around the object containing tube, wherein
the reconstruction cylinder holds the plurality of par-
allel beam radiation sources 1n a geometrical arrange-
ment around a circumierence of a sample including the
object of imnterest, and wherein the reconstruction cyl-
inder further includes a detector array located to receive
emerging radiation from the 1lluminated object of inter-
cst.
2. The parallel-beam optical tomography system of claim
1 wherein the object of interest comprises a cell.
3. The parallel-beam optical tomography system of claim
1 wherein at least one of the plurality of parallel beam
radiation sources comprises a laser.
4. The parallel-beam optical tomography system of claim
3 wherein the laser emits radiation in the visible portion of
the electromagnetic spectrum.
5. The parallel-beam optical tomography system of claim
3 wherein the laser emits radiation in the ultraviolet portion
of the electromagnetic spectrum.
6. The parallel-beam optical tomography system of claim
1 wherein the object of 1nterest includes a molecular probe.
7. The parallel-beam optical tomography system of claim
1 wherein the detector array comprises a detector array
selected from the group consisting of solid state sensors,
charge coupled device sensors, complementary metal oxide
semiconductor sensors and time delay and integration sen-
SOrS.
8. The parallel-beam optical tomography system of claim
1 wherein the object containing tube 1s coupled to a
mechanical stage or micromanipulator that rotates the object
containing tube to present differing views of the object of
interest.
9. The parallel-beam optical tomography system of claim
1 wherein the object containing tube 1s within an outer tube
having an optically flat input surface and a concave output
surface or plano-concave lens, where the concave outer
surface or plano-concave lens diverges radiation emerging
from the outer tube after passing through the object of
interest.
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10. The parallel-beam optical tomography system of
claim 9 wherein the outer tube further comprises a space
around the object containing tube 1n communication with a
port for filling the space around the object containing tube
with optical o1l having the same 1ndex of refraction as the
outer tube and the object containing tube.

11. The parallel-beam optical tomography system of
claim 1 wherein the parallel ray beam radiation source 1is
selected from the group consisting of a laser,

a laser-fiber bundle combination,

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

an aperture utilizing surface plasmon focusing of photons
on both the entry and exit sides of the pinhole,

an optical fiber with a small cross-section,

a virtual point source from a short focal length lens in
front of a photon source, and

an electron beam that 1rradiates a point on a phosphor

surface, and combinations of the aftoresaid elements.

12. The parallel-beam optical tomography system of
claim 1 wherein the object contamning tube comprises a tlow
tube.

13. The parallel-beam optical tomography system of
claim 12, wherein the object of interest has a flow velocity,
and wheremn the geometrical arrangement comprises an
arrangement from the group consisting of a series of partial
circumferences arranged along the z-axis wherein each
partial circumference includes at least one source-detector
pair, and a helix having a pitch that 1s a function of the flow
velocity.

14. A parallel-beam optical tomography system for imag-
ing an object of interest comprising:

a parallel beam radiation source for illuminating the
object of interest with a plurality of parallel radiation
beams;

an outer tube having an optically flat input surface and a
convex output surface or convex lens, where the con-
vex output surface or convex lens focuses radiation
emerging from the outer tube after passing through the
object of interest;

an object containing tube located within the outer tube,
wherein the object of interest 1s held within the object
containing tube;

a mechanical stage or micromanipulator coupled to rotate
the object containing tube to present differing views of
the object of interest;

a pinhole aperture located at the focal point of the convex
lens and arranged to produce a cone beam of emergent
radiation; and

a detector array located to receive the cone beam of

emergent radiation from the pinhole aperture.

15. The parallel-beam optical tomography system of
claim 14 wherein the object of interest comprises a cell.

16. The parallel-beam optical tomography system of
claim 14 wherein the parallel beam radiation source com-
prises a laser.

17. The parallel-beam optical tomography system of
claim 14 whereimn the laser emits radiation in the visible
portion of the electromagnetic spectrum.

18. The parallel-beam optical tomography system of
claim 14 wherein the laser emits radiation 1n the ultraviolet
portion of the electromagnetic spectrum.

19. The parallel-beam optical tomography system of
claim 14 wherein the outer tube further comprises a port and
space around the object containing tube filled with optical
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o1l having the same index of refraction as the outer tube and
object containing tube.

20. The parallel-beam optical tomography system of
claim 14 wherein the object of interest includes a molecular
probe.

21. The parallel-beam optical tomography system of
claim 14 wherein the detector array comprises a detector
array selected from the group consisting of solid state
sensors, charge coupled device sensors, complementary
metal oxide semiconductor sensors and time delay and

Integration sensors.
22. The parallel-beam optical tomography system of

claim 14 further comprising a plano-concave lens, or other
diverging or magnitying optic located between the pinhole

aperture and the detector array.

23. The parallel-beam optical tomography system of
claim 14 wherein the object containing tube comprises a
flow tube and a reconstruction cylinder 1s positioned around
the object containing tube, wherein the reconstruction cyl-
inder mcorporates the pinhole aperture and a plurality of
additional pinhole apertures in a geometrical arrangement
around a circumierence of a sample including the object of
interest for 1lluminating the object of mterest and the recon-
struction cylinder further includes the detector array and a
plurality of additional detector arrays located to receive
emissions from the illuminated object of interest.

24. A parallel-beam optical tomography system for imag-
ing an object of mnterest comprising:

a plurality of parallel beam radiation sources for 1llumi-
nating the object of interest, each of the plurality of
parallel beam radiation sources generating a plurality of
parallel radiation paths at a differing angle of view with
respect to the object of interest;

an outer tube having a plurality of optically flat input
surfaces and a plurality of corresponding concave out-
put surfaces or concave lenses, where the plurality of
corresponding concave output surfaces or concave
lenses diverge radiation emerging from the outer tube
after passing through the object of interest;

an object containing tube located within the outer tube,
wherein the object of interest 1s held within the object
containing tube; and

a plurality of detector arrays, where each of the plurality
of detector arrays 1s located to receive the emerging
radiation from one or more of the plurality of concave
output surfaces.

25. The parallel-beam optical tomography system of
claim 24 wherein the object containing tube 1corporates a
mechanism for movement of the object containing tube.

26. The parallel-beam optical tomography system of
claim 24 wherein the object of interest comprises a cell.

27. The parallel-beam optical tomography system of
claim 24 wherein the plurality of parallel beam radiation
sources comprises a plurality of lasers.

28. The parallel-beam optical tomography system of
claim 27 wherein the plurality of lasers emits radiation in the
visible portion of the electromagnetic spectrum.

29. The parallel-beam optical tomography system of
claim 27 wherein the plurality of lasers emits radiation in the
ultraviolet portion of the electromagnetic spectrum.

30. The parallel-beam optical tomography system of
claim 27 wherein the outer tube further comprises a port and
space around the object containing tube 1s filled with optical
o1l having the same 1ndex of refraction as the outer tube and
object containing tube.

31. The parallel-beam optical tomography system of
claim 24 wherein the object of interest includes a molecular
probe.
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32. The parallel-becam optical tomography system of
claim 24 wherein the plurality of detector arrays comprises
a detector array selected from the group consisting of solid
state sensors, charge coupled device sensors, complemen-
tary metal oxide semiconductor sensors and time delay and
Integration sensors.

33. The parallel-beam optical tomography system of
claim 24 wherein the plurality of parallel beam radiation
sources comprises a plurality of optical fibers or fiber
bundles coupled to at least one laser.

34. The parallel-beam optical tomography system of
claim 24 wherein the object containing tube comprises a
flow tube and a reconstruction cylinder 1s positioned around
the object containing tube, wherein the reconstruction cyl-
inder holds the plurality of parallel beam radiation sources
in a geometrical arrangement around a circumference of a
sample 1ncluding the object of interest for illuminating the
object of interest and the reconstruction cylinder further
holds the plurality of detector arrays.

35. The parallel-bear optical tomography system of claim
34 wherein the object of interest has a flow velocity, and
wherein the geometrical arrangement comprises an arrange-
ment from the group consisting of a series of partial cir-
cumierences arranged along the z-axis wherein each partial
circumference includes at least one source-detector pair, and
a helix having a pitch that 1s a function of the flow velocity.

36. A parallel-beam optical tomography system for 1imag-
ing an object of 1nterest comprising;

a plurality of parallel beam radiation sources for 1llumi-
nating the object of interest, each of the plurality of
parallel beam radiation sources generating a plurality of
parallel radiation paths at a differing angle of view of
the object of interest;

an outer tube having a plurality of optically flat input
surfaces and a plurality of corresponding convex output
surfaces or convex lenses, where the plurality of cor-
responding convex output surfaces or convex lenses
focus radiation emerging from the outer tube after
passing through the object of interest;

an object containing tube located within the outer tube,
wherein the object of interest 1s held within the object
containing tube;

a plurality of pinhole apertures, where each of the plu-
rality of pinhole apertures receives radiation from one
of the plurality of corresponding convex output sur-
faces or lenses so as to produce an emergent cone
beam; and

a plurality of detector arrays, where each of the plurality
ol detector arrays 1s located to receive the emerging
radiation from one of the plurality of pinhole apertures.

37. The parallel-beam optical tomography system of
claim 36 that may incorporate a mechanism for movement
of the tube.

38. The parallel-becam optical tomography system of
claim 36 wherein the object of interest comprises a cell.

39. The parallel-becam optical tomography system of
claim 36 wherein the plurality of parallel beam radiation
sources comprises a plurality of lasers.

40. The parallel-beam optical tomography system of
claim 39 wherein the plurality of lasers emits radiation in the
visible portion of the electromagnetic spectrum.

41. The parallel-becam optical tomography system of
claim 39 wherein the plurality of lasers emits radiation 1n the
ultraviolet portion of the electromagnetic spectrum.

42. The parallel-becam optical tomography system of
claim 36 wherein the plurality of parallel beam radiation
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sources comprises a plurality of optical fibers or fiber
bundles coupled to at least one laser.

43. The parallel-beam optical tomography system of
claim 36 wherein the outer tube further comprises a port and
space around the object containing tube 1s filled with optical
o1l having the same index of refraction as the outer and
object containing tubes.

44. The parallel-beam optical tomography system of
claim 36 wherein the object of interest mncludes a probe.

45. The parallel-beam optical tomography system of
claim 36 wherein the plurality of detector arrays comprise a
detector array selected from the group consisting of solid
state sensors, charge coupled device sensors, complemen-
tary metal oxide semiconductor sensors and time delay and
Integration sSensors.

46. The parallel-beam optical tomography system of
claim 36 further comprising a plurality of optical elements
between the plurality of pinhole apertures and the plurality
of detector sensor arrays.

47. The parallel-beam optical tomography system of
claim 46 wherein the plurality of optical elements are
selected from the group consisting of plano-concave lenses,
magnifying optical elements and diverging optical elements.

48. The method of claim 46 wherein the reconstruction
cylinder has more than one plane of point sources with the
associated planes of sensors where each plane of sources and
assoclated sensors are radially offset from the previous to
capture different perspectives.

49. The parallel-beam optical tomography system of
claim 36 wherein the object containing tube comprises a
flow tube and a reconstruction cylinder 1s positioned around
the object containing tube, wherein the reconstruction cyl-
inder holds the plurality of pinhole apertures and the plu-
rality of detector arrays.

50. The parallel-beam optical tomography system of
claim 49, wherein the object of interest has a flow velocity,
and wheremn the geometrical arrangement comprises an
arrangement from the group consisting of a series of partial
circumferences arranged along the z-axis wherein each
partial circumference includes at least one pinhole aperture-
detector pair, and a helix having a pitch that 1s a function of
the flow velocity.

51. A method for three dimensional reconstruction of an
object of 1nterest comprising the steps of:

packing at least one object of interest into a linear
container;

moving the linear container at a rate of translation;

illuminating the at least one object of interest with at least
one parallel beam radiation source; and

generating at least one projection image with a time delay
and integration (TDI) image sensor having a line trans-
fer rate synchronized to the rate of translation.
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52. The method of claim 51 wherein the at least one object
of interest 1s a cell or a cell nucleus.

53. A method for three dimensional reconstruction of an
object of interest using a reconstruction cylinder design
wherein a plane of point sources and a plane of sensors are
parallel and concentric, one above the other, and wherein the
reconstruction cylinder has an arrangement of sources and
detectors around a circumierence of a sample, the method
comprising the steps of:

(a) 1njecting objects of interest into a flow stream of
controlled velocity;

(b) illuminating the object of interest with a plurality of
parallel optical projection beams; and

(c) generating a set of projection images at a plurality of

angles for each object as 1t flows through the recon-
struction cylinder.

54. A method for three dimensional reconstruction of an
object of interest using a reconstruction cylinder including at
least one plane of point sources and at least one plane of
sensors that are parallel and concentric to the at least one
plane of point sources, one above the other, and arranged
around a circumference of a sample 1n a linear container
including at least one object of interest, the method com-
prising the steps of:

(a) packing the at least one object of interest into a linear
container;

(b) illuminating the at least one object of interest with a
plurality of parallel optical projection beams;

(c) translating the linear container until a selected object
of mterest 1s located within a region of the plurality of
optical projection beams;

(d) centering the selected object of interest as necessary;

(¢) generating a set of projection images from the selected
object of interest at a plurality of angles; and

(f) repeating the steps (b) through (e) until the selected

object of interest has been scanned.

55. The method of claim 54 wherein the reconstruction
cylinder has more than one plane of point sources with the
assoclated planes of sensors where each plane of point
sources and associated sensors are radially offset from each
other to capture different perspectives.

56. The method of claim 54 wherein the step of generating
a set of projection 1mages at a plurality of angles further
comprises the step of selecting individual transaxial images
through the 1maged object as reconstructed from a subset of
the data acquired by the sensor arrays.
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