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SYSTEM AND METHOD FOR PROCESSING
SPECIMENS AND IMAGES FOR OPTICAL
TOMOGRAPHY

RELATED APPLICATIONS

This application claims the benefit of the priority date and
1s a continuation-in-part of U.S. patent application Ser. No.
10/716,744, filed Nov. 18, 2003, now U.S. Pat. No. 7,738,
945, of Fauver et al. entitled “METHOD AND APPARATUS
OF SHADOWGRAM FORMATION FOR OPTICAL
TOMOGRAPHY,” which 1s a continuation-in-part of U.S.
patent application Ser. No. 10/126,026, filed Apr. 19, 2002,
now U.S. Pat. No. 7,197,355, of Nelson entitled “VARI-
ABLE-MOTION OPTICAL TOMOGRAPHY OF SPECI-

MEN PARTICLES,” the disclosures of both of which are
incorporated herein by this reference.

FIELD OF THE INVENTION

The present mnvention relates generally to the field of imag-
ing specimens and, more particularly, to imaging specimens
using optical tomography.

BACKGROUND OF THE INVENTION

Fauver et al. teaches an optical imaging system that gen-
crates pseudoprojection 1mages from multiple views of a
specimen, such as a biological cell. Careful preparation of
samples 1s required prior to mitiating optical 1imaging. To
generate a pseudoprojection for each view, the microscope
objective lens 1s scanned 1n a linear direction that 1s orthogo-
nal to the central axis of the capillary tube or cylindrical
sample volume. To generate multiple pseudoprojections at
different views, the cylindrical sample 1s rotated about 1ts
central axis and the procedure for taking a pseudoprojection
1s repeated. The cylindrical sample used 1s a line of single
cells that are held 1n a refractive-index-matching gel within a
microcapillary tube. In other embodiments, such as disclosed
in Fauver et al., the microscope objective 1s scanned by mov-
ing 1t 1n a range approximating the tube’s mner diameter, at a
frequency of less than 100 Hz, using commercially available
single axis scanners. A method for substantially increased
specimen scanning would be advantageous since scanning an
objective lens 1s a significant rate-limiting step for imaging
cells using pseudoprojection technology.

Since standard optical microscope objective lenses are
much larger and heavier than a typical cylindrical sample that
may be composed of, for example, cells embedded within a
rigid polymer thread, one purpose of the present invention 1s
to scan the sample and not the significantly more massive
objective lens. Optical fibers of the same material, such as
tused silica and size, for example, on the order of 125 microns
diameter, can be moved at resonance 1n the 10 kHz frequency
range. As a result, single axis scanning speed may be
increased up to 100 times over the previous embodiments
using the techniques of the present mnvention.

In 3D 1imaging for optical tomography there 1s a need for
improving the image quality of a projection 1mage acquired
from a thick sample. There are a number of detrimental opti-
cal aberrations that degrade 1images including:

(a) lateral smearing of the image due to inherent optical
system limitations which occurs even for thin specimens;

(b) lateral blurring of the image due to the contributions from
the out-of-focus portions of the specimen which 1s not an
issue for thin specimens;
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(c) artifactual smearing of the 1image 1n the plane perpendicu-
lar to the axis of rotation due to using a tomographic back-
projection reconstruction algorithm; and

(d) loss of sensitivity when some regions of the volume con-
tain no features.

Lateral smearing of the image, also known as diffraction
degradation, 1s typically present in optical systems. It is
described by the system modulation transfer function (MTF).
Lateral smearing 1s a function of, among other things, difirac-
tion through the system’s aperture, lens aberrations, and
detector pixel size. Typically, 1t 1s corrected by measuring a
two-dimensional point-spread function (2D PSF) for the sys-
tem, and deconvolving the image with the 2D PSF electroni-
cally 1n post-acquisition processing.

Lateral blurring, also referred to herein as defocus blurring,
1s typically present for any sample with a finite thickness. As
with lateral smearing, lateral blurring 1s usually corrected in
post-acquisition processing, 1f at all.

Artifactual smearing 1s a result of using a backprojection
technique in computing a 3D reconstruction of the 1mage as
taught, for example, in Fauver et al. A backprojection algo-
rithm typically operates to spread the measured image along
the optical axis. If backprojection 1s done from a large number
of observation angles, the PSF becomes artificially smeared.

Loss of sensitivity, or biasing, 1s unique to optical tomog-
raphy, as it results from focusing in planes that contain no
features. Focusing on such regions may be unavoidable as
where the location of an object of interest cannot be readily
determined a priori. One such example includes a case where
a cell has a diameter of about ten microns, residing within a
much larger microcapillary tube, typically having a diameter
ol about 40 microns. The result 1s an 1ncrease 1n the DC or
zero-spatial frequency component in the image’s power spec-
trum, unaccompanied by any increase of the non-zero spatial
frequencies. For a camera with a limited dynamic range (i.e.,
limited bits of resolution), features become less distinguish-
able as more and more of them share the same gray-level in an
acquired 1mage.

Lateral smearing, lateral blurring, and artifactual smearing
of the image can be corrected using post processing software,
albeit with some loss of precision when the data acquired 1s
digitized to a finite number of bits. However, loss of sensitiv-
ity 1s more difficult to correct 1n software, because once the
measurement precision 1s lost, 1t cannot be readily restored
without a prior1 knowledge. The present invention provides
for the first time a method for analog pre-processing of pro-
jection 1mages wherein a spatial filter mask, having appropri-
ate optical densities distributed over 1ts surface, 1s placed 1n
one or more Fourier planes (1.e., aperture stops) of an optical
system.

SUMMARY OF THE INVENTION

The present invention provides a scanning method for
scanning samples of biological cells using optical tomogra-
phy. Steps included in preparing, acquiring, reconstructing
and viewing three-dimensional 1mages begin with collecting
cell samples. Concentration and enrichment of the cell
sample follows. The cell sample 1s stained. Cells are 1solated
from the cell sample and purified. A cell/solvent mixture 1s
injected into a gel by centrifugation. A cell/gel mixture 1s
injected into a capillary tube until a cell appears centered 1n a
field of view using a stopped-tlow method or the like. An
optical 1imaging system, such as, for example, a fixed or
variable motion optical tomography system acquires a pro-
jection 1mage. The sample 1s rotated about a tube axis to
generate additional projections. Once the 1mage acquisition
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of a sample 1s completed, the acquired shawdowgrams or
image projections are corrected for errors. A computer or
other equivalent processor 1s used to compute filtered back-
projection information for 3D reconstruction.

The mvention further provides a scanning system for scan-
ning a sample, wherein the sample includes a series of objects
within a container. The scanning system comprises a pseudo-
projection viewing subsystem for 1maging the objects,
wherein the pseudo-projection viewing subsystem includes a
fixed objective lens; and

a plurality of mechanical scanning components mounted to
engage opposing sides of the sample proximate to the fixed
objective lens so as to vibrate the sample to allow the sample
to be axially scanned by the fixed objective lens.

The invention further provides a scanning apparatus com-
prising a pair of synchronized stepper motors, a microscope
objective, a pair of mounting fixtures, a sample, and a pair of
piezotubes. The pair of stepper motors operates to rotate the
sample and the piezotubes are coupled at opposing ends of the
sample to vibrate the sample so as to enable the objective lens
to axially scan the sample.

The mvention also provides a system for pre-processing
projection images from a sample including objects of interest.
The system comprises a light source where a portion of the
sample 1s located to be illuminated by the light source. At
least one objective lens having a Fourier plane, 1s located to
receive lightrays passing through the portion of the sample. A
spatial filter mask 1s located 1n the Fourier plane. At least one
detector located to recerve radiation from the sample when
the sample 1s 1lluminated. A computer including an 1mage
analysis algorithm for producing three-dimensional images,
receives 1maging information from the at least one detector.

The invention also provides a method for pre-processing
projection images from a sample including objects of interest.
The method comprises the steps of:

illuminating a portion of the sample;

using at least one objective lens having a Fourier plane
receive light rays passing through the portion of the sample;

filtering light rays transmitted through the at least one
objective lens with a spatial filter mask located 1n the Fourier
plane to generate spatially filtered light;

detecting the spatially filtered light to generate imaging
information; and

producing three-dimensional images from the 1maging
information using a computer including an 1mage analysis

algorithm.
The 1vention further provides a method for preparing

samples of biological cells for analysis comprising the steps
of:

concentrating and enriching a cell sample;
staining the cell sample;

1solating cells from the cell sample;
puriiying the isolated cells; and

injecting a cell/solvent mixture mnto a gel to produce a
cell/gel mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a schematic view of a high level flow
diagram of a scanning system and method for scanning
samples using optical tomography as contemplated by one
example embodiment of the current invention.

FI1G. 2 illustrates a schematic view of a fast-sample scan-
ning system for optical tomography as contemplated by one
example embodiment of the current invention.
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FIG. 3 illustrates a side view of a scanming apparatus for
optical tomography as contemplated by an alternate embodi-
ment example of the current invention.

FIG. 4 illustrates a top view of the scanning apparatus for
optical tomography as shown in FIG. 3.

FIG. 5 schematically illustrates an example embodiment of
the mvention where a set of piezoelectric pushers move
orthogonally in opposing directions from the central axis of
the sample to rotate the sample.

FIG. 6 schematically shows an example 1llustration of a
high level block diagram of a multi-dimensional 1maging
system using the method and apparatus for pre-processing,
projection 1mages as contemplated by the present invention.

FIG. 7A-FI1G. 7C illustrate an example embodiment of the
invention where the objective lens moves along the optical
axis, with the object of interest 1s within the range of eleva-
tions focused by the moving objective lens.

FIG. 8A-FIG. 8D graphically depict optical characteristics
relating to the method of the invention including an example
ol how the modulation transier function varies with defocus
and with spatial frequency, and how its variation aifect the
spatial filter’s attenuation characteristics.

While the novel features of the invention are set forth with
particularity 1n the appended claims, the mvention, both as to
organization and content, will be better understood and
appreciated, along with other objects and features thereot,
from the following detailed description taken 1n conjunction
with the drawings.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
By

ERRED

The method and apparatus of the invention 1s here
described with reference to specific examples that are
intended to be 1llustrative and not limiting. The method and
apparatus of the invention 1s amenable to additional features
such as matching of the refractive indices of the materials 1n
the samples and the inclusion of microscopic barcodes to
facilitate 1dentification and tracking.

Referring now to FIG. 1, a schematic view of a high level
flow diagram of a scanning system and method for scanning
samples using optical tomography as contemplated by one
example embodiment of the current invention 1s 1llustrated.
As typically implemented, the steps may include a combina-
tion of manual operations, as in sample collection, and auto-
mated processing, as 1n using reconstruction algorithms or
equivalent types of operations including combinations of
manual and automated operations. Steps included in prepar-
Ing, acquiring, reconstructing and viewing three-dimensional
images begin with step 302, collecting cell samples. Concen-
tration and enrichment of the cell sample follows at step 304.
At step 306 the cell sample 1s stained. At step 308 cells are
1solated from the cell sample and purified. At step 309 a
cell/solvent mixture 1s injected into a gel by centrifugation. At
step 310 a cell/gel mixture 1s injected nto a capillary tube
until a cell appears centered 1n a field of view using a stopped-
flow method or the like. At step 312 an optical 1imaging
system, such as, for example, a fixed or variable motion
optical tomography system acquires a projection image. At
step 314 the sample 1s rotated about a tube axis to generate
additional projections. At step 316 a determination 1s made as
to whether the projection data set1s complete and, 1T not, steps
310-316 are repeated for the next object of interest while a
count of acquired sample 1mages 1s maintained.

Once the 1image acquisition of a sample 1s completed, the
acquired shawdowgrams or image projections are corrected
for mechanical registration errors at step 318. A computer or



US 7,811,825 B2

S

other equivalent processor 1s used to compute filtered back-
projection mformation for 3D reconstruction at step 320. At
step 322 visualization soitware or equivalent systems may be
used to view the 3D cell images, or the images may be ana-
lyzed without actual viewing.

In previous practice, cells not held 1n a gel mixture show a
marked tendency to adhere to the glass surface of a capillary
tube. The present mvention provides a method of the mnven-
tion for providing a cell/gel mixture wherein the gel substan-
tially lubricates cells to reduce the tendency to adhere to the
glass surface. Further, because specimen retrieval using this
method 1s very high, the opportumities for cross contamina-
tion of the specimen are substantially reduced. In one
embodiment the cell/gel mixture comprises at least one cell

embedded 1n a liquid having a viscosity >1 million cps and/or
at least one cell embedded 1n a thixotropic gel.

Fast Sample-scanning for Pseudoprojection Technology for
3D Imaging of Cells

Referring now to FIG. 2, a side view of a fast-sample
scanning apparatus for optical tomography including a speci-
men scanning system 100 as contemplated by one example
embodiment of the current invention 1s shown. The specimen
scanning system 100 employs multiple sets of pseudo-pro-
jection viewing subsystems 39 along a sample 4. The sample
4 may comprise a series of objects 1 within a semi-rigid
medium such as an extruded thread 3, cell beads, a capillary
tube, frozen liquid stream or other equivalent medium. A set
ol piezoelectric pushers 50 1s mounted to engage opposing
sides of the semi-rigid medium 3, close to the objective lens
40 so as to vibrate the semi-rigid medium 3 and the object 1
within 1t, to allow the object 1 to be axially scanned by the
fixed objective lens 40. Herein, “to scan” or “scanning’” as
applied to a sample 4 or object 1 1s used to denote acquiring a
plurality of images or allowing the imaging system to acquire
a series of images by vibrating or otherwise moving the object
1 through an axial range.

A plurality of objects 1 may include, for example, particles
such as cells or nuclel. One or more fiducials 45 for registra-
tion may also be embedded or otherwise mounted on or in the
semi-rigid medium 3. Each of the multiple sets of pseudo-
projection viewing subsystems 39 include an image detector
43 such as a CCD or CMOS camera, disposed to recerve
image information from an objective lens 40, illuminated by
an 1llumination system 41. Objective 40 may preferably be a
fixed objective lens. More than one objective lens 40 1s shown
because the system 100 can be operated using multiple view-
ing subsystems 39. In addition, multiple objective lenses may
be positioned non-orthogonally to the sample, so
pseudoprojection 1mages from varying angles can be
acquired in parallel from a single object 1. Since the motion of
the semi-rigid medium 3 1s very small compared to its free-
standing length, there 1s no appreciable material fatigue
because the amount of strain 1s very low. Therefore, the view-
ing subsystems 39 do not have to induce vibrations along
parallel axes of the semi-rigid medium 3. In a preferred
embodiment, the system may advantageously be located 1n a
clean-room environment to reduce the chance of particulates
being pushed against the imaging surface of the semi-rigid
medium 3 and possibly introducing microcracks. To allow for
an 1ncrease in scanning rates, greater optical 1llumination
and/or flash illumination may be required along with
increases in rotation speeds using dual stepper motors 5.
Furthermore, the rotational motion of the semi-rigid medium
3 may be continuous, but at a much lower frequency than 1ts
vibrational motion.
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Each object 1 moves through various stations of multiple
sets of pseudo-projection viewing subsystems 39 along the
direction indicated by arrow 48. Each fiducial 45 aids 1n
detecting specimen positioning and positional shifts during
translation and/or rotation, and may be used with automatic
image registration techniques on the images being integrated
on the image detector, or on individual images that are being
summed for a single integration by the computer. To allow 1ts
use as a reference for both translations and rotation, the fidu-
cial 45 may be an opaque, tluorescent, or half-silvered micro-
sphere or equivalent component. The registration of the mul-
tiple projections of viewed objects 1s corrected as the semi-
rigid medium 3 1s rotated as indicated by arrow 49. In contrast
to other techniques, the present invention moves the specimen
with respect to the objective lens to scan the focal plane
continuously and sums the 1mages optically at the detector,
and 1s not restricted to summing individual 1mages acquired
and summed only electronically. If the objective lens uses
oil-itmmersion, then a thin layer of o1l 54, covering the outer
surface of the semi-rigid medium 3, may be used to reduce
friction and to reduce the mismatch of refractive index.
Unique indicia 44, such as a micro-barcode, may be placed to
identily and to maintain a chain of custody for each of the
plurality of specimens.

In operation, system 100 may be characterized as a fixed-
fixed cantilever geometry that can be vibrated by piezoelec-
tric pushers 50. The piezoelectric pushers 50 in one usetul
embodiment may be mounted to engage opposing sides of the
semi-rigid medium 3 close to the fixed objective lens 40. In
embodiments where the objective lens 40 1s an o1l immersion
type, piezoelectric pushers 50 may be located around the
objective lens 40. In this way, the object 1 1s axially scanned
and the set of piezoelectric pushers 50 easily overcome vis-
cous drag of the object 1 immersed within a liquid environ-
ment for refractive index matching. In an example where the
semi-rigid medium 3 comprises a capillary tube or cell thread,
its center can easily move about 40 microns (um). In embodi-
ments where the objective lens 40 1s air immersion, resonant
vibration may be used with fewer and smaller piezoelectric
pushers 50 as actuators.

The piezoelectric pushers 50 may advantageously have
reversible motion to allow the semi-rigid medium 3 to be
rotated by external motors. Such piezoelectric pusher retrac-
tion of the sample actuator may be made to coincide with the
stepper motor rotation 49. Retraction time may be limited to
less than 5 ms.

Referring now to FIG. 5, there shown schematically 1s an
example embodiment of the invention where a set of piezo-
clectric pushers 50 move orthogonally in opposing directions
from the central axis of the semi-rigid medium 3. The net
result of these opposing forces 1s to push the semi-rigid
medium 3 at the central axis for scanming without introducing
any rotation, about the central axis of the semi-rigid medium
3, while alternatively the net resultant force creates a torque
that results 1n a small rotation. In such a configuration, exter-
nal stepper motors may not be required for rotating the semi-
rigid medium 3.

Another alternative embodiment of the system of the
present invention scans an object embedded 1n a semi-rigid
medium fast enough to maintain the object 1 continuous
rotation by one or more external motors. At the same time
piezoelectric pushers clamp, scan and release the sample.
During clamping rotation under the objective lens 1s tempo-
rarily halted, with resultant strain being taken up by the tor-
sional elasticity of specimen. When the piezoelectric pushers
release the specimen, the torsional elasticity serves to rotate
the sample for scanning at a subsequent rotational angle.
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To 1image multiple cells within a sample, then either the line
of cells must be advanced relative to the pseudoprojection
apparatus, or the pseudoprojection apparatus must be moved.
If the cells are held within a viscous gel within a capillary tube
sample, then axial motion of the cells can be accomplished
using, a continuous flow or a stopped-flow approach as used
in flow cytometry systems or microfluidic systems. However,
if the cells are held in arigid cylindrical rod, such as a polymer
thread or polymer beads, then the sample must be moved
relative to the non-scanning objective lens. Another mecha-
nism for mechanically fixing cells 1n a polymer thread i1s to
freeze a liquid stream containing the cells. In one example
embodiment, where specimens are embedded 1n a semi-rigid
medium, the specimens may be pulled by a linear motor. In
this way each object, such as a cell, 1s observed 1n turn within
the fixed objective lens. A slightly more complex alternative
requires moving the objective and condenser lenses axially
along the sample using machine vision algorithms to locate
and center the lens onto a cell.

Depending on the type of medium used to hold the speci-
men, alternative scanning methods and embodiments may be
employed 1n accordance with this invention. For example, 1n
the case where cells or cell beads are contained in a low-
viscosity tluid, then electrostatic attraction or repulsion can
be used to scan the specimen 1nstead of piezoelectric pushers
or the like.

Referring now to FIG. 3, a side view of a scanning appa-
ratus 200 for optical tomography as contemplated by an alter-
nate embodiment example of the current invention 1s shown.
The scanning apparatus 200 includes a pair of synchronized
stepper motors 3, a microscope objective 10, a pair of mount-
ing fixtures 12, a specimen 14, and a pair of piezotubes 16. In
one example embodiment the pair of stepper motors may be

configured to operate as described 1n co-pending application
60097US to Fauver et al., entitled IMPROVEMENTS IN
OPTICAL PROJECTION TOMOGRAPHY MICRO-
SCOPE, the disclosure of which are incorporated herein by
this reference.

In one example, the specimen 14 may comprise a rigid
sample contained 1n a long thin cylinder, such as a microcap-
illary tube, that 1s rotated at the ends using the pair of micro-
stepper motors 5. By using the mechanical gain of vibratory
amplitude at resonance, piezoelectric tube actuators can be
used on either end of the sample. Since a liquid medium 1s
necessary for cylindrical samples, then the drag may reduce
the amplitude below the required 40 to 50 microns for a single
cell, and lower resonant frequencies may be required. If the
objective lens 1s designed for air-immersion, then there 1s no
index matching o1l to dampen the motion. However, the sur-
face of the cylindrical sample should be modified to have flat
sides, thus requiring non-circular cross-sectional geometries
of the sample, such as a square cross section, hexagonal,
octagonal, etc. Such non-cylindrical outside geometries may
be produced using extrusion methods for both optically clear
materials, such as glass or polymer.

Referring now to FIG. 4, there illustrated 1s a top view of
the alternate embodiment example scanning apparatus 200
for optical tomography as shown 1n FIG. 3. A vertical tube
guide 17 may be used to restrict the sample within a viewing
area under the objective 40 (as shown 1n FIG. 3). The piezo-
tube actuator 16 has a split electrode that generates one-
dimensional motion. The vertical guide 17 may contain a
refractive index-matching medium.

Method for Pre-processing of Projection Images
The following explanation of the concept of the invention

1s provided to promote further understanding of the method of
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the invention for pre-processing of projection images. Refer-
ring to FIG. 6, there schematically shown 1s an example
illustration of a high level block diagram of a multi-dimen-
sional 1maging system using the method and apparatus for
pre-processing projection images as contemplated by the
present invention. The multi-dimensional 1maging system
includes a light source 41, a portion of the sample 4, at least
one objective lens 40 or equivalent optics, a spatial filter mask
62 1n the Fourier plane, at least one detector 43, and a com-
puter 13. In one example embodiment, the computer 13 may
comprise a personal computer or workstation including an
image analysis algorithm for producing three-dimensional
images such as, for example, a tomographic backprojection
reconstruction algorithm 52. The light source 41 generates
light rays that 1lluminate the portion of the sample 4. Trans-
mitted light rays are transmitted through the portion of the
sample 4 and pass through objective lens 43. Objective lens
40 transmits back plane light rays onto a back focal plane so
as to impinge on a spatial filter mask 62 located 1n the Fourier
plane. Masked projection 1mages from the portion of the
sample 4 are transmitted from the spatial filter mask 62 to the
detector 43. Projection imaging information from the detec-
tor 43 1s transmitted to the computer 13. The spatial filter
mask 62 may advantageously comprise, for example, a spatial
filter having an optical density that compensates for the
elfects of optical system blurring, defocus blurring, recon-
struction artifacts, and limited detector dynamic range.

The structure of the spatial filter mask 62 1s determined 1n
part by measuring the 3D point-spread function (PSF), pret-
erably using a microsphere or a pinhole. By placing a camera
in a Fourier plane of our optical system, and measuring the
power spectrum as characterized by the magnitude of the
spatial frequency components of a pseudo-projection of the
microsphere or pinhole, a direct measurement of 1mage deg-
radation due to optical system limitations and out-of-focus
blurring can be made.

S(z,1) 1s here defined as the power, at spatial frequency 1 of
the object at elevation z. G(9, 1) 1s the MTF of the system at
frequency 1 and defocus 0; 1t 1s assumed to be non-negligible
over a range xA. FIG. 8A plots, 1n an example illustration,
how the MTF, G, might vary with frequency relative to its
maximum (diffraction-limited) frequency, 1 __.. In this
example, the MTF 1s assumed to vary with the magnitude of
the frequency, not with 1ts direction, 1.e., G(0, 1)=G(0,I11).
Note that the greater the defocus, the more rapidly the MTF
rolls off with frequency The same data 1s plotted 1n FI1G. 8B,
except that the MTF 1s now plotted against the amount of
defocus relative to the maximum defocus, A. In this example
illustration, the MTF 1s assumed to be symmetric with the
direction of the defocus, 1.¢., G(0, 1)=G(-9, 1).

When a two-dimensional object, located at elevation z on
the optical axis and having spatial frequency content S(z,1), 1s
defocused by an amount 9, the spatial frequency content of
the 1mage captured by the detector 1s S(z,1)G(0,1), where
(G(0,1) 1s the MTF for spatlal frequency 1 and defocus 0. For a
conventional microscopy i1mage, the spatial frequency con-

tent of the acquired image, 1(z.,1), 1s:

79+A (1)
[(zo, f) = f G(z —zo, f)S(z, fldz

0~ 4

In the above equation, the presence ol non-zero values of
G(z,1) for z=7, 1s the source of blur. It gives rise to the appear-
ance ol out-oi-focus features 1n a thick specimen, even 1n the
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absence of 1maging system aberrations. Unfortunately, the
tunctions, G(z,1) and S(z.1) are not separable without a priori
knowledge of the object.

The spatial frequency content of the pseudo-projection at
frequency 1, P(1), 1s computed from the Fourier transform of
the experimentally measured pseudo-projection, It 1s equiva-
lent to the integration of many conventional 2D 1mages over
a range of elevations:

P = [ e iz %)

<1

7 7+
= f i f G(Z -z, f)S(Z, fldZ dz
4 —A

=35(z, /)Q G0, 1)

where @ denotes convolution operating along the optical (z)
axis. Unfortunately, z-axis convolution cannot be performed
without collecting and saving individual slices at each eleva-
tion, as 1t requires a prior1 knowledge of S(z,1).

Unlike Equation (1), Equation (2) 1s amenable to separa-
tion of the variables S(z,1) and G(z'-z,1). It can be expressed

as the sum of three separate elevation regions, only one of
which corresponds to a focal plane within the object itself:

(3)
P(f)=

i Ez—ﬂ FAY ]
f S(z, f)dz f G(6, f)ds| +

vz +HA A

| 7] +A
f S(z, f)dz
Raded |

7—7 1 | =z A ]
f lG(c‘)“,, fido|+ fz Siz, f)cfzf G(o, f)do
— i VA In—Z i

I1 there are no object features outside the range covered 1n the
first term 1n Equation (3), then the two regions covered by the
second and third terms contain only transmitted light (1= O)
This situation corresponds to the case when the object i1s
physically present only within the elevation range from z, +A
to z,—-A.

FIG. 7A 1llustrates a case 1n which the position of the
objective lens 40 places the focal plane at z,, so that the focal
region 46, which covers the contrast-free (blank) volume in
the range from z,-A to z,+A, just reaches the upper elevation
of the object 1. The light from this region contributes to the
third term 1n Equation (3). Its inclusion 1n the pseudo-projec-
tion P(1) 1s zero-padding in the analog domain. By extending,
the range of the focal region 46 above and below the object 1,

all focal planes 1n the object 1 receive equal weighting from
the defocused MTF, G(d.1).

FIG. 7B depicts the system when the focal plane 1s at the
uppermost elevation of the object 1, z,—A, so that the focal
region 46 includes both a portion of the object 1 and the blank
region aboveit. This focal position represents the boundary of
the first term and the third term 1n Equation (3).

FIG. 7C shows the focal plane within the elevation that
includes the object 1; thus i1t contributes to the first term 1n

Equation (3), even though the focal region 46 extends below
the object 1 and 1nto the blank volume below 1t.

I, for clanity of understanding, the MTF 1s assumed to be
symmetric, 1.e., G(0)=G(-0), then:

PH=YNLUN+AT S panse(NA (4)
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where F,__ 1s the transmitted light level and
qu_{Mf¢m}
A (5b)
W)= [ G o
—A
2 —A (5¢)
= [ s
71 +A
If the mtegrated MTF, W(1), 1s known, then P(1) can be nor-

malized to obtain the deblurred spectral power, £2(1). Normal-
1zing by W(1) at each spatial frequency and applying a Fourier
transform yields the blur-free pseudo-projection. FIG. 8C
plots values of W(1), using the hypothetical values of G(0, 1)
shown 1n FIGS. 8A and 8B.

With the completion of the aforesaid steps, each spatial
frequency 1n the object has an equal chance of reaching the
detector. In other words, the MTF 1s flat across the frequency
spectrum. This helps in the measurement, since it reduces the
range of intensities that the camera must acquire. It should be
noted that, since the range of integration 1s much larger than
the diameter of the microsphere, the pseudo-projection’s
power spectrum, P, will contain an excess of DC. By sharply
attenuating the DC component 1n the deconvolution filter, a
more precise measurement of each point 1n the power spec-
trum can be obtained, since the detector has a limited bit depth
(dynamic range).

Image degradation due to lateral smearing and lateral blur-
ring are accounted for by applying W(1), and dynamic range
limitations are made less critical for by additional attenuation
of the DC (1=0) frequency component. However, still to be
obtained 1s the mimimized range of intensities, since the
power spectrum distribution of the desired signal 1s expected
to fall off with increasing frequencies. The degree of rolloif
cannot be determined a prior1. However, it so happens that the
3D reconstruction algorithm includes filtered backprojection
that requires that a high-pass filter (also referred to herein as
a ramp filter), having a transmittance T(1)=1, be applied in the
frequency domain to compensate for reconstruction artifacts,
the remaining source of errors. Application of a ramp filter 1n
the frequency domain also tends to amplify noise, since truly
random noise 1s present with the same spectral power at all
frequencies (white noise). Thus, the ramp filter 1s, preferen-
tially, modified to provide a flattening or a roll-off at high
spatial frequencies. One way of creating such a quasi-ramp
filter, T'(1), 1s to multiply the ramp filter, T(1), by, for example,
a Hanning filter, yielding:

I ()~ [1+cos(f/f e )] (6)

Other functional forms of T'(1) may also be used without
departing from the scope of the invention. The optimal form
of the quasi-ramp filter, T'(1), can be determined empirically
by examining reconstructions of a test target to determine
frequencies where noise predominates.

The result of the foregoing considerations 1s that the fab-
ricated spatial filter exhibits an optical density corresponding
to:

(7)

‘P(f)+€(f)k]

OD(f)=H—1::-g[ (73

The constant term, k, 1s chosen to be as large as possible, so
that the signal attenuation at 1=0 becomes very large. In this
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manner, the DC component received by the detector 1s mini-
mized. Since the DC component contributes only a bias term
to the 1mage, the light attenuation can be arbitrarily large,
resulting, 1n the most extreme case, a contrast reversal 1n the
image, which can easily be corrected.

The transmittance of the filter is 107“?” or

[ T'(f) ]-10—”
Y(f)+e+(fk |

The small positive constant term, H, 1s included to allow for
attenuation due to the filter substrate—even 1n those portions
of the filter where the bracketed term equals one, 1t 1s likely
that the filter’s transmittance will be slightly less than one.
FIG. 8D depicts an example of a spatial filter’s transmittance,
including a ramp filter multiplied by a Hanning filter, and
using the hypothetical values of G(0, 1) shown 1n FIGS. 8A
and 8B. It also plots the separate transmittance contributions
of the quasi-ramp filter and of the inverse of W+ex, obtained
using the data from FIGS. 8 A and 8B. The value of H 1n the
example 15 0.02; 1ts non-zero value ensures that ensures that
the transmittance does not exceed one.

The optical density should be radially symmetric, as long
as azimuthally-dependent smearing, such as that due to astig-
matism 1n the optical system, 1s not present.

The above description applies to the case of plane-wave
illumination, 1.e., when the condenser’s numerical aperture
(NA) 1s zero, and the 1llumination 1s monochromatic. For this
special case, the location of each spatial frequency 11s r(1)=F
tan(1A), where F 1s the focal length of the lens, the wavelength
1s A, and r 1s measured from the center of the aperture.

In one embodiment the optical system contemplated by the
method of the invention uses broadband i1llumination and,
preferably, as wide a condenser NA as possible, and a band-
pass filter with a passband no greater than ten nanometers
wide. The bandpass filter makes it feasible to neglect the
cifect of the wavelength on r(1).

As long as the condenser NA 1s much less than the objec-
tive NA, useful spatial filtering can still be obtained. In the
presence ol a non-zero condenser NA, each spatial {frequency
maps to a region around r(1). Thus, the mapping of r(1) must
be convolved with the condenser function, C, to obtain the
mapping in the presence of a condenser NA, r_(1):

re=r(Hx) € (8)

The DC component of C, C(0), can be measured by acquiring
the 1mage in the Fourier plane when there are no objects
present 1n the field of view. C can be determined by compar-
ing the Fourier spectrum of the pseudo-projections obtained

at specific condenser settings with the one acquired for
NA=0:

[C/,=F NA=q/P NA=0 (9)

Furthermore, when the deconvolution function 1s measured,
its convolution with C 1s already included. As a result:

A Pra=g (10)
fﬂ GNHZ-:; (63 f)ﬁf(‘i — j‘f_g—ﬁg(& ) ﬁf
- 1 +d » 4 NA=q <
Pua . (D
_ DNz f Graco(6, F)d0
Prna=0 J_a
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In Equation (10), S(0,z) may be calculated for an 1deal two-
dimensional object, such as disk or a pinhole. The end result
1s that the spatial filter’s optical density 1s equal to the con-
volution of the condenser function, C, with OD,,,_,, the
desired optical density for a condenser NA of zero. The result
1S

ODy 4, =ODp 1) C (11)

The mvention has been described herein in 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, 1t 1s to be understood that the
invention may be carried out by specifically different equip-
ment, devices and algorithms, and that various modifications,
both as to the equipment details and operating procedures,
may be accomplished without departing from the true spirit
and scope of the present invention. The term “comprising’ as
used herein 1s to be construed 1n an 1inclusive sense such that
the claims include essential features of the inventions, but do
not exclude features not claimed.

What 1s claimed 1s:
1. A scanning method for scanming samples of biological
cells using optical tomography comprising the steps of:
concentrating and enriching a cell sample; staining the cell
sample; 1solating and puritying cells from the cell
sample; injecting the 1solated and purified cells into a
liquid or gel medium to produce a cell mixture;

injecting the cell mixture 1into a capillary tube until a cell
appears 1n a field of view of a pseudo-projection viewing,
subsystem;
acquiring at least one pseudo-projection 1mage of at least
one object that 1s 1n the field of view using the pseudo-
projection viewing subsystem, the pseudo-projection
viewing subsystem comprising a fixed objective lens, a
detector, and a plurality of mechanical scanning compo-
nents that are mounted to engage opposing sides of the
capillary tube proximate to the fixed objective lens so as
to vibrate the capillary tube to enable the at least one
object to be axially scanned by the fixed objective lens,
wherein each pseudo-projection image thus formed
comprises an itegration of focal plane images acquired
during a single exposure of the detector;
rotating the capillary tube about a tube axis to generate
additional pseudo-projection 1images at different views
using the pseudo-projection viewing subsystem;

determinming whether a pseudo-projection data set 1s com-
plete and, 11 not, repeating the above steps of 1njecting
into the field of view, acquiring at least one pseudo-
projection image, and rotating the capillary tube to gen-
crate additional pseudo-projection 1mages of another
object;

correcting the pseudo-projection 1images for errors to pro-

duce corrected pseudo-projection image information;
and from the corrected pseudo-projection image infor-
mation computing filtered backprojection information
for 3D reconstruction.

2. The scanning method of claim 1 turther comprising the
steps of: analyzing images of the 3D reconstruction; and
viewing the images.

3. The scanning method of claim 1 wherein the step of
injecting the cell mixture into a capillary tube comprises
using a stopped-tlow method.

4. The scanning method of claim 3 wherein the cell mixture
comprises at least one cell embedded 1n a liquid having a
viscosity >1 million cps.
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5. The scanning method of claim 3 wherein the cell mixture
comprises at least one cell embedded 1n a thixotropic gel.

6. The scanning method of claim 1 wherein the plurality of
mechanical scanning components comprise: a pair ol piezo-
tubes, wherein the piezotubes are coupled at opposing ends of
the capillary tube and configured to vibrate the capillary tube.

7. The scanning method of claim 1 wherein the step of
correcting the pseudo-projection 1images further comprises
the steps of illuminating a portion of the cell mixture such that
light rays passing through the portion of the cell mixture pass
through a Fourier plane of the fixed objective lens; using a
spatial filter mask 1n the Fourier plane to filter light rays
projecting through the objective lens to produce spatially
filtered light; and reconstructing 3D 1images from the spatially
filtered light.

8. The scanning method of claim 7 wherein the spatial filter
mask has a spatially varying optical density, OD,,__, which
incorporates a quasi-ramp filter, said quasi-ramp filter func-
tioming as a high-pass filter at low spatial frequencies.

9. A scanning system for scanning a sample, wherein the
sample includes a series of objects 1n a container, the scanning
system comprising:

a pseudo-projection viewing subsystem for imaging the
objects, wherein the pseudo-projection viewing sub-
system includes a detector and a fixed objective lens; and

a plurality of mechanical scanning components mounted to
engage opposing sides of the sample proximate to the
fixed objective lens so as to vibrate the sample to allow
the sample to axially scanned by the fixed objective lens;

wherein the pseudo-projection viewing subsystem 1s con-
figured to produce at least one pseudo-projection image
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of the objects 1n a field of view of the pseudo-projection
viewing subsystem, each pseudo-projection image com-
prising an integration of focal plane images acquired
during a single exposure of the detector.

10. The scanning system of claim 9 wherein the plurality of
mechanical scanning components comprise piezoelectric
pushers.

11. The scanning system of claim 9 wherein the sample

comprises a series of objects embedded in a semi-rigid
medium.

12. The scanning system of claim 11 wherein the semi-
rigid medium 1s selected from the group consisting of a poly-
mer thread, a capillary tube, cell beads and a frozen liquid
stream.

13. The scanning system of claim 9 further comprising at
least one stepper motor coupled to the sample for rotating the
sample.

14. The scanning system of claim 13 wherein the at least
one stepper motor operates 1n cooperation with the plurality
of mechanical scanning components to allow scanning of the
sample through multiple angles.

15. The scanming system of claim 9 wherein the fixed
objective lens comprises an o1l immersion lens and piezoelec-
tric pushers are located around the fixed objective lens, so that
the sample 1s 1immersed within a liquid environment for
refractive index matching.

16. The scanning system of claim 9 wherein the fixed
objective lens comprises an air immersion lens.
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