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1

METHOD FOR IMAGE PROCESSING AND
RECONSTRUCTION OF IMAGES FOR
OPTICAL TOMOGRAPHY

TECHNICAL FIELD

The present invention relates to optical tomographic imag-
ing systems in general and, more particularly, to optical
tomography where an 1image of a small object, such as, for
example, a biological cell, 1s processed and reconstructed
using a three-dimensional algorithm.

BACKGROUND

Recent advances 1n 1imaging biological cells using optical
tomography have been developed by Nelson as disclosed, for
example, 1n U.S. Pat. No. 8,522,775, 1ssued Feb. 18, 2003,
and entitled “APPARATUS AND METHOD FOR IMAG-
ING SMALL OBIJECTS IN A FLOW STREAM USING
OPTICAL TOMOGRAPHY,” the full disclosure of which 1s
incorporated by reference. Further development in the field 1s

taught 1n Fauver et al., U.S. patent application Ser. No.
10/716,744, filed Nov. 18, 2003 and published as US Publi-

cation No. US-2004-0076319-A1 on Apr. 22, 2004, entitled
“METHOD AND APPARATUS OF SHADOWGRAM
FORMATION FOR OPTICAL TOMOGRAPHY,” the full
disclosure of which 1s also incorporated by reference.

Processing 1n such an optical tomography system begins
with specimen preparation. Typically, specimens taken from
a patient are received from a hospital or clinic and processed
to remove non-diagnostic elements, fixed and then stained.
Stained specimens are mixed with an optical gel and 1nserted
into a microcapillary tube. Images of objects in the specimen,
such as cells, are produced using an optical tomography sys-
tem. When acquired using extended depth of field optical
techniques, the resultant projection 1mages may comprise a
set of extended depth of field images from differing perspec-
tives called “pseudo-projection 1images.”

The set of projection 1mages can be reconstructed using
backprojection and filtering techniques to yield a recon-
structed 3D 1image of a cell of interest. The most common and
casily implemented reconstruction algorithms, known as {il-
tered backprojection methods, are derived from a simailar
algorithm 1n x-ray computed tomography (CT) using paral-
lel-beam geometry. (See the following references, for
example, Kak, A. C. and Slaney, M., Principles of Comput-
erized Tomographic Imaging, IEEE Press New York, 1988,
and Herman, G., Image Reconstruction from Projections: The
Fundamentals of Computerized Tomography, Academic
Press, New York, 1980). These methods are based on theo-
rems for Radon transforms with modifications that reflect the
particular geometry of the source/detector configuration and
the ray paths 1n the 1rradiating beam.

Unfortunately, known techniques do not adequately
address several error mechanisms that may be introduced
during the acquisition of projection i1mages, including
pseudo-projection 1mages. Such acquisition errors may
adversely atl

ect post acquisition reconstruction of multi-di-
mensional images. Errors may be introduced, for example, by
mechanical misalignments causing centering errors, by light
transmission elfects described by Beer’s law, by characteris-
tics of optical transter functions inherent 1n a set of optics, and
by distortions caused by undesirable lens efiects at material
interfaces such as tube walls.

Adequate solutions to the above-identified error mecha-
nisms are lacking. Further, known techniques for developing,
filters lack a method for developing optimized filters for back-
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projection of pseudo-projection 1mages. As a result there 1s a
need for systems and methods for mitigating such errors and
their resultant adverse effects and for developing optimized
filters.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A schematically shows a high level block diagram of
an example embodiment for three dimensional reconstruction
of a set of pseudo-projections.

FIG. 1B schematically shows a high level block diagram of
an alternate example embodiment for three dimensional
reconstruction of a set of sectional pseudo-projections.

FIG. 1C schematically shows an optical projection tomog-
raphy microscope system for acquiring pseudo-projections of
objects of interest.

FIG. 1D schematically shows an example illustration of a
capillary tube mounted onto a set of polymer grippers.

FIG. 2 schematically shows an example illustration of a
capillary tube containing an object exhibiting drift parallel to
the tube axis.

FIG. 2A schematically shows a cropped pseudo-projection
image.

FIG. 3 schematically shows an example illustration of an
object 1n a capillary tube exhibiting slight tube translation 1n
a direction that may cause centering errors 1 an optical
tomography system.

FIG. 3A schematically shows an example illustration of
correction for capillary tube drift.

FIG. 4 schematically illustrates a poor focus condition
leading to center of mass measurement errors.

FIG. 5 schematically shows an example illustration of ause
of entropy as a means of correcting alignment errors.

FIG. 6 schematically shows an example illustration of an
alternative use of entropy as a means of correcting alignment
errors 1n pseudo-projections.

FIG. 7 schematically shows an example 1llustration of a
particle 1n a capillary tube for the purposes of demonstrating
the dependence of mncident light on object position.

FIG. 7A illustrates there illustrated 1s an example of back-
projected values for a single row of a pseudo-projection as
may be produced by the system of FIG. 7.

FIG. 8 schematically shows an example illustration of
acquired regions of a set of sectional pseudo-projections.

FIG. 9 schematically shows an example 1llustration of col-
lecting a set of sectional pseudo-projections.

FIG. 10A 1llustrates three cellular sub-objects located 1n
different locations within a biological cell.

FIG. 10B shows the in-plane, lateral cutofl spatial fre-
quency as a function of 0 for a sectioned pseudo-projection
having a scan range passing through a first location 1n the
center of the object, for a set of viewing angles 0.

FIG. 10C shows the cutoil lateral spatial frequency as a
function of 0 for a sectioned pseudo-projection having a scan
range passing through a second location for a set of viewing
angles 0.

FIG. 10D shows the cutoil lateral spatial frequency as a
function of 0 for a sectioned pseudo-projection having a scan
range passing through a third location for a set of viewing
angles 0.

FIG. 11A schematically shows an example of acquisition
ol a set of sectional pseudo-projection data to produce accu-
rate 3D reconstructions.

FIG. 11B 1illustrates an example of spectral power as a
function of the axial position and spatial frequency.

FIG. 11C 1illustrates an example of a set of sectioned
pseudo-projection data obtained for a selected cell.
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FIG. 11D illustrates an example of filter construction as a
function of spatial frequency and amplification.

FIG. 11E illustrates an example of a power spectrum
including the attenuation of power of higher spatial frequen-
cies due to the lower signal-to-noise ratio at the higher spatial 5
frequencies.

FI1G. 12 schematically shows a block diagram of a method
for creating statistical filters using virtual phantoms.

FIG. 13A 1s a graph illustrating relationships between
transmitted and transformed grey scale values and material 10
thickness

FI1G. 13B 1llustrates the logarithmic transformation of grey
scale values of a single column of 1mage data.

FIG. 14 depicts schematically the determination of the
bounding box parameters, as contemplated by an example 15
embodiment.

FIG. 15 illustrates the parameters associated with the
bounding box parameters, as contemplated by an example
embodiment.

20
DETAILED DESCRIPTION OF THE PREFERRED

EMBODIMENTS

The following disclosure describes several embodiments
and systems for processing images including, for example, 75
error correction and reconstruction of three-dimensional
images. Several features of methods and systems 1n accor-
dance with embodiments of the invention are set forth and
described in FIGS. 1A-15. It will be appreciated that methods
and systems 1n accordance with other example embodiments 3g
of the invention can include additional procedures or features
different than those shown in FIGS. 1A-15. Additionally,
methods and systems 1n accordance with several example
embodiments of the invention may not include all of the
features shown 1n these Figures. Throughout the Figures, like 35
reference numbers refer to similar or identical components or
procedures.

The detailed description herein 1s made with respect to
specific examples relating to objects of interest, such as, for
example, biological cells, however, 1t will be understood that 4
these examples are for the purpose of illustration, and not
limitation, 1n one example, an object such as a biological cell
may be labeled with at least one stain, protein or tagged
molecular probe, and the measured amount and location of
this probe may yield important information about the disease 45
state of the cell, including, but not limited to, various cancers
such as lung, breast, prostate, cervical and ovarian cancers.

In accordance with the method of an example embodiment,
image processing 1s undertaken to render the pseudo-projec-
tion 1mages more suitable as inputs to, for example, back- 50
projection and filtering algorithms used for reconstructing
three-dimensional 1mages from the pseudo-projection
images. Reconstruction follows 1image processing and vields
a reconstructed 3D 1mage of an object being imaged. There
are typically two parts to a reconstruction algorithm: back- 55
projection and filtering. Backprojection 1s the technique
whereby corrected and processed pseudo-projection 1mages
are projected 1nto a reconstruction space and intersected with
cach other. Filtering typically precedes backprojection and
reduces artifacts arising from backprojection techniques. 60
While some techmiques for backprojection and filtering are
known, methods presented here provide novel improvements
for use 1n reconstruction of 3D tomographic 1mages as
described and claimed herein.

Generally as used herein the following terms have the 65
following meanings when used within the context of optical
MICrosCOpy Processes:

4

“Capillary tube” has its generally accepted meaning and 1s
intended to 1include microcapillary lubes and equivalent
items with an inside diameter of 100 microns or less.
Such microcapillary tubes are manufactured by Polymi-
cro Technologies, LLC, AZ.

“Object” means an individual cell or other entity. One or
more objects may comprise a specimen.

“Pseudo-projection” (herein often abbreviated “PP”)
includes a single image representing a sampled volume
of extent larger than the native depth-oif-field of the
optics.

“Specimen” means a complete product obtained from a
single test or procedure from an individual patient (e.g.,
sputum submitted for analysis, a biopsy, or a nasal
swab.) A specimen may be composed of one or more
objects. The result of the specimen diagnosis becomes
part of the case diagnosis.

“Sample” means a fimished cellular preparation that 1s
ready for analysis, including a set of or part of an aliquot
Or specimen.

“VYolume of reconstruction” means the region of space that
can be sampled by backprojecting each acquired image.
For a parallel-beam reconstruction, this volume takes
the form of a solid cylinder, the height of which 1s equal
to the length of the field of view parallel to the rotation
ax1s, and the diameter of which 1s equal to the length of
the field of view perpendicular to the rotation axis.

“Point spread tunction” or “PSF” means the image of a
point within a specimen, as observed by an optical detec-
tion system aiter the optical signal has undergone dis-
tortions due to optical inhomogeneities within the speci-
men as well as due to distortions caused by the optical
defection system.

Referring now to FIG. 1A a high level block diagram of an
example embodiment for three dimensional reconstruction of
a set of pseudo-projections 1s schematically shown. A plural-
ity of pseudo-projections 1s acquired at block 1006. The plu-
rality of pseudo-projections may be acquired through opti-
cally scanning a region of interest (ROI) 1002 of a sample or
supplied as stored 1mages indicated at block 1004. Having,
acquired the plurality of pseudo-projections, 1n this example,
error correction techniques are applied to the plurality of
pseudo-projections at block 1008. The error correction tech-
niques may advantageously include one or more of methods
including, for example, registration error correction 1010,
1llumination error correction 1012 and Beer’s law error cor-
rection 1014 so as to produce a plurality of error-corrected
pseudo-projections and equivalents. Other error correction
techniques are available as discussed herein. The plurality of
error-corrected pseudo-projections 1s then reconstructed as
indicated at block 1022.

Referring now to FIG. 1B a hugh level block diagram of an
alternate example embodiment for three dimensional recon-
struction of a set of sectional pseudo-projections 1s schemati-
cally shown. A plurality of sectional pseudo-projections 1s
acquired at block 1030. The plurality of sectional pseudo-
projections may be acquired as described herein below. Hav-
ing acquired the plurality of sectional pseudo-projections, 1n
this example, error correction techniques are applied to the
plurality of pseudo-projections at block 1032. IT applied, the
error correction techniques may advantageously include one
or more of methods including, for example, registration error
correction 1034, illumination error correction 1038 and
Beer’s law error correction 1038 and equivalents. Other error
correction techniques are available as discussed herein. In
one example, error correction 1s employed to produce a plu-
rality of error-corrected sectional pseudo-projections or may
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be similarly used to produce a plurality of error-corrected
sectional reconstructions. The plurality of error-corrected

sectional pseudo-projections 1s reconstructed as indicated at
block 1046.

Note that there are alternate methods for reconstructing
sectional PP’s, 1n one example sectional PP’s are filtered,
added together after filtering, and then reconstructed. In an
alternate method sectional PP’s are filtered, separately recon-
structed as sectional PP’s, then added together.

Referring now to FIG. 1C an optical projection tomogra-
phy microscope system for acquiring pseudo-projections of
objects of interest 1s schematically shown. In this example
embodiment, a high numerical aperture objective lens 60 may
advantageously be mounted on a conventional optical tran-
sillumination (bright-field) microscope 64 with a camera 43
attached. The microscopy system also 1includes a computer-
controlled light source and condenser lens assembly 61. The
camera 43 may comprise for example, a CCD camera. A
piezoelectric transducer (PZT) 57 or equivalent 1s used to
move the objective lens 60 an axial distance of about ten to
fifty microns. Computer control signals 70 are linked to the
computer-controlled condenser and light source 61 for con-
trolling light modulation. One example of an optical projec-
tion tomography microscope 1s taught 1n Fauver, et al. as
referenced herein above.

Camera 43 generates 1image data that 1s stored in a com-
puter memory 72. A specimen 2 1n a capillary tube 3 (both as
shown 1n FIG. 1D) can be translated along a longitudinal axis
49 within the specimen assembly 65. In addition, the capillary
tube 3 containing the specimen can be rotated about the
longitudinal axis 49, via a rotational motor 5 that may advan-
tageously be computer-controlled. In an example embodi-
ment the rotational motor 5 1s controlled by control signals 71
as provided by the computer 7. For high-speed applications
other controls may be added in order to reduce vibrations
during an axial scan. Computer algorithms 74 for image
acquisition, 1mage processing, including error correction and
filtering, and reconstruction of three-dimensional i1mages
may advantageously be included 1n the computer or otherwise
configured to recerve information from the camera or com-
puter memory.

Referring now to FIG. 1D, an example 1illustration of a
microcapillary tube mounted onto a set of polymer grippers 1s
schematically shown. One example of a polymer gripper
system 1s described in co-pending application Ser. No.
10/9°75,162 by Fauver, et al. “Optical Projection Tomography
Microscope,” published on Apr. 21, 2005 as US publication
No. 200500857708, which 1s imncorporated by reference. The
specimen assembly 65 comprises a microscope slide 34,
which serves as an optically clear substrate, capillary tube 3,
index matching material 15, a cover slip 35 and a gripping
apparatus comprising at least one pair of opposing pillars 80.
The capillary tube 3 1n one example comprises a capillary
tube having a diameter where the field of view for electronic
microscopic 1maging 1s comparable to the capillary tube
diameter. The capillary tube 3 preferably comprises, for
example, a microcapillary tube with inner and outer radi1 of
approximately 50 and 150 microns respectively, inserted into
at least one pair of opposing polymer grippers 80. The poly-
mer grippers 80 may advantageously comprise at least one
pair of opposing pillars fabricated on a suitable glass substrate
such as the microscope slide 54. The capillary tube 3 1s filled
with an optical gel 10 containing a specimen 2 1n the optical
gel 10. Immersing the capillary tube 3 1n an mndex matching
material 15 provides lubrication during rotation about the
longitudinal axis 49 (as shown 1n FIG. 1C) and provides a
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uniform medium between the microcapillary tube and the
cover slips 55, thus reducing optical aberrations.

The index matching material 15 1s selected to allow the
optical characteristics of the medium to remain substantially
constant, even as the perspective presented to the objective 60
1s varied. The index matching material 15 may advanta-
geously be chosen to match the refractive index of the capil-
lary tube 3. Index matching maternials are commercially avail-
able (e.g., Nye Optical Gels, Dymax Corp, and Cargiile Labs)
and include, for example optical gels, oils and fluids of vari-
ous indices of refraction for reducing light reflection at opti-
cal interfaces. Optical gels are particularly useful where
higher viscosity 1s desired and may comprise a medium of o1l,
gel, polymer epoxy, or other optically transparent materials
selected to match refractive indices of the surroundings.
Specimens can be held in index-matching epoxy, embedding
media, or plastic polymer as well as index-matching gels and
viscous fluids.

Center of Mass Method for Correcting Alignment Errors

Retferring now to FIG. 2 an example illustration of an
object 1n a capillary tube exhibiting axial dritt 1s shown. An
object, such as a cell 1 1s held 1n a capillary tube 3, filled with
an optical gel 10. Typically the cell drifts longitudinally along
the longitudinal axis 49 of the capillary tube 3 due to insta-
bility 1n the optical gel 10 as indicated by double arrow 9. The
cell 1 should be aligned to a common center 1 a set of
pseudo-projection 1mages 1f reconstruction 1s to be success-
tul; theretfore it 1s advantageous to compensate for axial drift
of the object prior to reconstruction of an 1mage.

For the cell 1, shown at an axial position x 1n the capillary
tube 3, a plurality of pseudo-projection images 1s acquired at
various angular rotation values around axial position x. Due
to axial driit, the object 1s placed at differing positions along
the longitudinal axis of the tube during acquisition of the
plurality of pseudo-projection images. For each position the
center of mass of the cell C_ . 1s measured and the component
of the center of mass along the longitudinal axis 49 1s found.

Referring now to FIG. 2A, a cropped pseudo-projection
image 1s schematically shown. The image of cell 1 1s axially
translated so that the longitudinal component of the center of
mass, C__, 1s aligned to a common axial position such as a
centerline CL of a cropped pseudo-projection image 1. The
translation of the image of cell 1 substantially eliminates axial
driit error.

Referring now to FIG. 3, an example illustration of an
object 1n a capillary tube exhibiting capillary tube drift 1s
shown. Here a cell 1 1s held 1n a capillary tube 3 by optical gel
10, where the tube 3 exhibits drift motion transverse to the
longitudinal axis as indicated by double arrow 11, where the
transverse motion produces centering errors during recon-
struction of the image. The tube should be centered 1n a set of
pseudo-projection 1mages 1f post acquisition 1mage recon-
struction 1s to be successiul, therefore 1t 1s advantageous to
compensate for capillary tube drift prior to reconstruction of
an 1mage.

Referring now to FIG. 3A, there shown schematically 1s an
example 1llustration of correction for capillary tube drift,
which reduces centering errors by cropping a set of pseudo-
correction 1mages to produce a cropped pseudo-projection
image 1" for each pseudo-projection image, where the longi-
tudinal component of the center ol mass forthe cell 1 has been
translated to the centerline 4' of the 1mage. For an object
placed a distance R from the vertical centerline 4 of the
capillary 3, the vertical component of the center of mass 1s
described responsively to R cos(0) when there are no center-
ing errors (where 0 1s the angular displacement of the object,




US 7,835,561 B2

7

R 1s the distance from the center of the tube to the object).
When capillary drift occurs, the motion of the vertical center
may be described as: R cos(0)+E. .. . (0), where E,_ . .18
the error induced by tube drift. One useful means of correct-
ing for correcting for E,_ .. .1s to translate the object so the
vertical component of the center of mass 1s aligned with the

vertical centerline 4' of a corrected 1image 1" for a set of
pseudo-projection 1mages.

Entropy as a Means of Further Reducing Axial and Vertical
Drift

It has been found that center of mass translation methods
for correcting axial and capillary drift work well so long as 1t
1s possible to accurately measure the center of mass. How-
ever, errors 1n center of mass measurement may be induced
through several mechanisms.

Referring now to FIG. 4, there shown 1s an example of a
focus error mechanism. Consider an object shown at two
positions A and B. The object at position A and B should
image the same way, and have the same center of mass, so
long as the object 1s well focused at each location. Lines FP
represent focus positions generating center of mass measure-
ments that are different for positions A and B. Lines CF
represent correct focus positions giving the same center of
mass measurement for object at position A and B. Note that
Lines FP and CF overlap through position B. Errors 1n focus
may result 1n an error in the center of mass measurement,
which, 1n turn, may induce errors in the alignment of the
object, resulting 1n errors 1n reconstruction.

To correct residual errors 1n the center of mass a method of
entropy correction 1s employed. Entropy measures the state of
disorder of an 1image. Since axial and capillary drift result 1n
a more disordered reconstruction, entropy may be used to
provide feedback to an algorithm for adjusting errors in
pseudo-projection centering remaining aiter center ol mass
correction.

Referring now to FIG. 5, there shown schematically 1s an
example 1llustration of an entropy-based method for correct-
ing centering errors by finding an amount of shift to apply 1n
order to align two pseudo-projection images that are opposed
by 180 degrees. A first pseudo-projection image PP@0° and
a second pseudo-projection image PP(@180° of the same cell
1 are acquired at 0° and 180° respectively. Using digital
imaging techmiques, an entropy algorithm 100 for correcting
centering errors 1s applied to the images. The entropy based
algorithm 100 comprises a process including creating a modi-
fied 1mage of PP@O0° called PP'0° at step 102 by shifting
PP@O0° by a first estimated shift value, creating a modified
image of PP(@ 180° called PP'180° at step 104 also by shifting
by a second estimated shift value, averaging PP'0° and
PP'180° to produce an average pseudo-projection image at
step 106. At step 108 an entropy value 1s calculated from the
average pseudo-projection image. The entropy value 1s com-
pared to the entropy value from previous iterations at step
110. If the optimum value 1s not reached at step 110, a cor-
rection factor i1s produced and a search method guides the
selection of an amount of shift at step 112. A value for the
amount of shift 1s produced and fed back into both step 10
and 104 and the method repeats until an optimum error factor
1s reached.

Entropy may be calculated 1n accordance with the follow-
ing relationship: S=-2 (p/P)log,(p/P), where, for 3-bit
images,  has values from 0to 255, p; represents the number of
pixels at the jth grey scale value composing the pseudo-
projection, and P represents the total number of pixels in the
pseudo-projection. As S approaches 0, entropy 1s minimized.
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By using the entropy-based algorithm 100, the amount of
shift to apply to center selected image pairs 1s found. The
correction profile may be sampled by whatever degree of
accuracy 1s desired. For example, if 1t 1s desired to sample the
correction profile every 45 degrees then the corrections must

be found for the selected image pairs 0, 180; 45, 225; 90, 270;
and 135, 315.

Referring now to FIG. 6, there shown schematically 1s an
example illustration of an alternative entropy based algorithm
for centering pseudo-projections as contemplated by an
example embodiment. An alternative entropy-based algo-
rithm 200 employs an entropy measure computed based on a
tull reconstruction of a plurality of shifted pseudo-projections
PP001-PP100, PP101-PP200, PP201-PP300, PP301-PP400,
and PP401-PP500. Entropy that 1s based on a full reconstruc-
tion 1s likely to provide a more noise-free measure, and there-
fore more accurate shiit values.

Alignment of the images with respect to each other 1s
suificient to obtain an optimal reconstruction. The 1mages
need not be aligned relative to the rotation axis. The alternate
entropy-based algorithm 200 comprises a process including
shifting each set of pseudo-projections at step 202, back-
projecting and reconstructing sets of shifted pseudo-projec-
tions at step 204, measuring entropy at step 206 to produce an
entropy value at step 206, comparing the entropy value to
entropy values from one or more previous iterations at step
208 and, 1f an optimum entropy value is not reached, then
generating a modified correction value at step 210. A search
algorithm 210 uses the modified correction value to 1dentity
new shift values for each pseudo-projection at step 210. The
new shift values A, B, C, D and E, are applied to the plurality
of shifted pseudo-projections PPO01-PP100, PP101-PP200,
PP201-PP300, PP301-PP400, and PP401-PP3500 at shiit step
202. The process repeats from step 202 with new shift values
applied until an optimum entropy value 1s reached.

The search algorithms employed 1n steps 112 (FIG. 5) and
210 (FIG. 6) may be a standard search algorithm such as the
golden section search techmique for finding the extremum
(1.e. minimum or maximum) of a mathematical function, by

successively narrowing brackets by upper bounds and lower
bounds. Other useful algorithms include Brent’s method and
the like.

Correction for Illumination Variations

Referring now to FIG. 7, an example 1illustration of an
object 1n a capillary tube 3 filled with optical gel 10 for the
purposes of demonstrating the dependence of light intensity
of location 1s schematically shown. A source of light 18
illuminates an object 601 placed first at Position 1 611 and
then at Position 2 612. The objective lens 60 moves through a
first scan range 621 as it scans Position 1 and a second scan
range 622 as it scans Position 2. As scanning changes from the
vicinity of Position 1 611 to the vicinity of Position 2 612, 1t
occurs at a greater distance from a source of incident light 16.
As aresult of the change 1n the scan location the light captured
by the objective lens 60 1n the vicinity of Position 1 611 will
be more intense than light captured by 1t in the vicinity of
Position 2 612. This 1s conceptually shown with the pattern of
light rays 17 emanating from the source 16. Thus, pseudo-
projections produced from the scan ranges 621, 822 may not
be consistent. Such changes 1n incident lighting as a function
of scan location may introduce adverse effects in post-acqui-
sition reconstructed 1mages. It will be understood by those
skilled 1n the art and having the benefit of this disclosure that
the above-described lighting etfiects also apply to other light-
ing techniques, such as, for example, a microscope condenser
system using Koehler 1llumination and equivalents.
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In one example embodiment as implemented by Vision-
Gate, Inc. of Washington State, for example, two pseudo-
projections acquired over scan ranges having a center-to-
center separation of about 40 microns along optical axis can
differ 1 intensity by 4.4%. This difference may be mani-
fested, for example, when scanning a small object located
near the inner wall of a microcapillary tube having a diameter
of 40 microns. The highest intensity occurs when the scan
range 1s near the portion of the capillary tube wall 3 closest to
the light source, corresponding to Position 1 611, while the
lowest intensily occurs when the scan range near the portion
of the capillary tube wall 3 farthest from the light source,
corresponding to Position 2 612.

In order to correct for such illumination variations 1t 1s
necessary to know the 1llumination gradient and the average

location of the objective lens during each scan. The average
location of the objective lens may be calculated as the dis-
tance of the center of the object from the tube center. Using,
the 1llumination gradient and lens location information, a
welghting factor for each pseudo-projection may be applied
when reconstructing the tomographic image.

For example, a method for compensating for differences of
incident light 1n different focal regions a correction takes into
account a first 1llumination gradient g. Here i1llumination
gradient g represents a percentage change 1n grey scale value
per micron that may be estimated either a prior1 or dynami-
cally. An a prior1 estimate of the gradient may be made by
measuring slice data in a blank region of a calibration slide
illuminated by the same light source used for producing the
pseudo-projections, for example. The 1llumination gradient
may also be estimated by averaging gray level values in the
pseudo-projection data set. In this example embodiment, a
blank region of the field of view 1s advantageous, but not
required, so long as the number of absorbing features in the
region so examined remains constant throughout the data set.

Once the 1llumination gradient g 1s known, a correction
factor to compensate for location changes may thus be deter-
mined as follows. I1 the location of the scan range varies with
the angular rotation of the tube 3 according to the formula
/=R sin(T), then for an 1llumination gradient g, the intensity
of light captured by the optical system may, for example, be
described as

[(I)=I0)x[1-gR sin(T)]

Where

g 1s the 1llumination gradient;
T 1s the rotation angle of the tube;

I(T) 1s the intensity captured by the optical system for the
pseudo-projection acquired at angle T, 1n a blank region of the
field of view:

7. 1s the distance along the optical axis from the center of the
scan range to the center of the tube; and

R 1s maximum distance from the center of the tube to the
center of the scan range over the course of the angular rotation
of the tube.

In this example 1llustration the grey scale values 1n each
pseudo-projection may be modified by weighting them
according to the formula

Q(T)=[1-gR sin(T)] "
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so that the intensity for pixel coordinates X and Y, J(X,Y; T),
used for post-acquisition processing of the pseudo-projection
1s g1ven by

JX, L D=IX, ¥ T)8A(T),

Owing to the typically small departures from unily 1n the
denominator, the above multiplication step 1s best performed
within a reconstruction program that processes the grey scale
values as tloating-point values, rather than as integer values.

Thus, to compensate for 1llumination variations due to such
differences 1n lens locations an example method includes;

a) acquiring a set of pseudo-projections from a plurality of
viewpoints about an arc at least partially encircling the
specimen region;

b) weighting each pseudo-projection 1n the reconstructed
tomographic 1mage 1n 1nverse proportion to its departure
from a baseline illumination level; and

¢) reconstructing the set of weighted pseudo-projections
through backprojection and filtering of the images to
create a reconstructed tomographic image.

An additional correction may be applied during back-
projection, in order to compensate for variation 1n ambient
illumination levels during the course of acquiring a single
pseudo-projection. The scan range 621 covers a distance
along the optical axis 642 from location 621A to 621B. As
taught 1n the preceding discussion, the light intensity changes
from one extreme to the other. However, the pseudo-projec-
tion yields only the integrated value of the intensity for each
pixel. This can lead to ambiguity 1in terms of the transmittance
through the object, 1n which an object located at the top of the
scan range 621A produces the same drop 1n grey scale value
as a less absorbing object located at the bottom of the scan
range 621B, due to the difference in the intensity of the
incident light. To compensate for the effect of this 1llumina-
tion gradient, each backprojected line segment can be
welghted according to its proximity to the condenser lens. IT
the scanning range 1s constant for a set of acquired pseudo-
projections, 1.e., the distance from 621A to 621B 1s the same
as the distance from 622 A to 622B, then the weighting of the
backprojected segments can retain the same set of values for
the pseudo-projections in the data set. The change 1n the light
intensily can be determined by using, for example, the pre-
vious methods described above. For example, 11 the light
intensity depends on the location along on the optical axis Z
according to

[(Z)=I0)x[1-gZ]

then the accumulated light 1n a pseudo-projection,
acquired over a scan range AZ from 7, to 7., would be

I(PPOY=I(OX[AZ-g(Z,°-Z°)/2].

in the absence of light absorption. A grey scale value, G,
would correspond to I(PP, 0). If there 1s a thin light absorbing
object present 1n a portion of the field of view which reduces
the incident light by a factor p, then the accumulated light in
the pseudo-projection in that portion of the field of view
becomes

(PP B)=I(PPO)-I(0)x(1-gZ.)x(B-1)8Z

where 7 _1s the location along the optical axis of the absorbing
object (7, =7 _=7,). The corresponding grey scale value
would be G,. Note that a single value for GG, can be the result
of many combinations of (1-gZ )x(p—-1), with the ratio of the
maximum and mimmum values of the absorption factor
related by

(ﬁmax_ 1 )/(61?11}1_ 1 ):(1_8-‘21)/(1_8-‘22)
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In this example, the ambiguity can be removed by applying
the following transformation to the measured grey scale val-
ues for each voxel in the backprojection:

G(Z2)=(Go-G)/(1-gZ).

Note that this means as each pseudo-projection i1s back-
projected, the grey scale value assigned to each voxel changes
with the depth, even along a single backprojected line.

Referring now to FI1G. 7A, there 1llustrated 1s an example of
backprojected values for a single row of a pseudo-projection
as may be produced by the system of FIG. 7. The brightness
of each backprojected line 623A, 623B changes with the
extent of the backprojection along the Z-axis 824 from the
portion of the reconstruction space 623 corresponding to 71
626 to that portion corresponding to Z2 827.

If the specimen has been labeled with fluorescent mol-
ecules (fluorophores), a different grey scale transformation
can be used when the fluorophores are subjected to high
enough light intensity to cause saturation. In this situation, the
fluorophores remove the same amount of light from the
bright-field 1mage and emit the same amount of fluorescent
light as the incident light increases. If the amount of light
removed when the fluorophores are saturated 1s g, then the
intensity of the transmitted (bright-field) image 1s

I[(PPY)=I(PP0)~y

with a corresponding grey scale value G1:

G, =G-T

where GO 1s the grey scale value that corresponds to an
intensity of I(PP, 0). Thus a suitable transformation to obtain
amap ol vy 1s

G,—G,~-G,.
Both types of correction for illumination, 1.e., the weighting

function £2 and the backprojection transformation G—G',
may be used together.

[

‘ects

L1

Correction for Beer’s Law |

In yet another alternative example embodiment 1t has been
discovered that errors due to the effect of Beer’s law or the
Beer-Lambert Law (See H. C. van de Hulst, Light Scattering
by Small Particles, Peter Smith Pub. Inc. (June 1982) can be
compensated for during image reconstruction. Beer’s law
predicts that the intensity of light, I, that arrives at a detector
1s governed by the relationship of equation 1.

[=I e ™. Equation 1
In equation 1, I, 1s the intensity of incident 1llumination, k 1s
the extinction coetlicient for the object the light 1s passing
through and d 1s the distance through which the light travels.
One objective 1n the final reconstructed 3D 1mage of the
pseudo-projection 1mage set 1s to find the extinction coetii-
cient, k, as 1115 distributed throughout the object. In particular,
images must be processed so that, when reconstructed 1nto a
3D reconstruction, the voxel grey level values are represen-
tative of the extinction coetlicient, k, as indicated by Beer’s
law 1n equation 1. The effect of Beer’s law may be compen-
sated for by processing the pseudo-projection images with a
logarithmic function:

In(H)=In{I,)~kd

The presence of the constant, In(1,), 1s not significant for
the reconstruction as the background DC illumination level 1s
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removed by the backprojection and filtering algorithm. Com-
pensation 1s further added to this processing to ensure that the
resulting 1mage spans the range of grey levels mnherent in the
original image. Therefore:

Image;,.=C*In(Image)

where Image 1s a projection, such as a pseudo-projection, and
C 1s chosen such that the span of grey scale values 1s substan-
tially equal in Image and Image,,, .. The value of C depends on
the bit-depth of the image according to the following rela-
tionships;

Bit Depth of Image Data C
8 255/In(255) = 46
12 4095/In(4095) = 492.3

Referring now to FIG. 13A, there shown 1s a graph 1llus-
trating relationships between transmitted and transformed
grey scale values and matenial thickness. Curve 1304 shows
transmitted values of light intensity, I, decreasing as light
passes through increasing thicker absorbing materials. Curve
1302 illustrates transformed logarithmic values dertved from
applying a logarithmic transform to the measured values of
curve 1304. These values become linearly dependent on the
depth, and hence can be added together 1n a linear fashion
from many pseudo-projections without unduly weighting
some pseudo-projections more than others. This transforma-
tion changes the 3D reconstruction from a map of light trans-
mittance to a map of extinction coellicients. In Equation 1

=1 exp(-kd)

the right-hand side can be measured; the logarithmic trans-
form converts the measured values into values of k.

Referring now to FIG. 13B the logarithmic transformation
of grey scale values of a single column of image data is
illustrated graphically. Curve 1310 represents grey scale val-
ues plotted against pixel position. Curve 1308 represents
transformed logarithmic values derived from curve 1310.

Reduced Computation Volume

An additional concern that arises when computing a 3D
reconstruction from backprojection values i1s the amount of
time required to perform the large number of computations.
However, 11 the object of interest 1s much smaller than the
field of view 1n the acquired images (as may be the case if the
object 1s small and not located near the axis of rotation), then
not all of the reconstruction volume needs to be computed.
Instead only a sub-volume needs to be computed. From pro-
jections taken at two orthogonal angles (e.g., zero and 90
degrees), the dimensions and location of a bounding box
within the reconstruction volume of the object of interest can
be determined. By calculating the backprojected values only
within the confines of the bounding box, the number of cal-
culations required can be greatly reduced, thereby improving
throughput speed by a large factor. For example, 11 the recon-
struction volume comprises a cylinder, having diameter of
1,024 voxels and a height of 501 voxels, and the object of
interest comprises a bounding box with dimensions of 150x
120x100 voxels, reducing the number of calculations by a
factor of 292, as compared with the full reconstruction vol-
ume (1,024x1,024x3501 voxels). This method allows an entire
object of interest to be reconstructed, even when the 3D
sub-volume of the bounding box does not include the axis of
rotation.
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In another example, the sub-volume may take the form of
a partially hollow cylinder or box. This sub-volume can be
advantageous when, for example, the focal planes of the
pseudo-projection do not pass through the entire depth of the
object of interest. In such cases, the backprojected volume of
a pseudo-projection 1s truncated, and a gap will form between
the backprojected volumes of opposing (e.g., 0 and 180
degree) pseudo-projections. As a result, the sub-volume of the
completed set of pseudo-projections encircles a hollow cyl-
inder, while the outer boundary of the sub-volume may take
the shape of a cylinder, box, or any arbitrary 3D surface.

Referring now to FIG. 14, an example of a method for
determination of bounding box parameters for a region of
interest including an object 1s schematically depicted. The
example includes:

analyzing a pseudo-projection (PP)@0° 1402 by finding
the edges of the region of interest to determine a bounding
box:

finding a set of coordinates X, Z, 1n PP space 1404;

finding a set of coordinates X , Z_ 1in reconstruction space
1406;

analyzing PP@90° 1408 by finding the edges of the region
ol interest to determine a bounding box;

finding a set of coordinates X,,, 7o, 1n PP space 1410;

finding a set of coordinates Y, in reconstruction space
1412; and

reconstructing volume using a set of coordinates [X,, Y,
7. 11414, where the set of coordinates 1n reconstruction space
[X .Y, Z ] map to the sets of coordinates in PP space.

Referring now to FIG. 15, parameters associated with the
bounding box parameters are illustrated. A bounding box
1500 1n reconstruction space includes a number of recon-
struction slices=7 (max)-7 (min)+1. An object of interest
1501 1s contained 1n the bounding box bounded by param-

cters X (min), X (max), Y (min), Y (max), and Z (max),
7. (min).

Reconstruction by Sectioned Pseudo-Projections

Referring now to FIG. 8 an example 1llustration of an
alternate method for collecting pseudo-projections by sec-
tionming a projection 1s schematically shown. According to the
sectional projection method, a full projection scan of an
object, such as cell 1, 1s divided 1nto a plurality of sectional
scans Range 1, Range 2 and Range 3. Using sectional pseudo-
projections from each of a plurality of differing perspective
view angles during backprojection produces sections of
higher resolution than can be obtained from pseudo-projec-
tions made from a single overall scan of the object. This
results not only from reduced defocusing aberration, but also
because each section possesses different optical properties
that can be treated separately.

Referring now to FIG. 9, backprojection of sectional
pseudo-projections 1s schematically shown. Here a sectional
backprojection 222A 1n a subdivided reconstruction circle
220A 1s formed by the backprojection of sectional pseudo-
projections 230, 232 obtained from differing perspective
view angles. Backprojecting in the subdivided reconstruction
circle 220A preserves detail 1n the sectional pseudo-projec-
tions and permits flexibility in the way that the backprojec-
tions are weighted 1n a reconstruction of the entire image. For
example, the outer sections of the sectional pseudo-projection
may be weighted at a lower value than the sandwiched middle
section of the sectional pseudo-projection, thus allowing a
reconstruction to develop that reflects confidence 1n the origi-
nal pseudo-projection data.

Referring now jointly to FIG. 10A through FIG. 10D,

illustrated therein 1s a phenomenon called “self-aberration,”
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where the retractile nature of an objectrelative to 1ts surround-
ings causes a loss of spatial frequency content in the image of
said object. This self-aberration effect 1s independent of the
asymmetric 3D PSF of the objective lens, and holds true for
fixed focus 1mages as well as for pseudo-projections. Loss of
spatial frequency content 1n the image 1s not uniform through-
out the object, it 1s dependent on the combination of location
ol features within the object and the viewing angle.

Referring now specifically to FIG. 10A, three locations
within the object (1.e. cell), and the frame of reference for
viewing the object and 1ts features at locations C1, C2, and C3
are shown. Location C1 1s centered in the object Location C2
1s off center along the optical axis, while location C3 1s off
center and transverse to the optical axis.

Referring now to FIG. 10B, an imn-plane, lateral cutoff
spatial frequency plot as a function of 0 for a sectioned
pseudo-projection having a scan range passing through the
first location 1n the center of the object 1s shown. Mote that the
power spectrum cutoll frequency does not vary with angle (0)
tor location C1 when the object 1s 1dealized as spherical.

Referring now to FIG. 10C, cutotf lateral spatial frequency
plot as a function of 0 for a sectioned pseudo-projection
having a scan range passing through a second location for a
set of viewing angles 0 1s shown. Note how the power spec-
trum cutoil frequency varies with angle (0) for location C2.
Loss of resolution 1s most pronounced for location C2 at O and
180 degrees, while maximum resolution occurs at 90 and 270
degrees. Dotted line T indicates a second-order effect where
loss of resolution 1s even more pronounced at 180 degrees
than at O degrees.

Referring now to FIG. 10D, a cutoil lateral spatial fre-
quency plot as a function of 0 for a sectioned pseudo-projec-
tion having a scan range passing through a third location for
a set ol viewing angles 0. Note how the power spectrum cutoff
frequency varies with angle (0) for location C3. Loss of
resolution 1s most pronounced for sub-object C3 at 90 and 2770
degrees, while maximum resolution occurs at 0 and 180
degrees. Dotted line " indicates a second-order effect where
loss of resolution 1s even more pronounced at 270 degrees
than at 90 degrees.

Referring now to FIG. 11A an alternate example of sec-
tional backprojection using weighting based on an assess-
ment of frequency content of the pseudo-projection sections
1s shown. As illustrated above, specimen-induced aberration
during imaging of whole cells results 1n aloss of resolution. In
a typical case, resolution varies along the optical scan axis,
and spatial frequency cutoil of the image decreases as the
plane of the cell perimeter becomes closer to the focal plane.
Using sectional backprojection with weighting based on fre-
quency content mitigates the detrimental effects associated
with 1maging whole cells 1n a single pseudo-projection. It
accomplishes this by compensating for the anisotropy of the
PSF 1 different scanning regions of the cell.

An objective lens 80 scans through an object, as for
example, cell 1, 1n objective scan direction 235. Axial posi-
tion of the cell 1 1s indicated by axial position scale 237.
Referring again to FIG. 11 A, a scanned pseudo-projection 1s
sectioned 1nto scanning sections Range 1 241, Range 2 242,
and Range 3 243, forming an 1mage stack 251 of pseudo-
projection data.

Referring now to FI1G. 11B an example of spectral power as
a Tunction of the axial position and spatial frequency 1s 1llus-
trated. Spectral power as a function of the axial position and
spatial frequency 1s represented by curves 239A, 2398, 239C
and 239D. Curve 239A represents spectral power for an axial
position=0. Curve 239B represents spectral power for an
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axial position=+2. Curve 239C represents spectral power for
an axial position=-2. Curve 239D represents spectral power
for an axial position==4.

In one example, spatial frequency roll-oil can be measured

by:

1) imaging a cell by scanning a focal plane to find a peak
focus score:

2) acquiring an 1mage stack mcluding a plurality of sec-
tioned 1images through the entire cell relative to a center,
where the center 1s defined as a peak focus score;

3) calculating a spatial frequency power spectrum of each
image 1n the 1mage stack;

4) repeating actions 1) through 4) for a plurality of cells;
and

5) plotting an average spectral power curve for each axial
position for the plurality of cells to determine an average
spectral power as a function of position along the optical
axis.

Thenumber of cells used for measuring spectral power curves
should be more than 100. A large number of cells 1s necessary
so that differences 1n structure from one cell to another are
evened out when their individual power spectra are averaged
together.

Referring now to FIG. 11D an example of filter construc-
tion as a function of spatial frequency and amplification 1s
illustrated. Once a spectral power curve has been determined
for each position along the optical axis, a corresponding filter
can be constructed for each axial position. Here a filter 1 1s
represented by curve 251, a filter 2 1s represented by flat curve
252, and a filter 3 1s represented by dashed curve 253. A filter
1s chosen so that lower-contrast spatial frequencies are ampli-
fied, thus making power spectra from different axial positions
more similar to one another. As will be understood by those
skilled 1n the art having the benefit of this disclosure, 1n
constructing these filters, it 1s also necessary to avoid ampli-
tying spatial frequencies that have poor signal-to-noise ratios,
so as to avoid amplitying noise.

Referring now to FIG. 11E, an example of a power spec-
trum including the attenuation of power of higher spatial
frequencies due to the lower signal-to-noise ratio at the higher
spatial frequencies 1s 1llustrated. Spectral power curve 239E
illustrates an example of an 1deal curve that each of the
acquired power spectra 239A through 239D (as shown 1n
FIG. 11B) should follow after correction, under the assump-
tion that noise 1s negligible. Curve 239F illustrates an
example of a power spectrum that the power spectra 239A
through 239D might follow after correction, including the
attenuation of power of higher spatial frequencies due to the
lower signal-to-noise ratio at the higher spatial frequencies.
Myriad approaches may be used for balancing the need for
signal amplification with the need to avoid amplifying noise.

Referring now to FIG. 11C, an example of a set of sec-
tioned pseudo-projection data obtained for a selected cell 1s
shown. A pseudo-projection data set 240 comprises a plural-
ity of image stacks, S, ... S,, in this example represented by
stacks 244, 245, 246, from differing perspective views. Each
image stack 244, 245, 246 comprises three ranges 241, 242,
243. The pseudo-projection data set 240 1s filtered using filter
251, filter 252, and filter 253 to produce filtered pseudo-
projection data sets from range 1 241, range 2 242, and range
3 243, respectively. The reconstruction of each of these {il-
tered ranges 241, 242, and 243 takes the form of a truncated
backprojection, in which the truncation of each section cor-
responds to the known limits of each sectional pseudo-pro-
jection’s focal-plane scan range. This truncation 1s indicated
by the regions within the reconstruction zones shown by the
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rectangles 260 in FIG. 11C. Thus a voxel 1s only included 1n
the calculation of a specific pseudo-projection if that voxel
corresponds to a location 1n 3D space that was included in the
volume of scanned during the acquisition of the pseudo-
projection. The central filtered pseudo-projection data set 1s
reconstructed to form a first volume of reconstruction 264 and
the outer filtered pseudo-projection data sets are recon-
structed to form two additional second volume of reconstruc-
tion 262 and 283. A summed reconstruction 270 comprises a
sum of reconstructed images from the three volumes of recon-
struction 262, 284, and 263.

Note that while, 1n the examples, only three pseudo-pro-
jections are illustrated, a greater number may be advanta-
geously employed. An odd number of sections may be advan-
tageously used. A variety of spatial frequency filters with
different cutoff Irequencies may be advantageously
employed on pseudo-projection data sets where a given
pseudo-projection 1s divided into more than three sections.

In an alternate example embodiment of the sectional
pseudo-projection method, the three ranges are added
together 1n a weighted sum, and the backprojection extends
throughout the volume of reconstruction rather than being
truncated. The weighting applied to the three ranges may be
based on weighting each range with a power-spectrum filter,
as described above, or 1n a simple linear fashion such that the
ranges with poorer resolution and/or contrast contribute less
weight at a set of spatial frequencies. Doing so lessens the
amount of contamination in the weighted sum by poor-qual-
ity 1images. In this example embodiment, 1t 1s no longer nec-
essary to know the precise limits of each range, and only a
single reconstruction process, rather than three, 1s necessary.

Filter Optimization

Referring now to FI1G. 12, there schematically shown 1s a
block diagram of a method for creating statistical filters using,
virtual phantoms. Block 1220 indicates creating a set of vir-
tual phantoms, 1n one example the set of virtual phantoms
may advantageously include virtual phantoms with nuclei
having differing sizes and shapes and with differing numbers
and placement of nucleoli. An FFT of each virtual phantom 1s
computed at block 1222. A plurality of simulated pseudo-
projections of each virtual phantom 1s generated from various
perspectives at block 1224. The plurality of simulated
pseudo-projections (sim. PP) are then backprojected to form
the first part of a 3D reconstruction at block 1226. The FFT of
the 3D reconstructions are then computed at block 1228. A
filter (F1-FN) that optlmlzes the backprojection 1s then cre-
ated at block 1230 using a ratio of the virtual phantom FFT
(FFT_P1-FFT_PN) to the FFT of the 3D reconstruction
expressed by the set of backprojections (FF1T_BP1-FFT-
_BPN). Data resulting from this simulation may be repre-
sented 1n tabular form as shown 1n Table 1.

TABLE 1
Phantom  FFT(P) BackProj. using sim. PP FFT Filter
P1 FFT P1  BPI1 FFT BP1 F1
P2 FFT_P2  BP2 FFT__BP2 F2
PN FFT_PN BPN FFl__BPN FN
Statistical metrics, as, for example, the filter median (F1,
F2, ..., FN), the filter mean or other statistical metrics, are

particularly useful for accommodating different phantoms.
The 1mvention has been described herein 1n considerable

detail in order to comply with the Patent Statutes and to
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provide those skilled 1n the art with the information needed to
apply the novel principles of the mmvention, and to construct
and use such exemplary and specialized components as are
required. However, it 1s to be understood that the invention
may be carried out by specifically different equipment, and
devices, and that various modifications, both as to the equip-
ment details and operating procedures, may be accomplished
without departing from the true spirit and scope of the present
ivention.

What 1s claimed 1s:

1. A method for reconstructing three-dimensional (3D)
tomographic 1images comprising;

acquiring a set of pseudo-projection 1mages of at least one
object;

applying error corrections to the set of pseudo-projection
images to produce a set of corrected pseudo-projection
images, where the error corrections correct for registra-
tion error effects by measuring a center of mass of the at
least one object 1n each projection 1image, and by cor-
recting for axial registration errors by shufting the at least
one object 1n each pseudo-projection 1image so that the
axial component of the center of mass for the object 1s
aligned to a common axial position 1n each of the set of
corrected pseudo-projection images; and

processing the set of corrected pseudo-projection 1mages
to produce (3D) tomographic images.
2. The method of claim 1 wherein applying error correc-

tions also comprises correcting for at least one of 1llumination
error effects and extinction coelficient effects.

3. The method of claim 1 wherein applying error correc-
tions also comprises correcting for centering errors by shift-
ing the object 1n the set of pseudo-projection images so that a
vertical component of the center of mass 1s aligned to the
centerline of the 1image.

4. The method of claim 1 wherein the set of pseudo-pro-
jection 1images include at least one pair of pseudo-projection
images at opposing viewing angles and wherein applying
error corrections further comprises:

applying a shiit to a first member of the at least one pair of
pseudo-projection 1mages, relative to a second member
of the at least one pair of pseudo-projection 1images;

combining the first and second members of the at least one
pair of pseudo-projection images; and

measuring the combined shifted pseudo-projection images
to determine whether at least a selected one of errors

including centering errors and axial registration errors
are a minimum.

5. The method of claim 1 wherein each of the set of pseudo-
projection 1mages 1s acquired from an illuminated region
along an optical axis and 1ncludes a plurality of pixels, each
pixel having a grey scale value, wherein applying error cor-
rections comprises altering each grey scale value mapped to
an 1llumination gradient representing a change of grey scale
values for locations along the optical axis.

6. The method of claim 5 1n which the 1lluminated region
includes 1lluminated fluorophores.

7. The method of claim 5 1n which the i1lluminated region
includes saturated fluorophores.

8. The method of claim 5 wherein grey scale values 1n each
of the set of pseudo-projection images are modified by
weilghting them according to the formula

Q((T)=[1-gR sin(T)] ™
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so that the intensity for pixel coordinates X and Y, J(X, Y;
1), used for post-acquisition processing of a pseudo-
projection 1s given by

JX Y T=IX Y TRAT),

where

g 1s the 1llumination gradient;

T 1s the rotation angle of the tube;

I(X,Y,T) 1s the intensity captured by the optical system for

a pseudo-projection acquired at angle T, for pixel coor-
dinates X and Y 1n a blank region of the field of view;

7. 1s the distance along the optical axis from the center of
the scan range to the center of the tube; and

R 1s maximum distance trom the center of the tube to the
center of the scan range over the course of the angular
rotation of the tube.

9. The method of claim 1 wherein each of the set of pseudo-
projection 1mages has a corrected illumination level esti-
mated from a prior1 knowledge and wherein applying error

corrections comprises applying the a prior1 knowledge of the
position of the optical elements during acquisition of each of

the set of pseudo-projection images.

10. The method of claam 1 wherein each of the set of
pseudo-projection 1mages has a corrected i1llumination level
estimated from information contained within each of the set
of pseudo-projection 1mages.

11. The method of claim 1 wherein acquiring a set of
pseudo-projection images of an object comprises:

dividing a projection scan of the object into a plurality of

sectional pseudo-projections acquired at a plurality of
perspective viewing angles; and

summing the plurality of sectional pseudo-projections at

cach of the plurality of perspective viewing angles to
form the set of pseudo-projections.

12. The method of claim 11 wherein the plurality of sec-
tional pseudo-projections are weighted.

13. The method of claim 11 wherein the object comprises
a biological cell.

14. The method of claim 11 wherein the plurality of sec-
tional pseudo-projections includes at least two outer sections
and a middle section, the method further comprising weight-
ing the at least two outer sections with a lower value weight
than the middle section.

15. The method of claim 1 where acquiring a set of pseudo-
projection images comprises dividing a projection scan of an
object into a plurality of sectional pseudo-projections
acquired at a plurality of perspective viewing angles.

16. The method of claim 15 wherein processing comprises
backprojecting each of the plurality of sectional pseudo-pro-
jections 1n a volume of reconstruction for forming a 3D recon-
struction of the object.

17. The method of claim 15 wherein the sectional pseudo-
projections are weighted.

18. The method of claim 15 wherein the object comprises
a biological cell.

19. The method of claim 15 wherein the plurality of sec-
tional pseudo-projections includes at least two outer sections
and a middle section, the method further comprising weight-
ing the at least two outer sections at a lower value than the
middle section.

20. The method of claim 1 where acquiring a set of pseudo-
projection 1mages Comprises:

scanning an objective lens through the object 1n an objec-

tive scan direction;

measuring in-plane spatial frequency power spectra as a
function of the location of the focal plane relative to the
center of the object; and

sectioning the scanned pseudo-projection.
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21. The method of claim 20 wherein the object comprises
a biological cell.

22. The method of claim 20 wherein measuring in-plane
spatial frequency power spectra comprises:

(a) imaging the object by scanning a focal plane to find a

peak focus score;

(b) acquiring an 1mage stack through the entire object
relative to a center, where the center 1s defined as a peak
focus score;

(c) calculating an in-plane spatial frequency power spec-
trum of each 1image in the stack;

(d) repeating steps (a) through (d) for a plurality of objects;
and

(¢) calculating in-plane spatial frequency power spectra for
the plurality of objects to determine an average in-plane
spatial frequency power spectrum for each location rela-
tive to the center.

23. The method of claim 1 where acquiring a set of pseudo-
projection 1mages comprises building a set of sectioned
pseudo-projections from a plurality of sectioned scanned
pseudo-projections acquired at different perspective views.

24. The method of claim 23 further comprising:

filtering the set of sectioned pseudo-projections, using a
plurality of filters computed by comparing ofi-center
power spectra relative to the center power spectrum, to
generate a plurality of filtered pseudo-projection data
sets;

passing each filtered pseudo-projection data set to a plu-
rality of volumes of reconstruction; and

summing the plurality of volumes of reconstruction to
form a summed volume of reconstruction.

25. The method of claim 1 where processing the set of
corrected pseudo-projection 1images to produce (3D) tomo-
graphic 1mages comprises:

calculating logarithmic values for the set of corrected
pseudo-projection images; and

applying backprojection to the logarithmic values to create
a 3D tomographic reconstruction.

26. The method of claim 25 wherein applying backprojec-
tion includes applying a filtering operation to the logarithmic
values of the at least one projection 1image.

27. The method of claim 1 wherein processing comprises
weighting each pseudo-projection 1n the reconstructed tomo-
graphic 1mage in inverse proportion to 1ts departure from a
baseline illumination level, and reconstructing the set of
weilghted pseudo-projections through backprojection and fil-
tering of the 1images to create a reconstructed tomographic
image.

28. A method for reducing registration errors in a projec-
tion 1mage comprising:

a) acquiring at least a pair of projection 1images, wherein
the at least a pair of projection 1mages are extended
depth of field images;

a) measuring the center of mass of at least one object of
interest in each projection 1image;

b) correcting for axial registration errors by shifting each
projection 1mage so that the axial component of the
center of mass 1n each projection 1mage 1s aligned to a
common axial position; and

¢) correcting for centering errors by shifting each projec-
tion 1mage so that the vertical component of the center of
mass 1n each projection 1mage 1s aligned to the center-
line of the image.

29. The method of claim 28 wherein the at least a pair of

projection 1mages are pseudo-projections.

30. A method for reducing registration errors 1n a projec-
tion 1mage comprising:
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(a) acquiring at least one pair of projection images at
opposing viewing angles, wherein the at least one pair of
projection 1images are extended depth of field images;

(b) applying a shiit to a member of the at least one pair of
projection 1images at opposing viewing angles, relative
to the other member;

(¢) combining the shifted member and the other member to
produce combined shifted projection 1mages;

(d) measuring the combined shifted projection 1images to
determine 1f registration errors are a minimum for at
least one of registration errors including centering errors
and axial registration errors; and

(¢) repeating steps (b) through (d) until step (d) 1s true.

31. The method of claim 30 wherein the at least one pair of
projection 1mages are pseudo-projections.

32. The method of claim 30 wherein the registration errors
of the combined shifted projection images are measured by an
entropy measure.

33. The method of claim 30 wherein combining the two
members of the at least one pair of projection 1images com-
prises applying filtered backprojection to the pair of projec-
tion 1mages.

34. The method of claim 30 wherein combining comprises
averaging the shifted member and the other member.

35. The method of claim 30 wherein combining comprises
subtracting one of the members of the pair of projection
images from the other.

36. A method for reducing reconstruction errors due to the
1llumination variation in a series of pseudo-projection images
comprising;

(a) lighting an object in an illumination region to produce

a series ol pseudo-projection 1mages at varying posi-
tions along an optical axis; and

(b) altering each pseudo-projection 1image’s grey scale
value proportionate to an illumination gradient repre-
senting a change of grey scale values for locations along,
the optical axis, wherein each of the series of pseudo-
projection images has a corrected 1llumination level esti-
mated from a prior1 knowledge and knowledge of the
position of the optical elements during acquisition of the
pseudo-projection 1mage.

3’7. The method of claim 36 wherein the corrected 1llumi-
nation level 1s further estimated from information contained
within the pseudo-projection image.

38. The method of claim 36 wherein grey scale values 1n
cach of the series of pseudo-projection images are modified
by weighting them according to the formula

Q(7)=[1-gR sin(7)]™"

so that the intensity for pixel coordinates X and Y, J(X, Y;
1), used for post-acquisition processing of the pseudo-
projection 1s given by

JX L T=IX Y TRAT),

where

g 15 the 1llumination gradient;

T 1s the rotation angle of the tube;

I(X,Y,T) 1s the intensity captured by the optical system for
the pseudo-projection acquired at angle T, for pixel coor-
dinates X and Y 1n a blank region of the field of view;

7. 1s the distance along the optical axis from the center of
the scan range to the center of the tube; and

R 1s maximum distance from the center of the tube to the
center of the scan range over the course of the angular
rotation of the tube.

39. The method of claim 36 in which the 1lluminated region

includes 1lluminated fluorophores.
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40. The method of claim 36 1n which the 1lluminated region
includes saturated fluorophores.
41. A method for generating 3D 1mages from an optical
tomography system, where the optical tomography system
includes an optical axis comprising:
dividing a full projection scan of an object into a plurality
ol sectional pseudo-projections acquired at a plurality of
perspective viewing angles, where the sectional pseudo-
projections are divided 1nto sections located along the
optical axis and wherein each of the plurality of sec-
tional pseudo-projections includes at least two outer
sections and a middle section, the method further com-
prising weighting the at least two outer sections at a
lower value than the middle section;
summing the plurality of sectional pseudo-projections at
cach of the plurality of perspective viewing angles to
form a set of full pseudo-projections; and

backprojecting the set of full pseudo-projections 1n a vol-
ume of reconstruction to form a 3D reconstruction of the
object.

42. The method of claim 41 wherein the object comprises
a biological cell.

43. A method for generating 3D 1mages from an optical
tomography system comprising:

dividing a full projection scan of an object ito a plurality

of sectional pseudo-projections acquired at a plurality of
perspective viewing angles, where the sectional pseudo-
projections are divided into sections located along the
optical axis, wherein the plurality of sectional pseudo-
projections 1ncludes at least two outer sections and a
middle section, the method further comprising weight-
ing the at least two outer sections at a lower value than
the middle section; and

backprojecting the plurality of sectional pseudo-projec-

tions 1n a volume of reconstruction for forming a 3D
reconstruction of the object.

44. The method of claim 43 wherein the sectional pseudo-
projections are weighted according to their position along the
optical axis in the reconstructed tomographic image.

45. The method of claim 43 wherein backprojecting com-
prises applying filtered backprojection.

46. The method of claim 43 wherein the step of applying
filtered backprojection produces at least one backprojected
value that varies with its location along the optical axis.

47. The method of claim 43 wherein the object comprises
a biological cell.

48. A method for scanning an object moving 1n an axial
direction transverse to an objective scanming direction com-
prising;:

scanning an objective lens through the object 1n the objec-

tive scan direction;

measuring in-plane spatial frequency power spectra as a

function of the location of the focal plane relative to the
center of the object, wherein measuring in-plane spatial
frequency power spectra comprises:

(a) imaging the object by scanning a focal plane to find a

peak focus score;

(b) acquiring an 1mage stack through the object relative to

a center, where the center 1s defined as a peak focus
SCOTe;

(c) calculating an in-plane spatial frequency power spec-

trum of each 1image in the stack;

(d) repeating steps (a) through (d) for a plurality objects;

(e) calculating in-plane spatial frequency power spectra for

the plurality of objects to determine an average in-plane
spatial frequency power spectrum for each location rela-
tive to the center; and

sectioning the scanned pseudo-projection.
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49. The method of claim 48 wherein the object comprises
a biological cell.

50. The method of claim 48 further comprising:

building a set of sectioned pseudo-projections from a plu-

rality of sectioned scanned pseudo-projections acquired
at different perspective views;

filtering the set of sectioned pseudo-projections, using a

plurality of filters computed by comparing ofi-center
power spectra relative to the center power spectrum, to
generate a plurality of filtered pseudo-projection data
sets;

passing each filtered pseudo-projection data set to a plu-

rality of volumes of reconstruction; and

summing the plurality of volumes of reconstruction to

form a summed volume of reconstruction.

51. A method for generating a statistical filter for recon-
struction of 1images for 3D reconstructions, the method com-
prising:

creating a set of virtual phantoms;

computing a phantom FFT of each phantom 1n the set of

virtual phantoms to produce a set of phantom FFT’s;
creating a plurality of simulated pseudo-projections of the
set of virtual phantoms from various perspectives;
backprojecting the plurality of simulated pseudo-projec-
tions to form a 3D reconstruction;
computing an FFT of the 3D reconstruction; and
creating a filter using a ratio of a subset of the set of
phantom FFTs to the FFT of the 3D reconstruction
expressed by the set of backprojections.

52. The method of claim 51 wherein the set of virtual
phantoms comprises a set of nucleoli phantoms having dif-
fering sizes and shapes, with differing numbers and place-
ment of nucleoll.

53. The method of claim 52 wherein the created filter
comprises at least one statistical metric.

54. A method of 3D reconstruction comprising;:

computing backprojection values within a sub-volume of

the volume of reconstruction where 3D spatial coordi-

nates and dimensions of the sub-volume are computed

by determination of bounding box parameters for two

orthogonal views of the reconstruction volume, wherein

determination of bounding box parameters comprises:

analyzing a first pseudo-projection (PP) at 0° by finding,
the edges of the region of interest to determine a
bounding box from a first perspective;

finding a set of coordinates X, Z, 1n PP space;

finding a set of coordinates X , 7Z 1n reconstruction
space;

analyzing PP@90° by finding the edges of the region of
interest to determine a bounding box from a second
perspective;

finding a set of coordinates X, Zo5 1n PP space;

finding a set of coordinates Y, in reconstruction space;
and

reconstructing volume using a set of coordinates [X Y ..
7 ]

55. The method of claim 54 wherein the bounding box
bounded by parameters X, (min), X (max), Y, (min), Y,
(max), and 7 (max), Z . (min), where slices 1n the reconstruc-
tion space have a number equal to Z, (max)-Z, (min)+1.

56. The method of claim 354 1 which the sub-volume
comprises a solid 3D rectangle.

57. The method of claim 354 1n which the sub-volume
comprises a partially hollow 3D rectangle.
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