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Abstract
This study investigates the sensitivity and specificity of coded aperture coherent scatter
spectral imaging (CACSSI) via comparison to clinical histological preparation and
pathologic analysis for the differentiation of normal and neoplastic breast tissues. The
clinical goal is to demonstrate potential applications for ex-vivo intraoperative margin
assessment in oncologic breast resection procedures. For qualitative assessment, a
composite overlay of the CACSSI rendered image and pathologist interpreted slides were
used to demonstrate the feasibility of coherent scatter imaging to differentiate cancerous
tissues from normal, healthy breast structures ex-vivo. Image quality metrics of entropy,
cross correlation, orthogonality, and squared error were used to compare CACSSI to
current methods. Via comparison to the pathologist annotated slides, the CACSSI system
may be further optimized to maximize sensitivity and specificity for differentiation of
breast carcinomas.
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1. Introduction
1.1 Background
Within the last 30 years, vast improvements have been made in the accurate diagnoses of
breast cancers. With the advent of digital mammography and tomosynthesis, early
detection has never been more achievable. However, with a heightened sensitivity for
breast cancer detection, the new screening methods have led to an issue of over diagnosis
and overtreatment. It has been estimated that over 30% of all breast cancer cases (both
invasive and DCIS) are considered to be over diagnosed and overtreated.1

Conventional radiographic imaging such as mammography and tomosynthesis derive their
intrinsic image contrast from differences in linear attenuation coefficients for the differing
tissue structures through which incident x-rays undergo photoelectric absorption2. Linear
attenuation coefficients are indirect indicators that can be indicative of abnormal structures
or density changes as a result of well established disease. On the other hand, scatter imaging
is affected by both tissue structural composition as well as attenuation differences. Scatter
signatures for normal, healthy tissues as opposed to diseased structures have higher contrast
than that of attenuation coefficients alone. These differences arise from molecular and
chemical changes to the tissue; such as the accumulation of collagen in the extracellular
matrix, differences in tissue density, the necrotic central core of larger tumors, leaky
vasculature, and an angiogenic environment.3
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1.2 Theory
X-ray diffraction (XRD) is a technique with conventional applications in chemistry and
geology. When x-rays impinge upon a crystalline lattice, like that of a rock or chemical
compound, some of the x-rays coherently scatter off the lattice planes. Coherent photons
are those that have not transferred energy to the sample, but interact such that the photon
deviates from its original direction. Bragg’s law demonstrates how at certain angles the
incident coherent x-ray spectrum will constructively interfere with varying degrees of
intensity. An example of this resultant plot (angle vs constructively interfering scatter) is
visualized in figure 1.

Figure 1: X-ray diffraction form factor

Figure 1: XRD spectral plot of scattered beam intensity as recorded on the detector
for differing angles of sample/detector rotation.
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Figure 2: Bragg diffraction theory
Figure 2: Simplistic illustration of the principles behind Bragg diffraction. As the
crystalline lattice rotates, coherent photons incident on the sample will
constructively interfere when the condition of an integer number of halfwavelengths is equivalent to the interatomic lattice spacing multiplied by the sine
of the angle between the lattice plane and scattered photon/incident photon angle.

While the x-ray source used in CACSSI is not considered a coherent source of
photons, the principle is still valid. All sources of light have a coherence length.
That length for a group of photons from an x-ray tube just happens to be a bit
shorter than that of a laser but still larger than the lattice spacing.

The CACSSI approach uses a polychromatic x-ray beam incident on a tissue sample to
produce a diffraction pattern at the detection plane. The patterned x-ray structure in the
detection plane is used in conjunction with a coded aperture to reconstruct the full XRD

3

spectra for each voxelized point in space within the field-of-view (FOV). The XRD
spectrum, also known as the form-factor, is a 2-dimensional plot of momentum transfer (q)
in units of inverse angstroms and normalized beam intensity.4
The intrinsic diffraction spectra for our tissues of interest has been quantified.5 From
literature, the differences in peak momentum transfer (q) and general shape of the 4 spectra
were measured and displayed in figure 3.

Figure 3: Spectral Library.

The form-factors determined by Kidane et al were extrapolated from isolated tissues with
the exception of the ‘normal’ classification. The ‘normal’ tissue type illustrated in figure 3
represents a 50/50 volumetric mixture of adipose and fibroglandular tissue; as it would be
in a typical, healthy human breast. CACSSI aims to extract the same features with a much
more rapid approach than conventional diffractometry with heterogeneous tissue

4

compositions both in and ex-vivo.

The unique innovations implemented in this scatter imaging system allow the sample’s full
spectra to be acquired at each voxel within the field of view; all performed in a single
acquisition, with static configuration. That is, neither the object or source/detector need to
be moved to collect the intensity for the full range of angles (2θ). In our experiment, two
key physical components are needed to accomplish this difficult task; the coded aperture
mask and photon-counting, energy-sensitive detectors. The coded aperture mask allows the
spatial identification of each scatter voxels’ location within the imaging FOV. Additional
information pertaining to the construction and critical functions of the coded aperture mask
are discussed in section 2.4.6

Theoretically, the energy-sensitive photon counting detectors are not necessary. With an
ideal, monochromatic x-ray source, the need to resolve photon energy is negated and
standard, energy integrating detection could be used. In our situation, it becomes much
more cost effective to utilize a conventional polychromatic x-ray source and more
expensive energy-sensitive detectors.

5

1.3 Imaging application
Coherent scatter spectral imaging has the strong potential for a variety of applications (see
Future Applications). Our Current focus has been in the field of pathology; particularly on
intra-operative margin assessment.

1.3.1 Intraoperative Margin Assessment
For histology, the current technique of paraffin wax processing followed by
chemical staining has been in use for several decades without drastic innovation in
the methodology. Currently, tissue specimens undergo laborious and timeconsuming preparation followed by close, visual scrutiny by a highly trained
pathologist. While this method is well proven with a high sensitivity for diagnosis,
the time required to prepare and examine the slides is long (typically in excess of
3-6 hours).7 There are certain situations, like time sensitive surgical margin
assessment for tumor resection, that could highly benefit from obtaining the same
the results in a timelier fashion.

One such situation is real-time assessment in oncological surgery. Often times,
when a surgeon physically surgically resects a malignant mass, they face a difficult
decision of determining the extent of margins (the anatomical transition region
between gross tumor mass and normal, healthy tissue). Any residual cancer cells
left behind can lead to a recurrence of the tumor and must be excised fully in an

6

attempt to minimize mortality.

In the operating room, a clinical standard for evaluating margins intraoperatively
has not yet been universally implemented. This means that even a highly trained
surgeon has no way of confirming margins without the time consuming
pathological diagnosis. Although methods such as frozen section analysis and
touch-imprint cytology have qualitatively proven themselves to be highly sensitive,
they are either too costly (touch-imprint cytology) or have high false-negative rates
(frozen section analysis).8 With time and technological advancements, these
methods will likely become more cost effective and have improved specificity.
CACSSI aims to complement these techniques and provide additional information
to maximize the quality of patient care.

Any method that is to be clinically implemented for intraoperative margin
assessment needs to be fast, cost effective, and have a high sensitivity with low
false-positive rates. Unfortunately, the ‘gold standard’ workflow of histologic
processing takes so long that results aren't known until the next day; usually after
the patient has been closed up and sent home. When a positive margin is identified
by the pathologist, the patient must be rescheduled for additional surgery and
opened up once again to remove residual disease. A surgical recall situation also
allows the disease time to potentially metastasize to additional sites in the body and
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ultimately leading to increased mortality. A positive margin indicates that diseased
tissue occupies the periphery of the tissue margins excited. While negative margins
do not guarantee that all malignant tissue has been extracted, it is the clinical
standard currently used to evaluate the effectiveness of the surgical resection
procedure.

1.4 Histopathological Background
The breast is a complex, anatomically shift-variant organ. While radiography is
used to screen for cancer, the truly deterministic factor for diagnosis is only
achieved through modern histology. Tissue collected from a biopsy of the
suspicious region undergoes complex, time consuming processing such that it may
be effectively interpreted by a pathologist. Here, we describe the generalized
anatomy of the breast (figure 4) and the cellular characteristics that pathologists use
to diagnose varying degrees of disease within the breast. An extensive coverage of
cellular pathological interpretation can be found in Appendix A.
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Figure 4: Anatomical illustration of the breast (sagittal view).
1. chest wall; 2. pectorals muscles; 3. lobules; 4. nipple; 5. areola; 6. milk
duct; 7. fatty tissue; 8. skin

- Patrick J Lunch, medical illustrator 2006
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The breast is comprised of two main types of tissue; glandular tissue and stomal tissue,
which supports the parenchymal glandular structures (visualized in figure 5). The
glandular structures include the lobules (where milk is produced) and ducts (which
converge at the nipple to allow the delivery of milk to a newborn). The combined fatty
tissue and fibrous connective tissues give the breast its anatomical shape.9

Figure 5: DCIS H&E.

Figure 5. H&E stained section of breast tissue. Centrally located is
a single breast duct with a well developed necrotic core. Adjacent
structures are the supportive fibroglandular tissue (light pink) and
fatty, adipose cells (white). The ductal lumen is indicated by the
ring of dark pink, the clustering of cancerous cells.
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2. Methods & Materials
2.1 Tissue Samples
Specimens utilized for the qualitative validation of CACSSI were resected from human
breast tissue that had been formalin fixed and frozen according to standard histologic
practice. Some specimens had confirmed regions of malignant disease while others were
verified to be disease free, normal tissue.

2.2 Radiation Source
The incident, polychromatic x-ray spectrum is supplied by a standard diagnostic
radiography x-ray tube. The tube/housing combination chosen was a Varian G-1593TRI
tube (figure 6) coupled to a Varian B-180H housing. This particular tube was chosen for
its high anode heat loading capacity to cost rating. The high heat dissipating capacity was
the most important parameter for this preliminary, research system. Heat capacity of the
tube is rated at 1.5 MHU (mega heat units) where 1 HU (heat unit) is equivalent to 0.7
Joules of energy.
The tube possesses a central insert that is traditionally implemented in radiography,
cineradiography, digital, and screen film angiography procedures. The insert features a
12° rhenium-tungsten anode facing on molybdenum with a graphite blacked target and is
available with 3 nominal focal spot sizes; 0.3 - 0.8 - 1.2 mm. Nominal power output for
the 3 nominal spot sizes are 15 kW, 57 kW, and 112 kW respectively.10
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Figure 6: X-ray tube schematic.
Figure 6: Internal components of the diagnostic radiography x-ray tube
used in this research. The unfiltered spectra emitted under standard
operating parameters is visualized in figure 8.
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The Varian HE-100 forced air heat exchanger allows the full heat unit capacity of the tube
to be utilized and permits high photon flux per time for scanning samples; also permitting
very short scan times to be used (figure 7).

Figure 7: Heating and cooling curves.

Figure 7. Curves illustrating the high heat dissipating capacity of
the x-ray system. Rapid scanning is easily performed with such a
system.
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Figure 8: Tube output spectra.

Figure 8. Unfiltered output spectra of the x-ray tube that will be
incident upon the scan samples. The peak voltage across the tube is
125 kVp; nominal.

2.3 Beam Collimation
Beam collimation is accomplished through a multilayered array. The
primary collimator utilizes a standard, manually operated, portable x-ray
full-field collimator; Ralco Medical Components MTR 108-F (figure 9).
The consistent alignment of this component coupled with its accurate light
field and central field alignment laser allow the easy transition between
different incident beam proportions. Secondary collimation includes two
pairs of lead slits, each 1.5 mm thick. One pair is oriented in the X-direction
and the other in the Y-direction. This accomplished another layer of beam
shaping while blocking edge effect scatter from the primary Ralco
collimator. The third, final collimator is a machined bismuth-tin alloy (4
14

mm thick). We find that this third collimation layer is sufficient to perform
the final beam shaping and sufficiently mitigates the unwanted edge effect
scatter from the primary and secondary collimators.

Figure 9: Primary Collimation; Ralco 108-F.
Figure 9. Photograph of the x-ray tube with primary beam shaping collimator
permanently affixed. The collimator is equipped with a 2D light field and 1D
laser for alignment purposes.
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Figure 10: Experimental setup.
Figure 10. Beam path distal to the primary collimator: 1. secondary X-collimation
2. secondary Y-collimation; 3. tertiary beam shaper; 4. Tertiary edge effect scatter
reduction mask; 5. coded aperture and beam stop; 6. Multix detectors (2); 7.
Varian energy integrating detector.

As an additional method of minimizing background scatter, an additional 1.5 mm thick
lead shield encloses the tube and primary collimator. The background counts are those
that do not originate from the irradiated voxels within the scan sample and degrade that
quality of images reconstructed.

In addition to excessive background scatter, divergence of the incident beam is also a
concern. Due to detector saturation, the primary beam that transmits through the sample
16

must be blocked by a beam stop. The beam stop is a 5 mm thick lead block. The beam
block must be placed sufficiently beyond the sample such that the coherent scatter has
adequate divergence to extend beyond the edges of the beam stop without
collision/interaction.

With current SOD, SID, and placement of the three beam shaping collimators, an incident
pencil beam with diameter of 1.5 mm minimally diverges to approximately 2 mm at the
plane of detection.

2.4 Coded Aperture Mask
The coded aperture mask has one paramount function; to provide a means of preferentially
superimposing a textured shadow of the coherently scattered photons at the detector plane.
By doing this one can extrapolate the spatial origin of scatter within the FOV.

2.4.1 Principle of Operation
For a simplistic analogy, imagine an x-ray attenuative bar phantom. A point
scatterer (the scan specimen) will produce a forwardly diverging cone of scatter
impinging on the bar phantom. Beyond this phantom lies the detection plane at a
fixed distance. If the point scatterer is placed closer to the bar phantom, then the
shadow of the bars will appear larger than their actual size at the detection plane.
As the scatter object is moved further from the bar phantom and
17

detection plane, the magnification factor decreases and the apparent feature sizes
approach the true dimensions of the bar phantom. This simple ray tracing concept
is the basis for establishing the spatial origin of the scatterer through an iterative
reconstruction method.

A bar phantom will be most useful for encoding one-dimensional spatial
information (along the beam axis). A 2D mask with spatially unique features in
both the x & y directions will more readily allow the 3D spatial encoding of scatter
voxels within the FOV. For our validation experiment, a bar-type phantom was
used for simplicity and worked well since a simplistic pencil beam was used to
raster scan the tissue specimen.

2.4.2 Physical Designs
Alternative coded aperture designs have been developed with a variety of
attenuative properties. Preliminary designs were lead blocks with patterned square
vacancies at various positions (figure 11). While this design provided the highest
preferential attenuation, the large thickness (~ 4 mm) resulted in a high spatial
geometric penumbra at the detector plane. This wide penumbra resulted in very
poor spatial resolution capability along the axis of the incident pencil beam (Zdirection). Secondary designs were composed from machined sheets of a bismuthtin alloy (figure 12). While the stopping power of this thinner mask was lower than
one composed of lead, the vastly reduced geometric penumbra improves the
18

resolution in Z. A third design involves the use of 3D printing. A mask pattern
mimicking that of a QR (quick response) code allows resolution in all Cartesian
planes to be extrapolated (figure 13). This is especially useful when using a fan or
cone beam configuration instead of pencil-beam. To create this type of coded
aperture, a substrate is constructed using continuous liquid interface printing
(CLIP). CLIP uses a pool of aqueous photopolymer resin that is solidified by
focused ultraviolet light. Utilizing this property, a scanning ultraviolet laser is
focused at the printing substrate and voxel by voxel, the laser cures the resin. The
laser actively scans across the substrate until the desired 3D object is solidified. In
our case, the desired print object was a two-dimensional, thin sheet with
distributed impressions of non-cured resin. This process creates a QR code-like
substrate with many recessed squares distributed randomly about the mask. These
recessed areas are then filled with a semi-liquefied tungsten paste that was made
with tungsten powder. The solvent evaporates leaving a hardened tungsten
material in the recessed regions. The resulting coded aperture mask has a high
stopping power and very small geometric penumbra due to it narrow thickness (~
1.2 mm).

19

Figure 11: Coded aperture mask- Lead based.

Figure 12: Coded aperture mask- Bismuth tin alloy.

Figure 13: Coded aperture mask- Tungsten powder.
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2.5 Detection
2.5.1 Energy-Sensitive, Photon-Counting Cadmium Telluride
A linear array of energy-sensitive, photon-counting detectors manufactured by
Multix were used. A single detector module consists of 128, linearly arranged
pixels with an active area of .78 mm by 1 mm per pixel. The energy resolution is
limited to 6 keV FWHM with a selectable integration time of 1-100 ms. Effective
detection energy range is from ~18 keV to 140 keV.

For this work, two modules were arranged parallel to one another in a side by side
configuration. This approach simulates a 256 pixel, linear array encompassing a
longitudinal coverage of approximately 20 cm of active detection area (figure 14).
The object to detection plane distance was chosen to most efficiently sample the
scatter cone over the range of momentum transfer values for the tissues of interest.

For the collection of counts during a scan, a 100 ms integration time was used for
the maximization of SNR. The counts were energy binning over 64 channels; each
channel corresponding to an energy of 2.2 keV.
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Figure 14: Multix Detector.
Figure 14: Left: Frontal photograph of the 256 pixel, linear array of
energy-sensitive, photon counting detectors. The red line added is
indicative of the active detector area (~.78 mm x 200 mm). Right:
Oblique photograph of detector setup.

2.5.2 Energy Integrating Amorphous Silicon (a-Si)
As an additional system feature, an energy integrating, amorphous silicon detector
(Varian Medical Systems) was utilized to generate 2D, flat-field transmission
images of the samples. The active area of the detector encompassed 40 x 40 cm
with a pixel width of 193 um (figure 15). As an alternative to energy sensitive,
photon counting detection, energy integration detectors could be used. Assuming
a monochromatic incident beam, the need to resolve photon energy is negated.
Since a coherently scattered photon loses no energy, counts recorded on an a-Si
detection crystal are assumed to be the coherently scattered photons.
22

The advantage of using such a large detection area is increased signal collection
(geometric efficiency) per dose deposited to the sample. While the photoncounting linear array works well, the amount of signal present but not effectively
collected is estimated to be a factor of 200-500 times the current amount collected
in a single scan.

The largest disadvantage to the detector is the relatively high dark currents that are
often synonymous with a-Si detection systems. These dark currents can be
overcome by increasing the photon flux incident on the detector; hence they have
found widespread and effective use in clinical applications. However, the CACSSI
constraint of a monochromatic beam makes high flux from a standard radiographic
x-ray tube difficult to achieve; because a majority of the flux would be lost in the
spectral filtering process to derive even a quasi-monochromatic beam. In our
application, this flat-panel detector is used predominantly for beam alignment
tasks and obtaining transmission images of the samples.
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Figure 15: Varian flat-panel a-Si detector.
Figure 15. Varian amorphous silicon detector. The light field (white) and
red, vertical laser emanate from the primary, Ralco collimator.

2.6 Iterative Reconstruction
In CACSSI, energy-resolved photon counts from the two detectors are used to extrapolate
the differential coherent scatter cross section [dσcoh(q,z)/dΩ] as a function of the
momentum transfer (q) at each spatial position along the pencil-beam axis (Z-direction).
A maximum posteriori (MAP) iterative reconstruction method with total-variation (TV)
regularization was utilized. This method accounts for the Poisson based noise
characteristics of the x-ray radiation source as well as the inverse square losses for pixels
at the periphery of the detection array. The TV regularization minimizes the induction and
amplification of noise introduced the MAP algorithm.11 Extrinsic noise can be introduced
into the reconstructed form-factor as the number of iterations increases. This is an
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unavoidable flaw of the MAP reconstruction however the TV regularization aims to
minimize this localized noise to allow higher iterations and thus improved reconstructed
spectral accuracy.

2.7 Perception & Image Formation
Extrapolation of tissue type is determined by an analytical comparison between the
reconstructed form-factor for each voxel in Z and the spectral library form-factor. The
form-factor is a plot of normalized x-ray intensity vs momentum transfer value (q).

2.7.1 Spectral Library
For automated classification, an analytical comparison to a true, known formfactor is performed. To accomplish this, a ‘gold standard’ method of acquiring xray diffraction spectra was used. For the biological tissues of interest, the spectral
data was used from previously published works.5 However, additional tissues and
materials were investigated in this work. To build upon this spectral database
(figure 17), a Bruker D2 PHASER diffractometer (figure 16) was used to acquire
full, high-resolution diffraction spectra.
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Figure 16: D2 PHASER commercial diffractometer.

Figure 17: Spectral Library.
Figure 17. The classification of ‘normal’ tissue is defined as a
homogeneous composition of 50% fibroglandular and 50% adipose
tissue. This is more analogous to a real-world x-ray spectra that would be
acquired. The breast has defined regions of adipose and fibroglandular
tissue however the voxel size that is represented in a diffraction spectral
would likely compose a 50/50 signal mixture due to the partial volume
averaging effect.5
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2.8 Environmental Dependencies
It has been noted that an ex-vivo tissue scan will not be at body temperature. It is
known that diffraction spectra are temperature dependent. Changes in temperature
typically results in a linear shift of the form-factor curve in the momentum transfer
dimension (q). The variation of raw data for room and body temperatures have
been studied to determine statistical significance of form-factor deviation and
apply a correction factor should the differences be non-negligible.

This analysis was performed on the raw counts themselves (figure 18) as opposed
to analyzing the reconstructed form factor. The reconstructed form factor has shift
variant spatial resolution. Also, reconstructions from MAP algorithms are
generally a function of the user inputs; such as the number of iterations. These
added uncertainties led us to analyze the raw data as opposed to the
reconstructions.

The inter-scan variability between room temperature scanning and tissue heated to
body temperature was less than the intra-scan variability (figure 19). For this
reason, we concluded that room temperature scanning results would be an
equivalent surrogate for in-vivo applications of this imaging technology.

The inter-scan variability was taken to be the statistical noise in multiple
acquisitions for a fixed exposure on a static sample. Variability was quantified
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with a variety of techniques; orthonormality, cross-correlation, squared error, and
entropy. These metrics are further discussed in section 2.9.

An additional factor to consider is the presence of residual formalin in the tissue.
Formalin is the aqueous fixation agent used in the first stage of pathological
processing and was present in our tissue samples. To test the effect of formalin,
we look at the raw data from the scanning of a 10 mm diameter vial of concentrated
formalin. Then, a comparison was made between non-formalin, fresh tissue and
formalin fixed tissue (figure 20).

Figure 18: Thermal dependence.
Figure 18. Scan of the same tissue sample heated at body temperature and
room temperature. The structured pattern in the difference map shows
that there is a spectral shift. Fortunately, this shift is negligible when
analyzing the reconstructed form-factor for each temperature condition.
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Figure 19: Inter-scan variability.
Figure 19. Three scans of the same sample in a static configuration with
fixed exposure. This image shows the statistical variations in noise due
to the unavoidable Poisson based quantum mottle of the source and
subsequent interactions with the sample as well as background scatter.
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Figure 20: Formalin dependence.
Figure 20. Three normalized scan data for a formalin fixe piece of tissue
and normal tissue specimen. The difference in normalized form-factors
produces an almost spectrally neutral image.

The absence of a prominent spectral signature in the plot of normalized difference
shows that formalin fixed breast tissue is suitable for predicting the effectiveness
of CACSSI on fresh, non-fixed tissue.

Note: The difference in attenuation of the formalin fixed tissue and discrepancies
in thickness/positioning within the FOV attribute a more significant difference as
seen in figure 19 than the formalin itself.
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2.9 Data comparison metrics
The data was quantitatively assessed with the following metrics:

Orthonormality – Transformation of the image matrix arrays into vectors. The
angle between the vectors is then computed; angle of zero degrees indicates
identical images; 90 degrees indicates an orthogonal image (very different).

Squared Error – The summation of the of the squared difference in matrix
values. Gives a generalized idea of image difference but is highly susceptible to
changes in SNR. For this reason, normalization of the images prior to application
of this metric is required.

Cross Correlation – The sliding dot product of the images. A quantitative
measure of the similarity of the two image matrices as a function of the lag of
one relative to the other.
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Entropy – The statistical quantification of the amount of randomness contained
within a single image matrix. A good characterization of background texture to
confirm randomness or the presence of a spectral signature.

3. Results
In the subsequent subsection, we discuss the full process used to arrive at the the
qualitative validation of coded aperture coherent scatter spectral imaging for the ex-vivo
differentiation of normal and neoplastic breast tissues.

3.1 Raw Data
Raw counts for both static and dynamic acquisitions are performed with the
Multix energy-sensitive, photon-counting detectors.
The acquisition mode is as follows:
Number of lines acquired: 130 (10.3 second acquisition per pencil beam)
Number of channels (energy bins): 64 (2.2 keV/channel)
Integration time: 100 ms intervals
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3.1.1 Static Acquisition
For the validation study, the detectors were held static during the
exposure/acquisition. This method is mechanically simpler to implement as
opposed to a dynamic setup where the Multix detectors move during an exposure
while acquiring data. Using a static source and detector and incident pencil-beam
configuration, translation of the sample was needed to fully image the specimen.
For this pencil-beam raster scanning method, the tube voltage was set to 125 kVp
and an exposure of 200 mAs was used for each raster position. In the interest of
longevity of the x-ray tube, the 200mAs was distributed over a 5 second exposure
although the tube is capable of performing the same exposure in 5 ms assuming
that the Multix detectors would not be over-saturated. For our current version of
the Multix detectors, they are easily oversaturated. For this region lower flux
values are used. At these low counts, (i.e. ~ 1 million counts/s/mm2) relative to the
primary beam, the noise characteristics are dominated by the Poisson nature of the
radiation source. This caveat allows a high degree of fit when a Poisson noise
reduction model is added to the MAP reconstruction.12

The relatively high flux used to acquire figure 21 illustrates the intrinsic scatter
signal acquired with the detectors in a static configuration in the absence of the
coded aperture.
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Figure 21: Static acquisition 01.
Figure 21. Static acquisition with energy sensitive, photon counting Multix
detectors. The y-axis indicates spatial pixel location. The vertical ‘dead spots’ are
bad pixels that were suppressed in software. The left-hand vertical axis indicates
the energy bin in keV. The right-hand colorbar shows the counts recorded for each
bin (0-109 counts).
Object scanned - vial of lard (a scatter surrogate for adipose breast tissue).
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Validation scans using lower flux to constrain to realistic clinically relevant scan
times yielded the following figures with coded aperture (vertical bars):

Figure 22: Static acquisition 02.
Figure 22. Static acquisition with energy sensitive, photon counting Multix
detectors. The top 2 sub-figures display the experimentally recorded raw counts
and reconstruction simulated interpolation for suspected normal tissue. The
bottom 2 sub-figures display the same but for suspected diseased tissue from a
different scan location on the breast specimen.

The pencil beam that transmits through the sample is roughly located at pixel -55.
This explains the Gaussian nature of the scatter profile; high energy, low angle
counts and low energy, high angle counts. The experimental data is acquired on 2
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separate Multix detectors. The detector crystal encompassing pixels -55 to -104
has a lower quantum detection efficiency than the other, which encompasses pixel
-5 to -54. The reconstruction corrects for these inconsistencies (figure 22). The
form-factor is extrapolated from the reconstructed data set.

Also visible in figure is are the shadows created by the coded aperture; a
bismuth-tin type, bar phantom design in a vertical orientation. The size and
spacing of these features encodes the spatial origin of scatter along the
beam axis within the FOV.

3.1.1 Dynamic Acquisition
While a static acquisition has an advantage of simplistic experimental setup, it
does have some limitations. The noise could be more variable with the detectors
at a fixed position (i.e. poorly placed detectors given the distribution of momentum
transfer and object to detector distance could underuse the active detection area
and result in a lower SNR).

To acquire a full-field, 2D scan, the detectors must simultaneously move
and acquire data. This presents a slight challenge with time binning as the
detectors and translation stages are interfaced separately. Once the detector
translation per unit time and detection binning conversion is extrapolated,
an appropriate image can be formed (figure 23).
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Figure 23: Dynamic acquisition 01.
Figure 23. The 8 lines lacking signal are bad pixels that have been suppressed.
The large dark slab near the top is the primary beam stop and optical mount.
Energy displayed is an integration of energy channels 2-20 (~18 keV to 60 keV).
Object scanned - vial of lard (a scatter surrogate for adipose breast tissue).

As seen in figure 23, a degree of freedom is lost in the visualization. Only the
counts at each spatial location can physically be displayed. For display purposes,
an integrated sum of counts over a range of energy binning channels must be
selected. None-the-less, the dynamic acquisition mode is one that will be
attempted in future work due to yield more intuitive images and improved
background averaging that result.
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3.2 Spatial Probability Extrapolation
Once the shadowed features of the coded aperture are analyzed, the reconstruction yields
an object location probability map (figure 24). For point objects, the structured pattern is
easily discernible by the algorithm and the spatial location is determined with great
accuracy (~ 5 mm along the beam path, z and 1.5 mm along x).

Figure 24: Spatial contour map 3D.
Figure 24. 3D visualization of the FOV spatial probability distribution of a point
object, diameter 8 mm (lard) centered at x = -1.5 mm and Z = 645 mm.

As this is an iterative image reconstruction algorithm, there are always trade-offs. With a
high number of iterations, spatial prediction accuracy improves however extrinsic noise
increases, leading to a reduced accuracy in form-factor reconstruction.
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For larger objects, the magnification factor of the coded aperture at the detection plane is
shift-variant along the beam axis; highest for objects close to the coded aperture and lower
for objects closer to the source. These larger objects therefore produce multiplexed images
of the coded aperture on the detectors. Hence, the thicker the object is along the beam
axis, the higher number of iterations that are needed to effectively extrapolate the intensity
and magnification factor of each image that is multiplexed on the detector.

For our application of CACSSI for ex-vivo breast tissues, the thickness is sufficient to
provide a reasonable interaction volume such that sufficient scatter signal is generated.
The reconstruction generates a spatial probability map (figure 25). With a pencil beam of
~1.5 mm with in the x-direction and y-direction (out of the page), the peak probability
corresponds well to the actual tissue sample placement within the FOV.

With fan or cone beam configurations, the spatial map is still reconstructed with similar
results. The original CACSSI system was designed for the United States Department of
Homeland Security for the detection of explosives in checked airport baggage; hence it is
capable of spatial resolving objects restricted to a much smaller FOV.
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Figure 25: Spatial probability map 2D.
Figure 25. Left: Top-down schematic of experimental setup. 1 - x-ray tube; 2pencil-beam collimators; 3- tumor sample; 4- forward matrix defined FOV; 5primary beam stop & coded aperture; 6- photon-counting detectors. Right:
Relative, count based probability of scatter count origin; spatially. Within the flat
sample stage, the forward matrix anticipates an object in any of these possible
locations. The pencil beam passes from x= -1.5 mm and extends upward from Z
= 620 mm where it is incident on the 5 mm thick tissue sample and continues
along Z to the attenuating beam stop. The magnification factor derived from the
coded aperture pattern superimposed on the detectors can be iteratively
determined with a high degree of certainty for singular objects.
Note: the coded aperture would be located abode the image at a Z location of 760
mm. The spatial resolution is shift variant with the best resolution accomplished
proximal to the aperture.
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3.3 Spectral Reconstruction
In the MAP reconstruction, the complete momentum transfer spectra at each Z position
along the beam axis is extrapolated. The resultant image is then plotted against the spectral
library form-factor acquired by the ‘gold standard’ Bruker PHASER commercial
diffractometer (figure 26). For each pencil-beam raster position, the raw data is statically
collected and the spectral reconstruction performed.

Figure 26: Spectral reconstruction flow chart.
Figure 26. Two incident pencil beams irradiating the sample results in raw data
acquired for ROI A and ROI B. After reconstruction, the respective form factors
are extrapolated for the appropriate voxels along the beam path in the FOV.
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3.4 Tissue Classification
In order to classify the tissue, a quantitative metric is used to compare the reconstructed
form factor to the spectral library (figures 27-29). Several metrics were attempted
including Shannon entropy, squared error, Euclidean length, and cross-correlation. For
this application and unique, broad form-factors, the most consistent and visually intuitive
metric was the Euclidean length (L2 norm).

Based upon the L2 norm correlation with the spectral library for each raster position, the
ROI (region of interest; section of tissue scanned by the beam at a fixed raster position) is
assigned a classification. The classification represents a sliding scale of probability
ranging from normal tissue to cancerous tissue. As these are arbitrary for now, the
validation with pathology will determine the effectiveness of this hypothesized approach.

Figure 27: Tissue classification 1 of 5.
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Figure 28: Tissue classification 2, 3 of 5.

Figure 29: Tissue classification 4, 5 of 5.
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3.5 Image Formation
To produce a two-dimensional spatial image, multiple raster scans are acquired via
stepper motor driven, linear translation stages. The form-factor for each raster scan
position is tabulated. Next, a tissue classification is assigned bases on the shape of the
form factor and subsequent computed L2 norm values.

Post scanning, tissue samples were sent for standard histological analysis. Samples were
dehydrated, cleared, infiltrated, and embedded with paraffin wax then sectioned via rotary
microtome, stained and interpreted by a pathologist.

To analyze differences, a composite overlay of the CACSSI rendered image and
pathologist interpreted stained sections were scrutinized. Despite the flux limited
detectors, the data used for this study was acquired in under 5 seconds per scan. Resultant
spectral signatures (figure 27-29) were used to create a voxelized image (figure 30) of the
scanned tumor sample. To simulate a more anatomically accurate image, the image was
blurred via linear interpolation (figure 31). This method however yields an image that
always displays normal tissue at perimeter voxels. To correct for this, the expanded
perimeter voxels are truncated to preserve positive margins when present. The
interpolated, cropped image was used in the histological composite overlay image.
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Figure 30: Preliminary image formation.

Figure 31: Final image formation.
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Figure 31: Voxelized tumor derived from the post reconstruction interpretation of
spectral form factors (momentum transfer vs signal intensity.). Figure 4b: Linear
interpolation used to create a more anatomically accurate depiction of the
voxelized image (partial volume averaging correction). Figure 4c: Edge
correction applied to negate the errors introduced by the homogeneous linear
interpolation method. The color bar on each image indicates a sliding scale of
probability of cancer presence in the voxel.

3.6 Histopathologic Validation
To perform a qualitative validation against pathology, the scanned breast specimen was
sent for standardized processing and analysis. A critical component to the analysis is the
correspondence between slicing direction and scan direction.

The CACSSI system has its best resolution in the x-y plane as indicated in figure 30; (the
resolved voxel size in X, Y, and Z is 1.5 mm by 1.5mm by 4 mm respectively). For this
reason, we orient the tissue in a manner such that the pencil beam is traversing the anteriorposterior direction of the patient. By doing this we are effectively raster scanning about a
circular cross-section of the breast ducts. There are two key reasons as to why we scan
this way. Firstly, the tumor morphology from one side of the tumor to the other changes
minimally (along the ducts). Minimal anatomical shift is critical because the pathology
slice analyzed is taken from the center of our 5 mm thick specimen and is only 10-30
microns in thickness. CACSSI, on the other hand, averages the scatter signal over the full
5 mm thickness. For this study it has been assumed that through this 5 mm thickness, the
anterior and posterior faces deviate in their features (duct position) by less than 2 mm.
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Secondly, we wanted to image the ductal cross section such that we can look into the
circular region of the ducts. This method is in accordance with pathologic slicing protocol,
which permits the pathologist to visualize the same, circular ductal cross-sections.

After pathology processes the specimen in accordance with section 2.1.4, the pathologist
interprets the H&E stained section to look for disease. The breast regions indicative of
disease were annotated. To compare with the CACSSI image, the edge corrected tumor
image (figure 31) was visualized with a more simplistic color map and an arbitrary, 75%
cancer probability threshold was assigned to the regions meeting that criteria. Next the
annotated suspicious regions were qualitatively compared with the pathologist annotated
stained section.

Figure 32: Qualitative comparison.
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Figure 32. Comparison of interpolated CACSSI tissue classification map and
stained (H&E) slides. For simplicity, the color map used in figure 33 has be
truncated to two colors. A threshold limit of 75% likelihood of cancer has been
set and annotated in the CACSSI image. These annotated regions were then
displayed correspondingly on the stained section.

For a more thorough analysis of this fit, the cross correlation metric was computed for the
image sets as seen in figures 33-36. Analysis with the transmission radiograph acquired
by a high resolution system (Faxitron BioVision+) was also conducted. The standard 2D
normalized cross correlation yields overall information about the quality of fit for the two
images to be compared.

Note: A more simplistic, generalized overview of cross-correlation metric is discussed in
appendix C.
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Figure 33: CACSSI vs H&E correlation.
Figure 33. Comparison of the scatter derived CACSSI image and the H&E stained
pathology section. The consistent loss of correlation was a result of operator error.
The raster scanning method in the y-direction was performed manually while the
x-direction scanning was conducted with much higher precision linear translation
stages (Velmex UniSlide). The tissue also moved with time in it’s apparatus.
Future work will aim to correct these issues.
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Figure 34: CACSSI vs Faxitron correlation.
Figure 34. Comparison of the scatter derived CACSSI image and the ex-vivo
transmission radiograph performed by pathology.
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Figure 35: Faxitron vs H&E correlation.
Figure 35. Comparison the Faxitron transmission radiograph and H&E stained
sections. Surprisingly, the normalized cross correlation is not well suited when
the image matrices are centrally convolved. This may however be explained by
the hot spots, typically indicative of microcalcifications in the tissue sample or
regions of advanced DCIS.
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Figure 36: 3D Surface – CACSSI vs H&E.
Figure 36. 3D representation of figure 33 (CACSSI vs H&E stained section).
Note: The physical scanning of this sample was performed in the xdirection via high precision translation stages (Velmex UniSlide) and then
manually shifted incrementally in the y-direction.
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3.6.1 Quantitative analysis
While the images displaying the normalized cross-correlation yield a general idea of the
regions of fit, they do not fully illustrate the overall fit. The summation of the normalized
cross correlation for each image set is displayed in figure 37.

Image A

Image B

CACSSI
CACSSI
H&E stained

H&E stained
Radiography
Radiography

Σ Cross-Correlation
-2,583.17
-34,335.41
-38,372.55

Fit Ranking
1
2
3

Figure 37: Correlation summary.

For this sample, it has been shown that the CACSSI image, despite errors in the raster
scanning procedure, yields a much better fit than the gold standard, high resolution
transmission radiograph.
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4. Discussion
Excluding minimal edge distortion due to tumor transport, handling, and histologic
processing, the coincidence of suspicious and normal regions is evident. CACSSI has the
capability to differentiate DCIS ex-vivo. The intrinsic contrast from coherent scatter cross
sections is higher than for images derived from differences in linear attenuation
coefficients alone. In figures (27-29) it is evident that the reconstructed peak momentum
transfer values agree with that published in literature. However, it has recently been
deduced that the spectral data from literature and our D2 PHASER was acquired without
inverse square corrections. The form-factor library data used here was acquired via
standard, goniometer based x-ray diffractometry. That system did not account for reduced
signal sampling at high momentum transfer values. The algorithm implemented in this
work accounts for differential path lengths at differing scattering angles and subsequent
inverse square under-sampling. This conclusion explains the deviation of CACSSI
reconstructions from the library data at higher q-values. Future work aims to quantify this
correction factor and apply it to the spectral library

4.1 Future Work
Future improvements to the CACSSI system aim to minimize background noise and
maximize spatial resolution along the beam axis. Faster raster scanning could be
accomplished with multiple, parallel pencil beams incident on the sample. Fan and cone
beam scanning can provide higher throughput and reduced scan times. However, due to
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the convolved, highly multiplexed signal, system sensitivity cannot be maintained. In
order to better validate and optimize CACSSI, it is essential to develop a database of
normal and cancerous tissues. To do this, an IRB approved protocol has been approved to
permit the interception of tissues on their way to pathology from the operating room to be
scanned by our system.

We have also developed scatter equivalent breast phantoms10 in order to further test the
system’s in-vivo capabilities and potential applications. An automated classifier for breast
tissue is also being developed. This software is aimed toward clinical applications and
ease-of-use for operators in detecting the presence of malignant tissue within the breast.

Figure 38: Scatter equivalent breast phantom.
Figure 38. Scatter equivalent breast phantom developed from a patient’s x-ray
computed tomography scan and modeled in a 3D printing application.10
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Figure 39: Automated classification.

Figure 39. Automated classification displays. Left: pencil beam positioned
through normal tissue. The full momentum transfer is reconstructed for each
voxel along the beam axis (Z-direction) with the intensity of momentum transfer
plotted in X. Right: pencil beam positioned through malignant tissue.
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4.2 Future Imaging Applications
4.2.1. Quantitative Radiation Biopsy
Another potential application of the work is in obtaining a virtual ‘radio biopsy’
of the tumor. The scatter imaging technique employed here has the potential to

spatially differentiate overlapping structures longitudinally along the incident
beam path. This unique ability allows the potential for new medical devices; a noninvasive radiation biopsy for suspicious regions of the breast. Utilizing a small
(1.5mm diameter) pencil beam of polychromatic radiation incident upon a region
of interest, the diffraction spectra at each voxel along the beam path can have the
diffraction spectra reconstructed. This would indicate the type of disease and depth
within the body. This device would serve as an aid to mammographic imaging and
replace physical biopsies.

Theoretically, CACSSI could serve as a non-invasive, radiation biopsy for
suspicious regions of the breast. To demonstrate this concept, a 10.5cm diameter
breast phantom with 5mm thick tumor, centrally located, has been scanned.
Despite the convolved scatter signatures, the coded aperture was able to provide
spatial identification of the features. The pencil beam passed through the breast
phantom wall, intercepted a tumor centrally located, then exited the posterior wall
of the breast phantom.
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Figure 40: In-vivo imaging.
Figure 40. Left: Photograph of experimental setup. Polylactic acid (PLA)
phantom models attenuation and scatter properties similar to a human breast.
Right: Simulated, in-vivo CACSSI scan of rigid-walled breast phantom (diameter
= 105mm) with 5mm thick tumor situated centrally.

4.2.2. Computed Tomography Molecular Imaging
Currently, computed tomography only collects energy integrated photon counts
that were not absorbed by attenuating material in the body. Coherently scattered
x-ray photons are unavoidable and often degrade image quality in all radiographic
imaging. Without any additional degradation of the image quality, energysensitive photon-counting detectors could be mounted adjacent to the energy
integrating detection array and collect the scattered rays. The standard CT scan
image could be used to yield spatial location of differing scatter signatures, which
an iterative reconstruction algorithm could then utilize to produce three
dimensional scatter based images of the body.
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5. Conclusion
This work demonstrates the strong potential of CACSSI in medical imaging for evaluating
breast tissue. The groundwork has been laid for the quantitative analysis of fresh samples.
Future work will involve the scanning of fresh human breast tissues suspect of disease to
further improve upon and optimize the sensitivity and specificity of the system.

Furthermore, a second system dedicated for high-resolution pathological scanning is to be
constructed. This system will be designed for intra-operative margin detection in breast
conserving surgeries. The current setup used for this work will be altered for in-vivo
diagnostic screening for breast and lung carcinomas.
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Appendix A
A.1 Histological Processing
A.1.1. Specimen Processing & Analysis
For the validation scan of the specimen, the tissue was raster scanned with a pencil
beam then sent for standard histologic processing.

A.1.2. Fixation
The first step of standard histopathologic processing is fixation. This fixation is
required such that the tissue may be preserved and protected from subsequent
stages of processing. The fixative (liquid fixing agent) is a formaldehyde based
solution (formalin). It naturally penetrates the specimen with time. Tissue fixating
reagents were initially suspect to significantly alter the coherent scatter interaction
or alter the tissue itself in such a way to negate the scatter imaging results.
Clinically used fixatives must allow the tissue to retain their chemically reactive
properties for subsequent staining procedures. The phosphate-based formalin
solution used here does not chemically alter the tissue although it does have a
hardening effect on the specimen.

A.1.3. Freezing Artifacts
Tissue availability limitations required the samples to be thawed and refrozen
multiple times. In a pathology lab, freezing for frozen section analysis occurs only
once and is done under highly controlled conditions. Normally, for frozen section
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analysis, the tissue is frozen as soon as possible post resection. This mitigates
tissue distortions and cellular damage from tissue drying, autolysis, and
putrefaction that become more prevalent as freezing is postponed.

Secondly, the method of freezing is critical; particularly the rate or freezing. With
a freezing method that takes too long, ice crystals are allowed for form in the tissue
and distort or destroy the critical structures (swiss cheese effect). Alternatively,
freezing too fast without proper precautions will cause other unwanted artifacts.
One such example is flash freezing with liquid nitrogen (LN2). Simply placing a
tissue in this cryogen results in a gaseous barrier that forms due to the low vapor
pressure of LN2. This vapor barrier causes uneven freezing rates and subsequent
cellular deformation.

Pathologists have developed proven methods of freezing that minimized tissue
artifacts and make tissue slicing consistent and effective. While our analysis of the
tissues did not require cryogenic sectioning, (slicing) it is important to
acknowledge that with an increased number of freeze-thaw cycles under nonoptimal freezing conditions the quality of our tissue specimens will quickly
degrade.

A.1.4. Thermal Dependencies
As mentioned in the previous section, our samples are exposed to multiple freezethaw cycles. While this is a sub-optimal condition, our limited tissue sample
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availability and high scanning requirements demanded this. Cognizant of the short
lifespan of our tissues under these conditions, they were minimally thawed and
refrozen. Future studies will involve the procurement and scanning of fresh
resected tissues prior to fixation and freezing.

Aside from this, the scatter signatures are thermally dependent. A frozen specimen
yields a completely different form-factor due to the crystalline structures. All
samples were scanned at room temperature. The inter-scan variability between
room temperature scanning and tissue heated to body temperature was less than
the intra-scan variability for either case. For this reason, we concluded that room
temperature scanning results would be an equivalent surrogate for in-vivo
applications of this imaging technology.

Physical Preparation
Once pathology receives the sample, the orientation of the tissue is identified,
usually via surgical clips placed in the operating room at the time of resection. The
sides are inked with distinct colors to indicate orientation within the body;
anterior-posterior, medial-lateral, and inferior-superior. Post inking, the sample is
physically sliced into pieces more suitable for subsequent processing steps. The
slicing direction is organ specific to highlight particular structures more easily.
Post slicing, breast samples are placed into a high-resolution, pinhole radiography
imaging device. This process will allow the pathologist to visualize
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microcalicifications but not microscopic disease.19
Dehydration
These slices are then placed into cassettes. These cassettes are small perforated
plastic baskets for the tissue. They keep the slices from touching/sticking to each
other during dehydration. Before infiltration of the wax, the tissue must be
dehydrated of water content such that the wax can effectively permeate the
specimen. Ethanol is miscible with water occupying the tissue so it is used to
infiltrate and replace the water content.

The samples in cassettes are immersed in a series of ethanol baths of increasing
concentration (to avoid architectural tissue distortions) with time. For 3-5mm thick
slices, the total immersion time is around 3-5 hours. Post dehydration, all but a
very small percentage of molecular water content remains.19

Clearing
Paraffin wax is highly immiscible with ethanol. In clearing, the immiscible ethanol
is replaced with a miscible solvent; xylene. This clearing agent will displace the
ethanol through a series of immersion baths for approximately 2 hours. Once the
xylene has replaced the ethanol in the tissue it is ready to be infiltrated with
paraffin wax.20
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Wax Infiltration
The now ethanol and water free specimen has its xylene content replaced by
paraffin wax. A series of 60° Celsius, paraffin baths are used to infiltrate the tissue.
This process takes approximately 1-2 hours. Once infiltrated, the cassettes are
removed and allow to cool to room temperature, at which time the wax hardens
and is ready for the embedding procedure.20

Embedding & Sectioning
At this stage, the specimen and cassette are used to form a block. This block is a
hardened paraffin wax region with the tissue embedded in it. The block is affixed
to the backside of the processing cassette. The cassette can now be used to securely
mount the blocked specimen to the rotary microtome. The microtome is able to
section (cut) the tissue into 5 micron thick slices. Not all of the specimen is sliced
for analysis, only distinct points are sliced and interpreted to maintain clinical
efficiency.

As the microtome sections the tissue, the slices fall into a water bath to be picked
up (via tweezers) and placed on a glass microscope slide. The slide is then placed
in a warm oven or placed over a hot plate to dry the tissue and better adhere it to
the microscope slide.
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Figure 41: Specimen Block.
Figure 41. One of two slices (~2.5 mm thick) from a single breast tissue sample.
Here is the slice after embedding in paraffin wax and affixing to the processing
cassette. It is now ready to be secured to the rotary microtome for sectioning then
staining.

Staining
Staining is the process of using chemicals to dye the tissues differing colors for
easy differentiation under optical microscopy. The two staining agents used for
breast tissue are hematoxylin and eosin (H&E). This staining method allows the
visual differentiation of cellular structures such as the cytoplasm, nucleus,
organelles, and other extra-cellular components. The hematoxylin stains acidic
structures a bluish-purple color. Acidic cellular structures include DNA, which is
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highly concentrated in the cellular nucleus. RNA containing structures such as
ribosomes and the endoplasmic reticulum are also hematoxylin reactive
organelles. Eosin alternatively stains basic tissues a reddish-pink hue. Stained
basic structures include the cell walls, extracellular fibers, and cytoplasm.

Prior to staining, the slide is immersed in a solvent to remove the paraffin wax but
leave the tissue intact. Then the slide and tissue sample are immersed into the two
dyes several times. After this, a small glass cover slip for microscopy is placed
onto the tissue section, creating the finished slide for pathologist interpretation and
diagnosis.20

66

Interpretation

The following figures (2-6) are breast tissue specimens processed in accordance
with section 2.1. They were analyzed and photographed via conventional optical
microscopy. They are used to compare and validate CACSSI in section 3.6.

Figure 42: Pathology position 01; zoom 1.
Figure 42. Highlights the following structures: adipose (fat) cells; larger white
cells occupying a majority of the image, stroma (fibroglandular tissue); the lighter
pink, filled structures surrounding the ducts and providing structural rigidity,
ductal lumen; the normally unoccupied (white, but dark pink in this image) region
of the duct. This cancerous duct has had cells infiltrate and occupy the lumen of
the duct.
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Figure 43: Pathology position 01; zoom 2.
Figure 43. Zoomed in version of figure 42. Duct 2 is a good representation of
DCIS (ductal carcinoma in-situ). To the right of duct 1 illustrates a region of
invasive DCIS; the cancerous cells have permeated externally from the ductal
lumen into adjacent structures.

68

Figure 44: Pathology position 01; zoom 3.
Figure 44. Zoomed in version of figure 43. The upper right quadrant of duct 1 is
centered. The unorganized cellular structure of the luminal wall is more visible in
this image.
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Figure 45: Pathology position 01; zoom 3.
Figure 45. Zoomed in section of figure 44. The upper right quadrant of duct 1
remains centered. The unorganized cellular structure of the luminal wall is very
clear in this image. The far right-hand side of the image shows the invasive region
of carcinogenesis.
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Figure 46: Pathology position 02; zoom 1.
Figure 46. Demonstration of another duct that has advanced DCIS. Angiogenesis
of malignant tumors is very random and inefficient. This vascular inefficiency is
so high that the central regions of tumors develop severe hypoxia, eventually
resulting in tissue death and the development of a necrotic core.
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Appendix B
B.1 System Modifications
The CACSSI system has undergone various upgrades for the work performed in this
research. Primarily, the setup of an extended SID has been developed as well as an
automated system for raster scanning and/or rotating the scan specimen with high
precision.

The x-ray generator has been upgraded to have fluoroscopic exposure mode for continuous
operation at a balance of heat loading on the anode and the dissipation capacity of the
cooling system. By adding this capability, the acquisition of low flux, high resolution
dynamic scanning is accomplished.

The prior system was not equipped to readily change beam aspect ratio. A light field to
indicate the field size of radiation was also unavailable. With the Ralco 108-F collimator
equipped and calibrated, a light field and vertical laser allow rapid alignment and specimen
positioning.
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Figure 47: CACSSI system model 1-5.
Figure 47. The optical table extension mount for variable SID capabilities. Due to
current room design, it was more practical to have a variable source than detectors.
Positioning tolerance of the detectors is much higher as the forward matrix relies
heavily on their precise placement.
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Figure 48: CACSSI system model 2-5.
Figure 48. X-ray tube, sliding rail assembly 1-2.

Figure 49: CACSSI system model 3-5.
Figure 49. X-ray tube sliding rail assembly 2-2.
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Figure 50: CACSSI system model 4-5.
Figure 50. Linear screw drive model for linear translation of the source.

Figure 51: CACSSI system model 5-5 (annotated).
Figure 51. Annotated system model. 1; Varian x-ray tube, 2; pencil beam
collimation, 3; scan sample, 4; primary beam stop, 5; coded aperture, 6; Multix
detectors, 7; Varian detector.
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Figure 52: CACSSI system photograph.
Figure 52. Photograph of finished CACSSI system with variable SID sliding rail
system, primary light field collimator, and 2D scanning stage.
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Appendix C
C.1 Cross Correlation Metric
The cross correlation (CC) can be described as the sliding dot product of the
images. A quantitative measure of the similarity of the two image matrices as a
function of the lag of one relative to the other.

Above, the cross correlation formula is given and computed for each image
matrix position (xi, yi) as the image matrices are mathematically slid across one
another.
This section will establish a qualitative intuition for interpreting the general fit of
two images based on their normalized cross correlation images.
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C.1.1. Identical Images
Figure 53 illustrates the resultant 2D plot and 3D surface map rendering of the
normalized cross-correlation between two simplistic, binary images.

Figure 53: Identical image cross correlation.

The sliding dot product (cross correlation) can only be maximized when the
images are perfectly aligned and identical. The normalization process restricts the
cross correlation to be a maximum possible value of 1.
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C.1.2. Scaling Error
The following figures illustrate a mismatch in image feature scale with congruent
feature aspect ratios.

Figure 54: Scaled image cross correlation.

Figure 54 shows how an improperly scaled but effectively identical image will
have a maximum normalized cross correlation value less than 1.
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C.1.3. Positioning Error
The following figures illustrate the resultant normalized cross correlation of two
images with identical features but a mismatch in their Cartesian alignment.

Figure 55: Mismatched image cross correlation.

In figure 55, the cross correlation does reach a maximum of 1 but it is not centrally
located. This is one method used to indicate a positioning error between two,
seemingly identical, images.
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C.1.4. Rotational Error
The following figures illustrate the resultant normalized cross correlation of two
images with identical features but an error in their rotational orientation. Figure 56
demonstrates the CC for a linear, binary image and figure 57 demonstrates the
rotational misalignment.

Figure 56: Binary, linear image cross correlation.
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Figure 57, below, illustrates the linear translation image normalized cross
correlation when rotated. Note that the maximum correlation value is much less
than 1 and linear shift artifacts are visible in the vertical, horizontal, and oblique
directions.

Figure 57: Rotated, linear image cross correlation.
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C.2.1. Complex Images
With more complicated images, such at the interpolated CACSSI reconstruction,
the normalized cross correlation map is more difficult to read. However, the
qualitative concepts established in this appendix hold true.

Figure 58: Complex image cross correlation.

In figure 58, two identical CACSSI diffraction images are analyzed. Note that the
maximum correlation value is 1; indicated the images are identical. This value
occurs at the center of the matrix; indicating that the images are aligned
appropriately in the X and Y dimension. There are no linear artifacts present; which
would indicate a rotational misalignment.
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