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Abstract. Stand-alone cone beam computed tomography (CT) and single-photon emission computed tomog-
raphy (SPECT) systems capable of complex acquisition trajectories have previously been developed for breast
imaging. Fully three-dimensional (3-D) motions of SPECT systems provide views into the chest wall and through-
out the entire volume. The polar tilting capability of the CBCT system has shown improvement in sampling close
to the chest wall, while eliminating cone beam artifacts. Here, a single hybrid SPECT–CT system, with each
individual modality capable of independently traversing complex trajectories around a common pendant breast
volume, was developed. We present the practical implementation of this design and preliminary results of
the CT system. The fully 3-D SPECT was nested inside the suspended CT gantry and oriented perpendicular
to the CT source–detector pair. Both subsystems were positioned on a rotation stage, with the combined polar
and azimuthal motions enabling spherical trajectories. Six trajectories were used for initial evaluation of the tilt
capable CT system. The developed system can achieve polar tilt angles with a <0.02- deg positioning error and
no hysteresis. Initial imaging results demonstrate that additional off-axis projection views of various geometric
resolution phantoms facilitate more complete sampling, more consistent attenuation value recovery, and mark-
edly improved reconstructions. This system could have various applications in diagnostic or therapeutic breast
imaging. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.4.3.033502]
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1 Introduction
X-ray mammography (XRM) has been the standard of care for
breast cancer screening and has proven successful for several
decades.1–9 However, one of the key flaws of XRM is that
projecting a three-dimensional (3-D) volume onto a two-dimen-
sional image results in obscuring subtle, diffused cancers
occluded by radiographically similar tissue.9,10 Difficulty in
diagnosing lesions close to the chest wall and axilla, high
amounts of structural overlap, low sensitivity, and patient dis-
comfort due to compression are only some of mammography’s
limitations. In recent years, digital breast tomosynthesis (DBT)
has gained popularity ever since its approval by the Food and
Drug Administration for clinical use.11–22 Clinical studies have
shown DBT, or limited angle tomography, to have increased
sensitivity,22 improvement in lesion characterization,17 and
reduction in recall rates14 compared with XRM. However,
images acquired using DBT are not truly 3-D since the recon-
structed voxels are nonisotropic due to angular under sampling;
all reconstructed images have varying levels of blurring artifacts
due to incomplete sampling, and patient discomfort continues to
be an issue.

Over the past few years, 3-D imaging modalities for dedi-
cated breast imaging have been investigated extensively23–31

with a primary goal of overcoming the aforementioned short-
comings. Various groups have developed stand-alone, human
breast computed tomography (BCT) systems32–34 (beyond lab-
based systems that can only image phantoms or specimens35,36),
as well as dual-modality systems26,37 for dedicated breast
imaging, only capable of traversing simple circular orbits;
for one system, the PET subsystem is capable of helical
acquisitions.38 Software-based suppression of cone beam arti-
facts has been investigated, but the underlying acquired data
remain incompletely sampled, therefore necessitating more
accurate data acquisition. To overcome cone beam sampling
artifacts in CT and provide better sampling close to the chest
wall, our group previously developed independent CT and
single-photon emission computed tomography (SPECT) sub-
systems capable of fully 3-D motions, allowing complex acquis-
ition trajectories39–41 (so-called generation 1). Subsequently,
we have combined the individual systems onto a single gantry,
such that the SPECT subsystem maintained its fully 3-D
acquisition capability, but the cone beam CT (CBCT) system
was restricted to a simple circular orbit (generation 2). Each
of these systems has been extensively studied with phantoms
and with human clinical imaging.42,43

The CBCT subsystem was redesigned to overcome this
nontilt limitation44 in an effort to develop a more complete
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sampling hybrid system, with both modalities capable of inde-
pendently traversing complex acquisition trajectories around
a volume suspended in a common field of view (FOV). The
newly developed CT subsystem is capable of acquiring data
between maximum polar tilts of �15 deg, which effectively
fulfills Tuy’s data sufficiency condition37 for object diameters
of up to ∼24 cm. The maximum breast diameter reported in
various studies28,45,46 has ranged from 18.1 to 20.5 cm, which
is well within the calculated diameter of the data sufficiency
sphere. Therefore, an orbit with a polar tilt of �15 deg satisfies
Tuy’s data sufficiency condition and more completely sample
points away from the central plane, proving advantageous over
traditional simple circular orbits.

Nesting the SPECT system inside the CT gantry proved chal-
lenging during the redesign of the CT mechanics. Overcoming
and maneuvering around the SPECT system nested between
the CT gantry while ensuring that the CT system was able to
traverse complex trajectories despite the mechanical limits set
by nested SPECT system was a major concern during the devel-
opment phase. In this work, we have successfully mechanically
integrated that fully 3-D design for both the SPECTand CT sub-
systems. On completion, this assembly required reassessment of
the complex trajectories and re-evaluation of the sampling per-
formance of the dual-modality system. In this work, we present
the development of this mechanical imaging device as well as
preliminary phantom results from the CT subsystem for a num-
ber of different 3-D acquisition trajectories.

2 Materials and Methods

2.1 Hardware Implementation

The initial design of a fully 3-D tilt capable breast SPECT–CT
imaging system was detailed in our earlier work.44 A refined
version of the system (Fig. 1) consists of a tungsten anode

x-ray source (Rad 94, Varian Medical Systems) with a 14-deg
anode angle, a source to image distance (SID) of 80 cm, and a
custom digital flat panel CsI detector (model Paxscan 4030E,
Varian Medical Systems, Palo Alto, California), with 8-mm
bezel edges on two sides for closer to chest wall imaging.47

The x-ray source and detector are placed on opposing views
on a gantry constructed out of 80/20 erector bars and aluminum
plates. The weight of the gantry is supported by heavy duty
1-in.-diameter bearings (McMaster-Carr, Elmhurst, Illinois)
mounted on pivot posts manufactured using 80/20 bars. This
configuration suspends the CT gantry, similar to a cradle, and
allows tilting of the fixed-displacement source–detector pair
about a 3-D center of rotation (COR).

A mechanism using a linear stage (model ILS250CC,
Newport Corp., Irvine, California) and pulleys, connected
with a fixed length of cable underneath the gantry, was devel-
oped to control the tilting motion, which allows polar tilts of up
to�15 deg. Indeed, the system design required careful tension-
ing to avoid cable backlash. This was done using a standard
“turnbuckle” device. The cables were attached to the underside
of the gantry, run through the pulleys, and finally attached to the
base plate of the linear motor using a turnbuckle. The cable was
looped through the opening in the turnbuckle; once attached, the
buckle can be turned such that each turn tightens the cable in
both directions.

The compact CZT gamma camera (model LumaGEM
3200S™, Gamma Medica Inc., Northridge, California) is
attached to a goniometer (model BGM200PE, Newport
Corp., Irvine, California) allowing 0 deg to 90 deg polar posi-
tioning about a pendant, uncompressed breast. Both subsystems
are placed on top of a single azimuthal rotation stage (model
RV350CC, Newport Corp., Irvine, California) and move in uni-
son 360 deg azimuthally, with the SPECT subsystem capable of
moving in a complete 2π solid angle hemisphere, and the CT
subsystem in a nearly 2π band on a sphere.

Individual parts were manufactured at the Duke University
Medical Center Instrument Shop, and the device was assembled
in our lab. Additional details of the system components are
provided in Table 1.

Before initiating experiments, the linear stage was calibrated
to determine a relation between the degree of tilt and linear
displacement. The linear stage has a motion range of �12.5 cm
(total 250 mm); the linear displacement in both directions was
incremented in 10.0 mm steps (−125 to 125 as well as 125 to
−125); and the corresponding polar tilt angle of the system was
measured with a digital level (model Pro3600, Flexbar Machine
Corp.). The linear displacement was plotted against the mea-
sured tilt angle, and the plot was fitted with a linear function;
the relation is later used by the CT acquisition software to gen-
erate position coordinates in the complex orbits. Measurements
were repeated four times, twice in each direction, to measure any
hysteresis in the polar tilt angle of the system.

2.2 Experimental Measurements

For preliminary evaluation of the effect of tilted trajectories on
object sampling, various phantoms were scanned with a number
of trajectories incorporating varying degrees of polar tilt. First, a
10-cm-inner-diameter cylindrical phantom containing (1) four
Defrise disks in the top half (model ECT/MI-DEF/P Data
Spectrum Corp., Durham, North Carolina) and (2) the rod
module from the “Jaszczak” resolution rod phantom was used
(model ECT/STD/I, Data Spectrum Corp., Durham, North

Fig. 1 Photograph of the third-generation hybrid SPECT–CT system.
The various components of the system are indicated on the
photograph.
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Carolina). The disks are made of 0.50-cm-thick acrylic with
0.50-cm spacing between each disk; the rod phantom consists
of 1.1- to 4.7-mm-diameter acrylic rods spaced on twice their
diameter. The cylindrical phantom was positioned in the center
of the detector FOV, and 240 projection images were acquired in
2 × 2 pixel binning mode. Six different orbits (Fig. 2) were used
to investigate the effect of polar tilt on sampling and recon-
structed image quality: simple circular azimuthal orbit with
(1) no polar tilt (AZOR0) on the system; (2) with the system
at a fixed þ3.5- deg tilt (AZOR3), similar to the fixed tilt of
the previous generation SPECT–CT system in our lab;48 and
(3) with the system at a fixed þ13- deg tilt (AZOR13), such

that the top plane of the x-ray cone beam is approximately hori-
zontal. This last condition (3) is similar to others’ systems with a
horizontal upper-most beam,25,49,50 except that our detector is
also tilted by 13 deg. More complex 3-D trajectories consisted
of (4) two-lobed orbit with sharp transitions at the peak and
valley, with maximum polar tilts of �13 deg (sawtooth);
(5) two-lobed sinusoidal (saddle) orbit with maximum polar
tilts of �13 deg; and (6) three-lobed sinusoidal orbit (3Lobed)
traversing through three peaks and valleys with maximum polar
tilts of �13 deg. Note that positive polar tilts are oriented such
that the x-ray source is higher than the detector.

The combined disk and resolution rod phantom have a total
height of 10 cm [Fig. 3(a)], and scanning it while centered in the
FOV did not adequately compare the performance of various
orbits near the top and bottom of the detector, where the incident
cone beam has maximally diverging x-rays and therefore be
most prone to cone beam sampling artifacts. Subsequently,
a longer Defrise-like phantom consisting of 10 square slabs,
0.5 cm each and spaced 1 cm apart [Fig. 3(b)], was suspended
from the patient bed such that the first slab was positioned close
to the top of the untilted flat panel detector (FPD). The extended
Defrise-like phantom was 17 cm in height. The phantom was
scanned with the six acquisition trajectories and the same
acquisition parameters listed above. Finally, an additional analy-
sis of the performance of tilted acquisition orbits close to the
bottom edge of the detector was performed using a cylindrical
phantom consisting of both rods (low scatter) and tubes (drilled
in acrylic, thus, high scatter) of identical size and distribution
but different media. The combined phantom was suspended
such that the resolution rods were oriented perpendicular to the
azimuthal rotation axis [Fig. 3(c)]. The phantom was scanned
with the AZOR13 and saddle orbits, with the same acquisition
parameters as mentioned above.

All raw projection images acquired under the various condi-
tions were then processed through a MATLAB®-based algo-
rithm to apply offset, gain, and defective pixel corrections.
The SPECT gamma camera and parts of the goniometer are
visible in the FOV near the bottom of the image [Fig. 3(c)];
the amount of image occluded by the camera varies depending
on the polar tilt of the system. The area obstructed by the gamma
camera was cropped out of each projection image, and the
images were reconstructed using an ordered subsets convex
(OSC) iterative algorithm.51 Reconstruction parameters were set
to 5 iterations, 16 subsets, 0.254 mm voxels, and 900 × 900 ×
900 grid size for all acquisitions and phantoms.

3 Results

3.1 Hardware Implementation

The designed system was successfully constructed, and Fig. 4
shows photographs of the system with the CT gantry at different
polar tilts. The radio-opaque patient bed used on the older
generation SPECT–CT system has been previously reported
in Refs. 52 and 53 and was used for this device as well.
Although the linear stage allows CT polar tilt angles of up to
�15 deg, when the patient bed is positioned similar to the
positioning during clinical trials, the CT system is limited to
a maximum polar tilt of �13.5 deg.

The linear motion calibration results showed that the polar
tilt angles measured multiple times at linear increments were
within <0.02 deg variability. The error bars from repeated mea-
surements are too small to be visualized with the data points.

Table 1 Technical specifications of individual components compris-
ing the fully 3-D tilt capable SPECT–CT system.

Component Technical specifications

X-ray source Varian Rad 94

14-deg W anode angle

65 kVp max

0.4/0.8-mm focal spot

0.51-mm Ce filtration

FPD Varian 4030E (Custom)

CsI(Tl) TFT array

127-μm pixelation

40 × 30 cm2 area

8-mm bezel edges on two sides

Gamma camera Gamma Medica LumaGem 3200-S

4 × 5 array of 4 × 4 cm2 CZT modules

2.5-mm CZT pixelation

16 × 20 cm2 area

Pb parallel hole collimator

1.2-mm hex-hole with 0.2-mm septa

Sensitivity—84.2 cpm∕μCi

Rotation stage (azimuthal) Newport RV350CC

0 deg to 720 deg total rotation

0.1-deg minimal increment

Linear stage (polar CT) Newport ILS250CC

−125 to 125 mm total displacement

1 μm minimal increment

Goniometer (polar SPECT) Newport BGM200PE

0 deg to 90 deg total arc

0.1-deg minimal increment
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The plot of linear position against polar tilt angle is shown in
Fig. 5, and the linear fit to the data points is

EQ-TARGET;temp:intralink-;e001;63;155ϕ ¼ 0.1157 × −0.3257; (1)

where ϕ is the polar tilt angle of the CT subsystem and x is
the displacement of the linear stage in mm.

System use over 12 months has not indicated any change in
the tension of the cables. The error in polar tilt angle at 12
months continued to be <0.02 deg.

3.2 Experimental Measurements

Experiments were successfully performed with the three phan-
toms and six acquisition orbits detailed in Sec. 2.2. Figure 6
shows representative projection images of the combined disk
and rod phantom, at different CT polar tilts, during an acquis-
ition with the saddle trajectory. The various projection images
highlight the different views of the phantom that can be obtained
by tilting the source–detector pair.

The projection images were reconstructed, and representative
slices through the center of the reconstructed phantom volumes

Fig. 2 Plots depicting the six different acquisition trajectories utilized for the initial experiments; (a, L-R)
Simple circular orbits AZOR0, AZOR3, AZOR13, and (b, L-R) complex acquisition orbits sawtooth, sad-
dle, and 3Lobed. The complex orbits traverse the polar and azimuthal arcs on a sphere (depicted in
the saddle plot), about the dotted rotation axis. A graphic representation of the x-ray cone beam and
the FPD is also shown at top to better visualize the system tilts for the simple circular orbits.

Fig. 3 Example zoomed and cropped x-ray projection images of the vertical rotation-axis aligned (a) com-
bined minirod and mini-Defrise phantom, (b) extended Defrise-like slab phantom, and (c) orthogonally
oriented to the rotation axis minirod and minitube phantoms. A shadow of the SPECT camera is visible as
the triangle in the lower left corner of the right-most projection image.
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are shown in Fig. 7. Coronal slices through the reconstructed
volume show excellent resolution performance of the system
regardless of the acquisition trajectory. For all three utilized
orbits, the smallest 1.1-mm-diameter rods are resolved almost
identically to each other. However, sagittal slices reveal the
sampling shortcomings of the simple circular AZOR orbits.

Cone beam sampling artifacts are evident on the AZOR sag-
ittal slices, especially near the sharp edges of the cylindrical
phantom, as well as from the blurring of the Defrise disks
and threaded hole at the bottom of the phantom due to insuffi-
cient sampling. Note that the phantom was centered in the detec-
tor FOV, and, therefore, the AZOR3 provides the best sampling
and AZOR13 the worst. On the other hand, the complex orbits
completely eliminate cone beam sampling artifacts: the Defrise
disks show no blurring, the uniform spacing between alternate
disks is maintained in the reconstructed images, and the high-
frequency threads at the phantom’s bottom are easily recovered.

The lack of distortion and overall better sampling in recon-
structed images is consistent, regardless of the complex trajec-
tory used.

The extended Defrise-like slab phantom rendered results
(Fig. 8) similar to the smaller version. The phantom was ori-
ented close to the top of the untilted FPD to evaluate sampling
close to what would clinically be the chest wall, as well as near
the bottom of the detector that would clinically be the nipple
area. Sagittal slices through the reconstructed volume show
that for the simple circular orbits, depending on the polar tilt
of the system due to the fixed tilt throughout the scan, the
Defrise slabs are not adequately sampled. Blurring of the top
disks is visible for AZOR0 images, and substantial blurring
of the bottom disks can be observed for the AZOR13 images.
Although the blurring is visible in images, the amount of blur-
ring can be better appreciated from the profiles measured across
the center of the sagittal slices (Fig. 9), where peaks and valleys
can be seen on the AZOR0 and AZOR13 profiles instead of a
more uniform expected rectangular function. For the complex
orbits, the reconstruction of the Defrise-like disks is more uni-
form, with no intradisk blurring or cone beam sampling artifacts
or any other distortions. For all three complex orbits, all 10
Defrise disks (100%) were reconstructed without any blurring,
whereas for the circular orbits, 4 to 6 (40% to 60%) of the disks
appear blurred, depending on the orbit used. This corresponds to
a reduction in the usable FOVof 44% to 63%. Interestingly, the
top most disk of the phantom, where the chest wall is expected
to be, is also more visible than in the simple circular orbits
(Fig. 8).

Lastly, the combined rod and tube phantom reconstructions
were qualitatively analyzed for image distortions. The combined
phantom was oriented orthogonally to the axis of rotation, and,
therefore, sagittal slices allow visualization of the rods. Figure 10
shows the comparative sagittal slices of the AZOR13 and saddle
reconstructions; the AZOR13 image is clearly distorted near the
upper and lower edges. Cone beam sampling artifacts can be
seen near the edges of all the rods, and the outer circumference

Fig. 4 Photographs of the newly developed SPECT–CT system with a torso and breast phantom placed
on the radio-opaque patient bed, with the CT subsystem at (a) −13.5- deg and (b) þ13.5- deg polar tilt.
Other components are labeled accordingly.

Fig. 5 Calibration plot of linear movement versus polar tilt angle of
the system. The error in tilt angle was less than 0.02 deg for four
measurements, and error bars are smaller than the data points.
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of the cylindrical enclosure of the rods itself looks distorted.
Conversely, the saddle reconstruction maintains the integrity
of the phantom shape as well as the smallest sized rods, provid-
ing a much cleaner, distortion-free image. There were no visible
artifacts in the rod-only section of the phantom, partly due to
the considerably lower scatter in that region.

4 Discussion
The hybrid, fully 3-D tilt capable human SPECT–CT imaging
system is unique, where both the SPECTand CT subsystems can
independently perform complex acquisitions with the target
object in a common FOV. Although a stand-alone BCT system
capable of polar tilting has been previously developed by us,32

the mechanical designs of those systems are considerably differ-
ent from the system described in this work. Additionally, the
previous tilt capable systems were stand-alone systems, not
providing any metabolic or physiological information (although
contrast imaging should be possible). A modulation transfer
function (MTF) and sampling studies were performed in the past
using tilted trajectories.54 X-ray scatter,55 dose distribution,56

and Hounsfield unit (HU) accuracy57 of tilted trajectories have
also been investigated on stand-alone devices, but none of these
studies have been performed after the inclusion of the SPECT
system in the hybrid device. The SPECT subsystem remained
unchanged from previous versions of the system and has been
evaluated by our group extensively;40,42,58,59 therefore, these
measurements were not repeated.

Practical development of the fully 3-D tilt capable system
resulted in a few changes from the proposed designs.44 One
major change was the use of a Rad94 source with a smaller
emission angle (14 deg), which increased the SID to 80 cm;
whereas the original designs incorporated a Rad70D source
with a 16-deg anode angle that would require a 70-cm SID.
Also, the Rad70D source requires liquid cooling from a heat
exchanger, which was designed to be placed behind the FPD
to balance the weight on the two ends of the CT gantry. In
the absence of the heat exchanger, lead weights were placed
behind the FPD to balance the Rad94 source and the extended
SID. Second, the practical implementation incorporated two
pulleys on each side of the linear motor, in place of the single
pulley design, to allow system tilts of up to �15 deg.

Fig. 6 Cropped projection images of a Defrise disk + rod phantom, acquired using a saddle orbit, at the
azimuthal angular positions indicated on the polar plot. Note that the SPECT gamma camera can be seen
in the FOV at the lower left corner and has been cropped out of the projection images for better
visualization of the phantom.
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One caveat of the current implementation of the SPECT–CT
system is the acquisition time. The time taken for a complete CT
scan with simple circular orbits, in a step-and-shoot fashion, was
4 min. However, due to a limitation of the Newport motion
controller used on this system, wherein only one motor can be
addressed at any given time, the step-and-shoot acquisition for
complex orbits involved movement of the azimuthal as well
as the linear motor for each projection image. This resulted
in a slower acquisition time of 8 to 12 min depending on the

complex orbit utilized and the degree of polar tilt incorporated
into the orbit. Faster acquisition times are possible by increasing
the speed of the motors; however, this introduces vibration in
the CT gantry that could result in motion artifacts, in addition
to any motion of the patient. This phenomenon occurs since
the entire CT gantry is suspended from two pivot points in a
cradle (Figs. 1 and 4); when the rotational and tilt motions
occur at high speeds, the inertia in the gantry causes the system
to jiggle, which repeats with every projection step. The vibration

Fig. 7 (a) Coronal slices at the same slice number, locations indicated in (b) of the reconstructed section
of the rod phantom, for the indicated acquisition trajectories. Coronal slices show similar image quality.
Coronal slice orientation is specified with respect to the breast and body habitus of the scanner system.
All images are depicted with the same window/level settings. (b) Sagittal slices (at the same slice number
in the reconstructed image) of the Defrise + rod phantom, for the indicated acquisition trajectories.
Sagittal slices clearly show the absence of cone beam sampling artifacts in the complex acquisition
trajectory images. Sagittal slice orientation is specified with respect to the breast and body habitus of
the scanner system. The same window/level settings were used for all six images, and some rods appear
missing due to the location of the slice with respect to the phantom center.
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is also amplified due to a larger SID, as the source–detector
weights are distributed farther away from the COR of the
system. Transitioning to the newer Rad70D source with a
larger anode angle would result in a smaller SID at full field
illumination, thus reducing system vibration. Upgrading the
motion controller would allow movement of multiple motors
simultaneously, thereby reducing overall acquisition times.
Optimization of the current CT acquisition code, programmed
in C++, may also allow reduction in scan times. Continuous
motion should be investigated with the pulsed source for
smoother acquisitions, especially since the CT system now has
two different degrees of motion. Such a system will allow for
acquisition times of less than 1 min; additionally, the lack of
constant acceleration/deceleration will reduce or eliminate the
vibration described above, providing greater mechanical stability.

Dose distribution studies previously reported by our group56

indicated that there is no significant difference between dose
delivered by simple circular and complex orbits. Scatter
studies60 have shown that the scatter-to-primary ratio is depen-
dent on the polar tilt angle of the BCT system. Additionally,
complex trajectories have also shown better HU uniformity57

in preliminary studies, which can also be seen in Fig. 9.
There is no reason to think that the doses with this system
would be any different than those from our previous systems
since the source has not changed. However, the better sampling
due to additional views close to the chest wall and nipple (Fig. 8)
regions, provided by complex trajectories, makes it particularly
advantageous for breast imaging. Preliminary results obtained

Fig. 8 Central sagittal slices of the reconstructed extended Defrise-
like slab phantom, for the indicated acquisition trajectories. Blurring
and image distortion can be observed in the images obtained with
the simple circular orbits, whereas these artifacts are not visible on
the complex acquisitions (see also Fig. 9). The same window/level
settings were used for all six images (see Fig. 9 for the absolute
scale).

Fig. 9 Profiles measured across the center of the reconstructed sagittal slices of the extended Defrise
slabs, for the indicated acquisition trajectories. The OSC algorithm reconstructs data to raw attenuation
coefficients; the dotted line represents the attenuation coefficient of acrylic (at 36 keV) obtained from
NIST. Profiles indicate that the attenuation coefficients are more uniform and without intradisk blurring
for the (a) complex orbits as compared with the (b) simple circular orbits.
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from this newly developed system highlight the superior sam-
pling performance of various complex trajectories and indicate
that more complete sampling yields consistently better image
quality regardless of the complex trajectory used. Other groups
have developed BCT systems that traverse simple orbits similar
to the AZOR13,25,49 with the top plane of the cone beam parallel
to the top of the detector, in an effort to achieve better sampling
near the chest wall. We mimicked that geometry with the
AZOR13 trajectory, with one difference: our FPD was also tilted
13 deg. This fixed tilt yields cone beam sampling artifacts near
the bottom of the detector since the x-ray cone beam divergence
increases as one moves from the top of the imaging FOV to the
bottom, as seen in Fig. 10. For those systems with a nontilted
detector, there is additional amplification of the sampling artifact
beyond even what we measured due to insufficient sampling
there. For smaller sized breasts, this tilting would work
adequately; however, as the size of the breast volume imaged
using the system increases, the amount of sampling artifacts
near the nipple region and image distortion would increase.
Some studies28,45,46 have indicated that the maximum breast
diameters clinically observed range from 18.1 to 20.5 cm and
the maximum height from chest wall to nipple ranges from
15.2 to 19.1 cm. For these larger breasts, which span the entire
FOV from top to bottom, complex trajectories are highly ben-
eficial compared with the traditional source–detector position-
ing like in the AZOR13.

The effect of better sampling and elimination of cone beam
artifacts would likely improve contrast resolution, which is
important for breast imaging. A qualitative assessment of the
reconstructed images (Figs. 7 and 10) illustrates that the contrast
resolution and noise characteristics of the different tilted trajec-
tories appear similar; moreover, a marked improvement was
observed over simple circular (AZOR) orbits. Additionally,
due to the more complete sampling coupled with the iterative
OSC algorithm used for these studies, the noise characteristics
of images obtained using various tilted trajectories is likely to
remain comparable. Better sampling also allows better attenu-
ation value recovery. Transmission values play an important

role in attenuation correction for SPECT. We expect that the
more accurate, artifact-free images would improve SPECT
quantitation; however, this work only focuses on the develop-
ment of the new system and preliminary CT results. Future
studies on this hybrid system will include investigation of
improvement in SPECT quantitation, the effect of cross-talk
between the SPECT gamma camera and the CT FPD, noise
characteristics, and detailed sampling studies using anthropo-
morphic breast phantoms including fine structures close to
the chest wall.

Cone beam sampling artifacts have been one of the major
hindrances of CBCT, in various applications. Various techniques
have been investigated to mitigate these artifacts, by means of
software corrections61 as well as clever system designs, such as
using multiple sources to achieve better sampling62 and even
vertical helical scanning with narrower detectors.63 Tilting the
source–detector pair about the target object is a practical method
for achieving more complete sampling in one revolution,
without requiring additional software corrections. Additionally,
complex acquisition trajectories show promise for other CBCT
applications beyond breast imaging, particularly for organ or
object-specific imaging tasks.

5 Conclusions
A first of its kind, a hybrid SPECT–CT breast imaging device
with each individual subsystem possessing the capability to per-
form fully 3-D arbitrary acquisition trajectories was designed
and successfully developed. Several phantom studies high-
lighted the significantly better performance of fully 3-D acquis-
ition trajectories. The results emphasize the potential of tilt
capable imaging systems for BCT, and other possible imaging
applications. Complex acquisitions eliminated reconstruction
artifacts due to better sampling, thereby improving image qual-
ity throughout the imaging volume; simply put, better collected
data yield better and more accurately reconstructed BCT images
without postreconstruction image processing or data manipula-
tion. The dual-modality imaging system developed in this work
would provide more complete sampling of the target volume and

Fig. 10 Sagittal slices through the tube section of the combined rod and tube phantom, for the indicated
acquisition trajectories. Note the streaking throughout the AZOR13 phantom, along with blurring tangent
to the very top and bottom of the image. The only difference between these acquired data is the simple
circular versus complex 3-D acquisitions. The rods could easily be seen in the low scatter rod portion for
both trajectories. The same window/level settings were used for both images.
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improved anterior chest wall access for pendant breast imaging.
In addition, this system allows the acquisition of physiological
(functional) and anatomical information in a common FOV.
The SPECT acquisition would be expected to provide higher
specificity data, while the BCT images would provide a road-
map for the SPECT signals, along with high sensitivity, low
dose breast imaging. The BCT system could also be used as
a stand-alone diagnostic device. The more completely sampled,
fully 3-D reconstructed images provided by the system can be
used for accurate localization, identification, and even quantifi-
cation of breast tumors. This unique system shows promise for
use as a diagnostic device, in chemo- and radiation therapeutic
monitoring, and potentially in screening (such as in high risk
populations) as well.
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