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Abstract

A compact, dedicated cadmium zinc telluride (CZT) gamma camera coupled with a fully three-

dimensional (3-D) acquisition system may serve as a secondary diagnostic tool for volumetric 

molecular imaging of breast cancers, particularly in cases when mammographic findings are 

inconclusive. The developed emission mammotomography system comprises a medium field-of-

view, quantized CZT detector and 3-D positioning gantry. The intrinsic energy resolution, 

sensitivity and spatial resolution of the detector are evaluated with Tc-99m (140 keV) filled flood 

sources, capillary line sources, and a 3-D frequency-resolution phantom. To mimic realistic human 

pendant, uncompressed breast imaging, two different phantom shapes of an average sized breast, 

and three different lesion diameters are imaged to evaluate the system for 3-D 

mammotomography. Acquisition orbits not possible with conventional emission, or transmission, 

systems are designed to optimize the viewable breast volume while improving sampling of the 

breast and anterior chest wall. Complications in camera positioning about the patient necessitate a 

compromise in these two orbit design criteria. Image quality is evaluated with signal-to-noise 

ratios and contrasts of the lesions, both with and without additional torso phantom background. 

Reconstructed results indicate that 3-D mammotomography, incorporating a compact CZT 

detector, is a promising, dedicated breast imaging technique for visualization of tumors <1 cm in 

diameter. Additionally, there are no outstanding trajectories that consistently yield optimized 

quantitative lesion imaging parameters. Qualitatively, imaging breasts with realistic torso 

backgrounds (out-of-field activity) substantially alters image characteristics and breast 
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morphology unless orbits which improve sampling are utilized. In practice, the sampling 

requirement may be less strict than initially anticipated.

Index Terms

Breast imaging; CZT detector; emission imaging; mammotomography; single photon emission 
computed tomography; SPECT; three-dimensional orbits

I. Introduction

COMPACT, dedicated gamma cameras coupled with a fully three-dimensional (3-D) 

acquisition system can serve as a secondary diagnostic tool for imaging of breast cancers, 

particularly in cases when mammographic findings are inconclusive. The significance of a 

compact camera in single photon emission imaging is its ability to facilitate closer proximity 

imaging, thus minimizing distance-dependent spatial resolution limitations. An advantage of 

employing nuclear medicine techniques stems from the fact that the accuracy of 

scintimammography is unaffected by breast density: studies have shown women with dense 

breasts may benefit most from this complementary imaging technique [1], [2]. Thus, several 

groups have investigated compact position-sensitive photomultiplier tube (PSPMT)-based 

gamma cameras for the breast imaging paradigm [3]–[6].

Compared to planar imaging alone, there is a significant increase in the accuracy of breast 

imaging for the diagnosis of primary breast cancer when mammography and 

scintimammography are combined [7]. Diagnostic accuracy may be further improved when 

using tomography rather than a simple combination of scintimammography and 

mammography, given that contrast improves with such a 3-D technique. In addition, the 3-D 

localization of the tumor is provided, as is the potential for in vivo quantification of lesion 

activity. Single photon emission computed tomography (SPECT) specifically for breast 

imaging has been investigated both with clinical gamma cameras [8]–[17] and dedicated 

systems [4], [17]–[22]. Our group has previously demonstrated that a compact, fully 3-D 

hemispherical positioning gantry that allows for imaging with a detector positioned 

anywhere about a pendant, uncompressed breast phantom significantly improves image 

quality and lesion visualization [20], [21]. Those studies were performed with quantized 

NaI(Tl) scintillator, PSPMT-based compact gamma cameras.

While these dedicated PSPMT cameras offer an improvement over clinical gamma cameras, 

the energy discrimination can be further improved by using cadmium zinc telluride (CZT) 

semiconductor detectors. The use of CZT detectors for the detection of breast lesions has 

been previously proposed and investigated through SPECT simulation studies [22] and 

preprototype measurements [18], and scintimammography measurements [23]. Solid-state 

detectors made of CZT boast a markedly improved energy resolution over scintillator-based 

NaI(Tl), with reported measurements of 4%–7% full-width at half-maximum (FWHM) at 

140.6 keV [23]–[27], as compared to NaI(Tl)’s typical energy resolution of 9%–10% [28]. 

Indeed, for compact gamma cameras utilizing quantized elements, the energy resolution, and 

hence scatter rejection, is usually poorer still. Scintimammography phantom imaging studies 

indicate that scatter from cardiac and hepatic background can significantly contaminate the 

Brzymialkiewicz et al. Page 2

IEEE Trans Med Imaging. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



primary lesion signal [29]. While it is generally accepted that better energy resolution 

performance yields improved emission image quality, it is unclear what specific effect this 

will have in the 3-D breast imaging paradigm [20], [21].

Using a fully 3-D acquisition geometry discussed here, there is an infinite set of camera 

trajectories, or orbits, with which to acquire projection data. The camera motions and 

techniques presented here can also directly be applied to other imaging modalities, such as 

cone-beam X-ray transmission imaging. The gantry’s several degrees of freedom allow any 

detector, source/detector or even detector/detector connected to it to be positioned anywhere 

about a 2π steradian solid angle of coverage. For example, by replacing the gamma camera 

utilized here with a flat-panel digital X-ray detector, combined with an opposing X-ray tube, 

cone-beam transmission acquisitions of a pendant breast phantom can be performed [30], 

[31].

While a simple, vertical-axis-of-rotation orbit for an emission imaging camera [13] with a 

parallel-hole collimator yields a completely sampled volume [32], [33], the imaged breast 

volume, for example, is smaller than for an acquisition orbit which includes camera tilt. Due 

to positioning restraints imposed by the detector, the furthest into the breast one can image 

without tilt is limited to the plane perpendicular to the nipple-chest axis where the camera is 

adjacent to the torso. Cameras with a large dead edge further decrease the viewable breast 

volume. One main advantage of fully 3-D orbits that utilize increased polar tilt is an 

increased viewable breast volume, potentially into the chest wall region [20]. However, with 

increased tilt angle, the camera may directly view cardiac and hepatic regions that take up 

the injected radiopharmaceutical, which could contribute primary background contamination 

to the 2-D projection images of the breast.

Using a compact CZT detector to image lesions in a uniform breast background, the primary 

aim of this study is to evaluate the imaging ability of the developed emission 

mammotomography system, both with and without additional torso backgrounds, with some 

previously investigated and newer trajectories. To our knowledge, this is the first 

implementation and evaluation of a fully developed CZT detector and system for dedicated 

tomographic imaging of the breast (mammotomography).

II. Planar and SPECT Performance Characteristics of the CZT Detector

A. Methods

The commercially available, production LumaGEM™ 3200-S camera (Gamma Medica Inc., 

Northridge, CA) (Fig. 1) utilizes a 60 × 84 array of 2.5 × 2.5 × 6 mm3 quantized CZT 

elements. The detector is kept at 15 °C, using water cooling. We evaluated the camera with 

an unmatched parallel beam, lead collimator with hexagonally arranged holes (1.22-mm 

hole size flat-to-flat, 0.2-mm septa, 25.4-mm height).

With the collimator removed, the intrinsic energy resolution was measured for 10 M total 

counts using a point source of Tc-99m located approximately 1 m from the camera surface. 

Count rates were ~17.5 kcps using an open energy window (~10 kcps in a 16% symmetric 

(±8%) window about the photopeak). Sensitivity, defined as (counts/sec)/mCi, was 
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measured with a 14-cm-diameter petri dish filled with an ~3-mm layer of 2.6 mCi of 

Tc-99m, placed 10 cm from the collimator face. Counts were recorded for 60 s. The dose 

calibrator in our lab has a ±5% error. The sensitivity measurement is based on a 16% 

symmetric (±8%) energy window about the 140-keV photopeak, which is the window size 

used for all of the studies performed to characterize the detector (all those found in Section 

II). Energy windows are applied globally to all pixels, i.e., there is not a separate energy 

window for each discrete pixel, though in principle there could be.

Planar spatial resolution was measured by acquiring images of a single capillary tube in air, 

filled with 3.8 mCi of Tc-99m in 6.0 cm of its length. Projection data were acquired with the 

line source moved across the detector face both horizontally and vertically with respect to 

the camera, in 1-mm increments for a total of 10 mm. For both the horizontal and vertical 

directions, the tube was then placed at the position yielding the lowest FWHM, and 

projection data were acquired at a collimator-to-source distance of 1 through 10 cm. The 

expected system spatial resolution is a function of the intrinsic and collimator resolutions. 

Collimator resolution (Rcoll) was calculated by Rcoll = [d(leff + b + c)]/leff, where d is the 

hole diameter, leff is the ‘effective length’ of the collimator holes, b is the distance from the 

collimator to the radiation source, and c is the collimator-to-detector distance [34], [35]. The 

effective collimator length is calculated by leff = l − 2μ−1, where l is the length of the holes 

and μ is the linear attenuation coefficient of the collimator material (lead) [34].

Reconstructed spatial resolution was determined from SPECT measurements of two 

capillary tubes in air, one filled with 3.8 mCi of Tc-99m in 6.0 cm of its length, the other 

filled with 1.8 mCi of Tc-99m in 3.0 cm, both suspended along the vertical axis of rotation 

with one placed on the axis of rotation and one offset by 2 cm. Simple circular tomography 

over 360° was used for these measurements with 128 projections, at 5 s/projection. 

Acquisitions were made at 3-, 5-, and 7-cm rotation radii. Note that the radius-of-rotation 

(ROR) is defined as the perpendicular distance from the center of the detector face, at the 

front face of the collimator, to the center-of-rotation (COR). Images were reconstructed 

from projection data using an ordered subsets expectation maximization (OSEM) algorithm 

[36], [37] implemented with a ray-tracing capability, using 8 subsets, 5 iterations, and 2.5-

mm grid voxels. Since spatial resolution was not modeled within these reconstructions, there 

is a limit to how much spatial resolution the reconstructions can recover, and that limit will 

be reached within a relatively small number of iterations. The number of subsets was chosen 

based on previous evaluations of tradeoffs between signal-to-noise ratio (SNR) and contrast 

of small lesions [20], [21].

A 7.7-cm diameter cylinder containing a resolution-frequency phantom consisting of acrylic 

mini-rods each 2.6 cm long (model ECT/DLX/MP, Data Spectrum Corp., Hills-borough, 

NC) was used as another measure of the tomographic spatial resolution of the system (Fig. 

2). In each of six sectors, the rods had equal diameters of 4.7, 3.9, 3.1, 2.3, 1.5, and 1.1 mm, 

spaced on twice their diameter. Water containing 15.6 mCi of Tc-99m filled the interstitial 

spaces between the rods, thus, images are of “cold” rods. The phantom was oriented such 

that the rods were vertical, parallel to the axis of rotation. The camera and phantom were 

both leveled, and the rods were placed in the central portion of the field of view (FOV). The 

ROR was fixed at 4.4 cm. The 16% energy window yielded count rates of ~5.9 kcps. Simple 
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circular tomography was used for these measurements with 256 projections over 360° and 

an acquisition time of 28 s/projection.

B. Results

Of the detector’s 5120 pixels, 99.8% were routinely usable. The dead pixels were randomly 

dispersed throughout the imaging FOV, with only one bad 4-pixel cluster at the edge of the 

distal FOV. The system has a dead-pixel correction scheme supplied by the manufacturer, 

which includes a linear interpolation of the surrounding pixels’ values. For our imaging 

studies, the phantoms did not extend into that portion of the detector. One might expect a 

similar dead pixel fraction and random distribution from similar imaging devices. 

Furthermore, extensive quality control studies are performed before each set of experiments; 

should excessive dead pixels appear to be concentrated in any one region, the modules could 

be replaced within the camera. The measured uniformity of the detector was ±4.0%, given as 

the overall standard deviation of all pixels divided by the global mean.

The gain balanced, summed energy spectra (Fig. 3) yielded an intrinsic energy resolution of 

6.8% FWHM at 140 keV. Using the same protocol for calculation of the FWHM (as per 

[38]) for each individual pixel resulted in a mean intrinsic energy resolution of 6.7%, with a 

range of 3.5% to 24.8% (Fig. 3, histogram). The measured sensitivity of the system for the 

parallel-beam collimator using Tc-99m was 1402 cps/mCi (37.9 cps/MBq).

Average planar spatial resolution FWHM and full-width-tenth-maximum (FWTM) values as 

measured with the capillary line source, according to [38], for collimator-source distances of 

1 and 10 cm are shown in Table I. Planar spatial resolution plotted as a function of distance 

to the detector compared well to the calculated system resolution (Fig. 4). Horizontal and 

vertical measurements may be different due to the line source being ideally aligned with the 

collimator holes in one case, and/or nonalignment with the Cartesian distribution of the 

quantized CZT elements. Furthermore, the size and shape of the collimator holes are not 

matched to the detector elements, and the collimator holes are not aligned with the Cartesian 

distribution of the square pixels. The system’s current unmatched collimator can potentially 

introduce aliasing and sensitivity fluctuations across an individual detector element. While 

some groups are investigating un/matched collimator designs for pixellated detectors [39]–

[41], it is known that rotating the unmatched collimator with respect to the detector pixels 

would reduce these effects [42].

SPECT spatial resolution results are shown in Fig. 5 for the fifth iteration data, where 10-

pixel-wide profiles were drawn in both the coronal and sagittal slices, and Gaussian curves 

were fit to the profiles to extract the FWHM information. Resolution measurements are not 

significantly different with fewer iterations.

Reconstructed results with 8 subsets, 20 iterations, and 2.5-mm voxels, from the mini-rod 

measurements are shown in Fig. 2. The second sector of rods (3.9-mm diameter) are clearly 

distinguishable, as would be expected with results from Figs. 4, and 5 given the ROR of 4.4 

cm. The 3.1-mm rods are also discernible; though the profile reveals a relatively low 

contrast, the rods can indeed be resolved.
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III. Three-Dimensional Mammotomography

The significance of any 3-D orbit with a dedicated breast imaging system is that it allows for 

fully 3-D imaging of an uncompressed, pendant breast while avoiding physical features or 

other hindrances from a patient during the acquisition. The tomographic gantry (Fig. 6) used 

to position the camera’s central ray at any point in a hemisphere about the COR has been 

previously described [20], [21]. A basis set of orbits was initially characterized using a 

smaller, 12.8 × 12.8 cm2 FOV NaI(Tl) camera incorporated onto the dedicated emission 

mammotomograph [21]. While results showed significant improvements in contrasts and 

SNRs for breast lesions as compared to simple vertical-axis-of-rotation acquisitions and 

uncompressed planar imaging, the system was limited by the relatively small FOV. Image 

artifacts resulted from a necessary camera shift to compensate for large, truncated breast 

volumes.

The new CZT detector used here has a larger FOV and obviates this camera shift of our 

previous work. Thus, in this work, we evaluate a subset of orbits from [21] here acquired 

with the full FOV CZT detector. In addition, we evaluate newer orbits. Ideally, an 

acquisition orbit should: 1) meet Orlov’s sampling criterion for sufficient data collection for 

accurate reconstruction of the activity distribution within the breast when the activity is fully 

within the camera’s FOV for each projection angle [32]; 2) maximize the viewable breast 

volume; 3) minimize the background contamination from cardiac and hepatic sources; and 

4) contour the breast to minimize the distance related resolution degradations.

If used as a secondary diagnostic tool, the emission mammotomography system evaluated 

here can image an indeterminate lesion which may have presented on an initial 

mammogram. Orbits can be designed to contour the breast keeping the detector position 

near such a lesion. Thus, for this set of experiments, we examine those orbits illustrated in 

Fig. 7(a). Given the geometry of a pendant breast and the tilts afforded by the system to 

contour the breast, proximity of different parts of the camera will vary with respect to the 

breast and an azimuthal axis of rotation. Orbits are designed to optimally contour the breast 

utilizing dynamic ROR control [example given in Fig. 7(b)], allowing at most a 1-cm 

separation between the camera’s center and the breast phantom surface.

While this paper focuses on parallel-beam imaging utilizing a focal spot at infinity, Orlov’s 

sampling criteria have been shown to be a special case [33] of Tuy’s condition for cone-

beam sampling [43], which outlines criteria for cone-beam type geometries that are also 

possible with our system. The flexibility of the gantry allows for investigation of various 

sampling schemes, for a variety of converging or even diverging collimation beam 

configurations.

A. Methods

Two acrylic lesions, one 8-mm and one 5-mm inner diameter with ~1-mm wall thickness 

(Data Spectrum Corp.) were inserted into a ~935 ml custom fabricated, fillable 

anthropomorphic breast phantom (Radiology Support Devices Inc., Newport Beach, CA) as 

shown in Fig. 8. The 8-mm lesion was placed centrally in the breast, while the 5-mm lesion 

was placed proximally. The custom-made breast phantom is one of several, each with 
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varying sizes and shapes; this particular model has dimensions given in Table II. The 

dimensions of these phantoms are within the ranges measured clinically [44]. Specific orbit 

parameters used for these acquisitions, including ROR ranges, are given in Table III. The 

lesion:breast radionuclide concentration ratio was 9.8:1, with an absolute lesion activity 

concentration of 12.1 μCi/ml. The initial scan was acquired for 20 min, with subsequent 

acquisitions adjusted to compensate for radioactive decay. As in Section II, a ±8% 

symmetric energy window about the 140-keV photopeak was used, yielding count rates of 

~0.9 kcps. The breast phantom was attached to the anthropomorphic torso phantom to 

simulate complications in patient positioning, but the torso was not filled with radioactivity.

To more nearly simulate a clinical study and, thus, match the biodistribution of activity in a 

patient, an anthropomorphic torso phantom containing a heart, liver, and lungs (Radiology 

Support Devices Inc.) was filled according to compiled, published data [3], [4], [45]–[47]. 

The ~1060 ml breast phantom, torso and organs were filled according to the concentration 

ratios given in Table IV, assuming an initial total dose of 25 mCi (925 MBq), with the heart 

uptake of 1.2% after 5 min [47]. Two lesions, one 9.5-mm and one 8.0-mm inner diameter 

with ~1-mm wall thickness (Data Spectrum Corp.) were also filled according to the 

concentration ratios given in Table IV. The 9.5-mm lesion was placed centrally in the breast, 

while the 8-mm lesion was placed in the upper outer quadrant of the breast (Fig. 8). Total 

image time was adjusted to compensate for radioactive decay, with the initial scan acquired 

for 20 min. Because of the expected increase in secondary (scattered) contamination 

resulting from the filled torso, a tighter energy window was used to reject scatter. Thus, in 

these breast+filled torso acquisitions, a symmetric ±4% window about the 140-keV 

photopeak of Tc-99m was used, providing count rates of ~0.2 kcps.

For the 3-D camera trajectories implemented in these breast+filled torso experiments, the 

filled torso distal to the breast introduces background activity which is not uniformly in the 

FOV for each projection angle. Hence, Orlov’s criteria is not strictly met. Thus, the primary 

design goal for the acquisition orbits shifts from meeting Orlov’s criterion to maximizing the 

viewable breast volume. In order to increase the viewable volume, the COR was located as 

far inside the breast as practicable to image near the chest wall. As a result, these orbits have 

a minimum polar tilt of 15°, with the exception of tilted-parallel-beam (TPB) which 

maintains a larger, 45° polar tilt (Table III).

Images were again reconstructed from projection data using the OSEM algorithm with ray-

tracing capability, with 8 subsets, 5 iterations, calculated attenuation correction assuming a 

uniform emission volume, and 2.5-mm grid voxels. A 3-D Hann filter with a cutoff of 0.7 

times the Nyquist frequency was applied to the reconstructed data.

Regions of interest (ROIs) were drawn both inside the lesions and circumferentially about 

each lesion in the breast background. For lesion sizes of 9.5-, 8-, and 5-mm-diameter, ROIs 

contained 12, 9, and 4 pixels, respectively. In all cases, 24 separate background regions were 

drawn about each lesion, 8 each in the slice containing the lesion’s centroid, in the 2.5-mm 

slice above, and in the 2.5-mm slice below. The size of the background ROIs drawn about 

each lesion corresponded to the size of the ROI drawn within that lesion (e.g., for the 9.5-
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mm lesion, 24 background regions totaled 288 pixels, whereas for the 8-mm lesion, 24 

background regions totaled 216 pixels).

The SNR was measured as the difference in mean pixel values of the lesion and breast 

background, divided by the standard deviation of the uniform background ((ROIlesion − 

ROIbreast)/σbreast). Lesion contrast is defined as the signal difference divided by the 

background signal ((ROIlesion − ROIbreast)/ROIbreast).

B. Results

Fig. 9 shows reconstructed results from the 935 ml breast-only measurements, where both 

lesions are located in the same transaxial plane. Without additional torso contamination, and 

with a uniform breast background, both the centrally located 8 mm and the proximally 

located 5-mm-diameter lesions are clearly visible. Table V gives results from calculations of 

SNR and contrast for both lesions at the second OSEM iteration, smoothed with a Hann 

filter (which was the optimal tradeoff between gains in contrast and losses in SNR (see [20], 

[21])).

Fig. 10(a) shows reconstructed results from the 1060 ml breast and filled anthropomorphic 

torso phantom measurements, for the centrally located 9.5-mm-diameter lesion. Fig. 10(b) 

shows an example of reconstructed results for the 8-mm lesion. Table V lists results from 

calculations of SNR and contrast for both the 9.5-mm and 8-mm lesions, again at the second 

OSEM iteration, smoothed with a Hann filter.

C. Discussion

The two breast phantoms were chosen for these mammotomography studies because of their 

similar size (volume), but vastly different shape. The breast’s shape was purposely and 

deliberately altered to examine its effect on the newer orbits evaluated within this work. 

With a different breast shape, various complications in positioning arise (including ROR 

control to contour the breast) without significantly changing the amount of scatter, total 

activity, or attenuation that one might expect with vastly different sized breasts.

In studies with the 935 ml breast, high-count, low-noise images result (Fig. 9). This is not 

surprising given the fairly large energy window (±8%) and large absolute activity. However, 

this ideal case does demonstrate the ability of the system to clearly resolve a 5-mm lesion. 

Furthermore, both subcentimeter diameter lesions were resolved with each improved 3-D 

sampling scheme, afforded by the flexibility of the hemispherical positioning gantry, 

suggesting the viability of these trajectories for clinical studies. With the use of a radio-

opaque bed to shield the system from additional body background, we are currently 

investigating whether the image quality, given enough statistics, could ideally resemble that 

shown in these isolated breast measurements [48].

The TPB orbit (which does not strictly meet Orlov’s sufficiency condition) yields the lowest 

SNR value for the 5-mm lesion. Further, the reconstructed images are riddled with artifacts, 

including an elongated nipple-chest axis, similar to our previous results [20], [21]. With the 

more complex orbits that improve volumetric sampling, the breast shape is almost fully 

recovered. Results also indicate that the orbit most optimal for specific lesion locations may 
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change; whether this result is more ascribable to the placement of the lesion or the size of 

the lesion itself is being further investigated.

The viewable breast volume is limited for the 935 ml breast case along the nipple-chest axis. 

Because the design criteria included meeting Orlov’s sampling criteria, the COR was located 

at the nipple for this particular breast shape and size. Thus, with the lesions optimally placed 

near the nipple for this set of measurements, resulting images provided for high contrast 

resolution. However, for lesions located near the chest wall, relatively far from the detector, 

a COR located at the nipple may preclude their visualization even given improved sampling. 

Consequently, design criteria for any orbit require a tradeoff between improved sampling 

and viewable breast volume.

This subsequent optimization of orbit design parameters was examined in the 1060 ml breast 

+ filled torso experiments. The design goal for the orbit implementations for those 

measurements was to move the COR as far into the breast as practicable. Accordingly, the 

minimum tilt was increased from 0° to 15° so that the COR could be moved into the breast 

~2 cm. This, in turn, increased the viewable breast volume. Indeed, the entire 12-cm length 

of the nipple-chest wall axis can be seen, as well as some additional depth into the chest wall 

with only a small missing cone of data behind the chest wall along the nipple-chest axis.

With more realistic uptake ratios in the body and absolute activities of the organs, the 9.5-

mm centrally located lesion (~6 cm from the nipple) was discernible in all images. Again, 

results from the TPB orbit in Fig. 10(a) demonstrate the familiar elongation of the nipple-

chest axis. Additionally, increased activity from the background, specifically the liver, is 

also visible [Fig. 10(a), white arrow]. Interestingly, the remaining orbits, though also 

incompletely sampling the breast according to Orlov’s condition, appear to more nearly 

recover the breast’s shape. This suggests that while the mathematical condition for accurate 

reconstruction of the activity distribution within the breast was not met, in practice, the 

sampling requirement may be less strict than initially anticipated; this is an area that 

warrants further investigation.

Incomplete sampling may, however, produce false positives in the image [Fig. 10(a), 

CLOVER]; this may also be due to other reconstruction artifacts since these misleading 

signals are actually manifested as streaks and appear in multiple contiguous planes. The 

more peripheral areas of the breast along the chest wall may suffer from less sufficient 

sampling; the uniformity of the sampling scheme itself is currently being investigated in 

addition to completeness issues.

For this work, there was no patient (torso) shielding whatsoever. Given a radio-opaque 

support bed, however, background activity should be significantly reduced, as the heart and 

liver should be removed from a significant number of detector vantages. The shielded bed 

may also affect the allowed camera trajectories. Our group is in the process of implementing 

and investigating such a patient bed and its effects (and expected improvements) on image 

quality [48].
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IV. Conclusion

Dedicated emission mammotomography with a CZT imaging detector that could image 

large breasts was implemented. Initial characterization and preclinical evaluation studies 

were performed. The intrinsic characteristics of the medium-FOV, semiconductor imaging 

detector were evaluated, as was the overall suitability of the device for dedicated SPECT 

imaging of the breast. The detector was found to have a 6.8% FWHM at 140 keV, and was 

able to clearly discern 3.1-mm-diameter mini-cold rods in reconstructed images. A key 

benefit provided by a dedicated, compact SPECT breast imaging system is its ability to 

acquire fully 3-D molecular data about an uncompressed, pendant breast and possibly 

anterior chest wall. As a potential secondary diagnostic tool, the 3-D sampling scheme can 

be tailored to an individual patient, especially if mammographic studies can provide a priori 

information about a suspected lesion. Though it appears no single orbit optimizes image 

quality for lesions at all placements within the breast, the phantom studies shown here 

demonstrate the capability of the system to easily adapt the acquisition scheme for imaging 

of various breast shapes and sizes. Additionally, there are no outstanding trajectories that 

consistently yield optimized quantitative lesion imaging parameters. Qualitatively however, 

while imaging isolated breasts which are completely in the field-of-view for all vantages 

yields consistent reconstructed images, imaging breasts with realistic torso backgrounds 

(out-of-field activity) substantially alters image characteristics and breast morphology. 

Orbits that improve sampling yield more realistic morphology as well as more accurate 

overall activity distributions throughout the imaged volumes. Furthermore, results from 

breast phantom measurements reveal the ability of this approach to visualize lesions <1 cm 

in diameter, and studies are ongoing to evaluate this ability with vastly different sized breast 

phantoms [48]. The strength of this molecular imaging approach for breast imaging can be 

further enhanced with additional structural information provided by transmission cone-beam 

mammotomography. Initial development of a prototype X-ray computed mammotomograph 

for such a purpose is underway [30], [31]. The 3-D emission mammotomography system 

evaluated within this work, incorporating a compact CZT detector, shows a promising, 

clinically relevant technique for molecular imaging of the whole breast.
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Fig. 1. 
Photograph of the compact CZT detector with 16 × 20 cm2 field of view (FOV).
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Fig. 2. 
(Left) Photograph of the mini-rod phantom, with diameters labeled (in mm), with a pitch 

equal to twice their diameter. (Middle) OSEM reconstructed mini-rod data (8 subsets, 20 

iterations, 2.5-mm voxels, 5 summed slices to reduce noise, correction for COR partial pixel 

shift) acquired with 4.4-cm ROR. (Right) Profile (one-pixel wide) drawn through the 3.1-

mm rods at edge, as indicated. Darker grayscale values indicate areas where activity is 

present (normalized to 1 in this case); white areas (i.e., the rods) are cold.
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Fig. 3. 
(Top) Gain balanced, summed energy spectra of all active pixels. As per NEMA-2001 

specifications, the measured FWHM energy resolution was 6.8%. (Bottom) Histogram of 

FWHM Energy Resolutions for all discrete pixels. Mean = 6.7%; Median = 6.4%; Min = 

3.5%; Max = 24.8%.
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Fig. 4. 
Planar spatial resolution results from capillary line source measurements match calculated 

values.
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Fig. 5. 
Reconstructed SPECT spatial resolution results measured through two capillary tubes 

located at the ROR center and 2-cm offset. Data obtained from 10-pixel-wide profiles drawn 

in both the coronal and sagittal slices from the fifth iteration of the reconstructed data.
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Fig. 6. 
Dedicated emission mammotomography system with camera mounted on the hemispherical 

positioning gantry. A filled anthropomorphic torso phantom and pendant, uncompressed 

1060 ml breast are suspended within the camera’s FOV.
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Fig. 7. 
(a) Scale schematics of orbits, with 1060 ml breast modeled. The wire-frame box represents 

the 16 × 20 cm2 active detector FOV, with center on the trajectory (black orbit path) about 

the breast. Orbits are (Top to Bottom): Tilted-Parallel-Beam (TPB); Circle-Plus-Two-Arcs 

(CP2A); Circle-Plus-Arc (CPA); Cloverleaf (CLOVER); and Inverse Cloverleaf 

(invCLOVER) (see, also, Table III). Labeled in TPB schematic are the: center of rotation 

(COR), located ~2 cm inside the breast along the nipple-chest axis; direction of increased 

polar camera tilt (small arrow). Dark gray line from COR is perpendicular to the detector 

face. Note that while these implementations meet Orlov’s criteria for sufficient sampling, 

simple modifications allow for more viewable breast volume when physical hindrances 

preclude sufficient sampling. Next to each 3-D schematic are polar plots of camera polar tilt 

(ϕ) (plotted as a radius, with 90° at center and 0° at edge) versus azimuthal angle (θ) (plotted 
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around the circle from 0° to 360°). (b) For CLOVER orbit, example polar plot of ROR 

contouring (0 cm radius at center), which allows camera to move close to the breast, as a 

function of azimuthal angle (θ).
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Fig. 8. 
Photographs of the (left) 935 ml and (right) 1060 ml anthropomorphic breast phantoms. 

Dimensions of both phantoms are given in Table II. Two sets of embedded lesions were 

inserted into each phantom as shown.
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Fig. 9. 
OSEM reconstructed data (8 subsets, second iteration smoothed with Hann filter shown) 

from the 935 ml breast data, for each labeled orbit, with a 9.8:1 lesion:breast radionuclide 

concentration ratio. Solid line in transaxial slice and profile is through the 8-mm lesion, and 

the dashed line is through the 5-mm lesion. Note that incomplete sampling artifacts from 

reconstructed data seen with the TPB orbit sagittal views are reduced with the more complex 

orbits that improve sampling, similar to results shown in [20] and [21].
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Fig. 10. 
OSEM reconstructed data (8 subsets, second iteration smoothed with Hann filter shown) 

from the 1060 ml breast + filled torso data, for each labeled orbit with an incomplete 

sampling scheme, with a 6.1:1:12 lesion:breast-and-torso:liver-and-heart radionuclide 

concentration ratio. (a) Solid line is drawn through the 9.5-mm lesion. Note the increased 

background contamination with TPB (white arrow) as compared to the other orbits which do 

not maintain the large detector polar tilts, thus limiting more direct views of the heart and 

liver. Even with these incompletely sampled orbits, and more realistic absolute 

radioactivities within the phantom, the centrally located 9.5-mm lesion is clearly visible. 

Dashed arrow in CPA points to cold lesion holder, which can also be seen with the other 
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orbits (see, also, InvCLOVER) and in Fig. 8. (b) Views of the 8-mm lesion at different 

transaxial and sagittal locations than the larger lesion.
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TABLE I

Average Planar Spatial Resolution FWHM and FWTM as Per [38]

Collimator-Source Distance (cm)

Direction Along Detector

Horizontal Vertical

FWHM (mm) FWTM (mm) FWHM (mm) FWTM (mm)

1 3.4 ± 0.7 6.3 ± 0.7 3.7 ± 0.7 6.6 ± 0.4

10 6.7 ± 0.1 12.2 ± 0.3 7.3 ± 0.2 13.0 ± 0.3
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TABLE II

Dimensions of the Custom Breast Phantoms

Breast Volume (ml)

Dimensions (in cm)

Superior-Inferior Nipple-Chest Medial-Lateral

935 20 7.5 15

1060 16 12 18
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TABLE III

Orbit Parameters Used for Each Breast Phantom Acquisition, With All Orbits Acquired Over a 360° 

Azimuthal Range (θ)

Orbit Name Acronym ϕ Range (min-max) (degrees) ROR Range (min-max) (cm) Number of Prjs

935 ml Breast, COR located at nipple

Tilted-Parallel-Beam TPB 45° 1.9 – 3.7 128

Circle-Plus-Two-Arcs CP2A 0 – 45° 1.9 – 9.3 162

Circle-Plus-Arc CPA 0 – 45° 2.4 – 9.3 145

Cloverleaf CLOVER 0 – 45° 2.0 – 9.3 268

Inverse Cloverleaf invCLOVER 0 – 45° 2.0 – 9.3 268

1060 ml Breast + Filled Torso, COR located ~2 cm inside nipple

Tilted-Parallel-Beam TPB 45° 3.2 – 4.4 128

Circle-Plus-Arc CPA 15 – 45° 3.8 – 7.1 139

Cloverleaf CLOVER 15 – 45° 3.6 – 7.2 256

Inverse Cloverleaf invCLOVER 15 – 45° 3.6 – 7.1 256
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TABLE IV

Activity Concentration Ratios for Each of the Filled Organs in the Anthropomorphic Torso and Breast 

Phantoms

Organ Volume (ml) Concentration (μCi/ml) Ratio

Breast 1060 0.33 1.0

Torso 7810 0.33 1.0

Liver 1010 4.2 12.7

Heart (outer wall) 290 4.0 12.1

9.5 mm diam. lesion 0.43 2.0 6.1

8.0 mm diam. lesion 0.26 2.0 6.1
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