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We have constructed a dedicated breast PET/CT scanner capa-
ble of high-resolution functional and anatomic imaging. Here, we
present an initial characterization of scanner performance during
patient imaging. Methods: The system consisted of a lutetium
oxyorthosilicate–based dual–planar head PET camera (crystal
size, 3 · 3 · 20 mm) and 768-slice cone-beam CT. The position
of the PET heads (separation and height) could be adjusted for
varying breast dimensions. For scanning, the patient lay prone
on a specialized bed and inserted a single pendent breast
through an aperture in the table top. Compression of the breast
as used in mammography is not required. PET and CT systems
rotate in the coronal plane underneath the patient sequentially
to collect fully tomographic datasets. PET images were recon-
structed with the fully 3-dimensional maximum a posteriori
method, and CT images were reconstructed with the Feldkamp
algorithm, then spatially registered and fused for display. Phan-
tom scans were obtained to assess the registration accuracy be-
tween PET and CT images and the influence of PET electronics
and activity on CT image quality. We imaged 4 women with mam-
mographic findings highly suggestive of breast cancer (breast
imaging reporting and data system, category 5) in an ongoing
clinical trial. Patients were injected with 18F-FDG and imaged
for 12.5 min per breast. From patient data, noise-equivalent count-
ing rates and the singles-to-trues ratio (a surrogate for the randoms
fraction) were calculated. Results: The average registration error
between PET and CT images was 0.18 mm. PET electronics and
activity did not significantly affect CT image quality. For the patient
trial, biopsy-confirmed cancers were visualized on dedicated
breast PET/CT on all patient scans, including the detection of duc-
tal carcinoma in situ in 1 case. The singles-to-trues ratio was found
to be inversely correlated with breast volume in the field of view,
suggesting that larger breasts trend toward increased noise-
equivalent counting rates for all other things equal. Conclusion:
Scanning of the uncompressed breast with dedicated breast
PET/CT can accurately visualize suspected lesions in 3 dimensions.
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Whole-body (WB) 18F-FDG PET has clinical utility in
breast cancer staging, restaging, and therapy response
assessment. A study by Rousseau et al. (1) found that WB
PET could identify tumors with pathologic response after a
single course of neoadjuvant chemotherapy (sensitivity,
61%; specificity, 96%), whereas mammography had limited
accuracy (sensitivity, 31%; specificity, 56%), even after 6
courses of treatment. WB PET has been shown to have a
high accuracy for detecting distant metastasis. Mahner et al.
(2) measured a sensitivity and specificity for metastatic
disease of 87% and 83%, respectively, for WB PET, versus
43% and 98%, respectively, for combined results from chest
radiography, abdominal ultrasound, and bone scintigraphy.

The combination of WB PET with CT in a single platform
(PET/CT) has been shown to have increased utility over
either PET or CT alone for several oncologic imaging tasks
(3). The CT component allows for the creation of fused
images, showing the location of 18F-FDG uptake on an
anatomic background, and allows the use of the low-noise
radiographic scans for attenuation and scatter corrections.
WB PET/CT, compared with either PET or CT alone, may
also improve diagnostic confidence for breast cancers (4),
especially for recurrent disease (5). With both WB PET and
PET/CT, however, detection and quantification performance
in breast cancer is significantly reduced when lesions are
small (,1 cm diameter) or have low 18F-FDG uptake with
respect to the background (6,7). The limited spatial resolu-
tion of WB PET, approximately 7 mm in full width at half
maximum, and low coincidence photon detection sensitivity
(photon sensitivity) for the breast are the main reasons for
this performance loss.

Various groups are working on dedicated breast PET
scanners, with the design emphasis on higher spatial res-
olution and photon sensitivity than are obtainable with WB
PET. Potential breast PET applications include local stag-
ing, surgical planning, therapy response assessment, and
residual or recurrent disease detection. Dedicated breast
scanners can be generalized into 2 groups. Positron emis-
sion mammography (PEM) systems use 2 planar (8–10) or
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curved (11) detector heads and image the breast under mild
compression, with limited-angle tomography. In a clinical
trial of 94 women scanned on a commercial PEM device,
with mammographic and clinical examination findings
available to the study readers, PEM, compared with WB
PET, showed a significantly improved sensitivity for sub-
centimeter lesions (12). Although in-plane PEM resolution
is relatively high (2–3 mm), out-of-plane resolution is
degraded because of incomplete angular coverage (13).
Scanners in the second group, termed bPET, acquire fully
tomographic images of the breast by rotating 2 or more
planar heads (14,15) or by completely encircling the breast
with detectors (16–18). bPET systems produce images with
isotropic spatial resolution (thereby potentially limiting the
superimposition of structures, compared with PEM). The
performance of a bPET system for in vivo imaging, how-
ever, has not been reported to date.

We have constructed a combined, dedicated bPET/CT
scanner. The goal of this study was to assess the performance
of this system during phantom measurements and patient
scanning.

MATERIALS AND METHODS

System Description
The UC Davis dedicated breast scanner, herein referred to as

DbPET/CT, consisted of a dual-head PET camera and cone-beam
CT integrated into a single gantry (Fig. 1A). For imaging, the
patient was positioned prone with a single pendent breast hanging
into the field of view (FOV) of the scanner. In contrast to WB
PET/CT, the DbPET/CT transaxial FOV is parallel and the axial
FOV perpendicular to the coronal plane (Fig. 1A).

The CT component was composed of a CsI flat-panel detector
(PaxScan 4030CB; Varian Medical Systems), a tungsten target
radiograph tube (Comet AG), and a custom-made rotational gantry
(Fig. 1A). Characteristics of the system are given in Table 1.
Performance results of an earlier breast CT prototype with similar
characteristics (19) and results from a patient trial (20) have been
reported.

The PET component uses lutetium oxyorthosilicate–based de-
tector modules arranged into 2 square flat-panel heads. Table 2
summarizes the key parameters of the camera. A detailed descrip-
tion of the scanner and its basic performance measurements have
been reported (15). Briefly, each single-ended readout detector
module was composed of a crystal array coupled to a position-
sensitive photomultiplier tube (R5900-C8; Hamamatsu Photonics)
via an optical fiber bundle (21). For electronics, single-event
triggers are subject to a 12-ns coincidence window (2t) with no
offset for prompts or a 32-ns delay for delayed coincidences.

PET heads are mounted on a custom-built gantry that allows 3
degrees of freedom and shielding (Fig. 1B). Detector rotation
around the center FOV, separation distance, and height are all
adjusted by individual computer-controlled drives (Fig. 1B).
Photon sensitivity can be maximized for a given breast by
minimizing the detector separation distance. The detector height
adjustment allows for the distance between the top of the PET
heads and patient chest wall to be minimized while still allowing
space for rotational clearance. To aid in patient positioning, a
hand-controller allows independent control of all drives. For

shielding from x-rays, 3-mm-thick lead plates cover the front of
PET heads during CT and line 3 sides (excluding the back, front,
and bottom) of each PET head. The total distance between the
crystal arrays and top of the PET head is 0.9 cm.

Patient Bed and Positioning Aids
Placement of the patient’s breast in the scanner FOV is handled

by the patient bed and breast-positioning system. With the custom
bed, a sloped steel table top allows the patient to comfortably bend
at the hips, and a carbon fiber support and Naugahyde cover
(Uniroyal Engineered Products LLC) surrounding the aperture in
the table top permit the patient to sink under her own weight. The
combination of these elements allows the anterior aspect of the
patient to be positioned significantly farther into the top of the axial
FOVof the scanner than if a flat and rigid table were used. Because
the transaxial PET FOV (11.9 cm) is less than the average breast
diameter (14.0 cm) (22), a breast-positioning system (composed of

FIGURE 1. (A) Schematic depicting DbPET/CT. Object
between PET detectors shows approximate position of
patient’s breast during scanning. Orientation of positioned
patient’s coronal (C), sagittal (S), and axial plane (A) are
depicted in bottom-right-hand corner. (B) PET gantry allows for
control of detector height (vertical arrow), separation distance
(horizontal line with end markers), and rotation (curved arrow).
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a clear polycarbonate cylinder with ports for technician access) is
used to center the patient’s breast.

Acquisition
A CT acquisition preceded a PET acquisition unless otherwise

noted. For CT, 500 projections were taken over 16.6 s, with a
continuous rotation over 360�. On the basis of the percentage of
glandularity and size of a given breast (23), tube current was
adjusted to deliver the same dose as 2-view mammography (range
for patient imaging, 2.5–7.3 mA), whereas tube voltage was fixed at
80 kVp. PET heads were positioned and then rotated in a step-and-
shoot motion (40 steps) over 180�. Acquisition time for the PETwas
user-defined but was typically approximately 10 min per breast.

Data Processing and Reconstruction
For the PET component, coincidence data were passed through

a 350–650 keV energy window (crystal-by-crystal basis)
before conversion to list mode. Data were reconstructed with a
fully 3-dimensional maximum a posteriori (MAP) (24) based
algorithm into an image of 108 · 108 · 36 voxels of dimension
1.1 · 1.1 · 3.3 mm (transaxial sampling, 1.1 mm). For this study,
reconstructed data were corrected for center-of-rotation offset and
geometric efficiency factors. Randoms subtraction, scatter, atten-
uation, and dead-time corrections were not implemented.

CT data were reconstructed with the Feldkamp (25) algorithm
and normalized to Hounsfield units (HU). An image volume is
composed of a number (n) of coronal images with a voxel matrix
of 512 · 512 · n, with n set to contain a given breast length. For
patient imaging, the voxel dimensions range from 0.2 to 0.4 mm
transaxially and from 0.2 to 0.3 mm axially.

Fused images were created by registering, with an affine
transform and trilinear interpolation, the PET data to CT image
space via RView (26). Image volumes from the 2 modalities are
displayed using MRIcroN (27) with a gray scale for CT and X_hot
color scale for PET.

Registration Accuracy
Registration accuracy between the PET and the CT components

was assessed using a phantom containing 4 refillable spheres with
an inner diameter of 5 mm (Data Spectrum Corp.) arranged at
several heights and filled with 18F-FDG and iodine contrast. The
phantom was fixed at the center of the transaxial FOV and imaged
once by CT. To examine registration accuracy as a function of
detector position, PET (acquisition time, 12.5 min; head separa-
tion, 262 mm) was performed at 6 detector heights at intervals of
13.4 mm. PET images from the lowest (0 mm) and highest heights
were manually registered with an affine transform to the CT
images using RView (26). Values in the transformation matrices,
describing the registration, between the 2 extreme heights were
assumed to vary linearly as a function of detector height and were
described by parametric equations. Repositioning accuracy of the
gantry was assessed by imaging the 4-sphere phantom a total of 7
times, parking and then repositioning the scanner between acqui-
sitions. PET images for the single height were registered to CT
images using the parametric equations calculated in the detector
position study. Error in registration was quantified by computing
the Euclidian distance between sphere center of masses (CM) in
the PET and CT domains.

Influence of PET on CT
The effect of the PET electronics or activity on CT image

quality was quantified. The influence of the CT component on
PET has been reported previously (15). A plastic refillable jar
(inner diameter, 14 cm) and 70-mm-thick nickel-chromium wire
arranged perpendicularly to the transaxial FOV of the scanner
were imaged by CT in 3 different configurations in the following
order: a jar filled with water only and with the PET high-voltage
(HV) off, jar filled with water only and with the PET HV on, and
jar filled with 259 MBq of 18F-FDG, at the start of imaging, and
with PET HV on. From the reconstructed CT images, the modu-
lation transfer function (MTF) was estimated from the wire as
previously described (19). To estimate image uniformity, individ-
ual circular regions of interest (diameter, 12 cm) were drawn on
coronal image slices centered on the cylinder, for slices spanning
the axial FOV of the scanner. The mean and SD of voxel HU for
each region of interest were computed.

Patient Trial
A clinical trial is currently being conducted with DbPET/CT

involving women highly suspected of having breast cancer (breast
imaging reporting and data system, category 5) as determined
through mammography (28). Currently, we have imaged a total of
7 breasts from 4 patients (1 patient underwent a prior mastec-
tomy). This and related protocols have been approved by the UC
Davis Medical Center institutional review board and require
written consent from the patient. Eligible patients were age 35–
80 y (age range, 49–70 y), had not had a recent breast biopsy, and
were not pregnant or diabetic. Before the injection with 18F-FDG
(range, 174–477 MBq), patients fasted for more than 4 h and were
checked with a finger-stick test to ensure normal blood glucose
levels (,200 mg/dL). Patients were asked to void their bladder
before being positioned on the scanner with the affected breast in

TABLE 1. CT System Characteristics

Component Characteristic

Radiograph
tube

Focal spot: water-cooled W anode, beryllium
window, 0.4 · 0.4 mm, and 0.3-mm

copper-added filtration

1,000 W (i.e., maximum amperage at
80 kVp 5 12.5 mA)

Detector Material: indirect detection (CsI scintillator) thin

film transistor

Active area: 40 · 30 cm
Native pixel matrix: 2,048 · 1,536

Native pixel size: 0.194 · 0.194 mm

2 · 2 pixel binned matrix: 1,024 · 768

Frame rate: 30 frames/s at 2 · 2 binning

Data are adapted from Boone et al. (37).

TABLE 2. PET System Characteristics

Parameter Value

Crystal size (mm) 3 · 3 · 20
Crystal array 81 (9 · 9)

Crystal pitch (mm) 3.3

No. of detector blocks 16 (4 · 4)

FOV (cm) 11.9 (axial 1 transaxial)
Lines of response 1,2962
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the FOV first, unless otherwise noted. A CT scan was obtained,
with the patient coached to perform end-expiration breath-
holding. The technician then used the hand-controller to position
the PET heads as close as possible to the patient’s chest wall. The
patient was advised to breathe normally and was scanned for 12.5
min by PET (average uptake time, 81 min; range, 73–89 min).
Patients were then repositioned for unaffected breast imaging. All
patient images presented were windowed between 2450 and 250
HU for CT and between 0% and 95% maximum image intensity
for PET, unless otherwise noted. Additionally, dedicated CT
images represent an average of 3 slices in the plane displayed.

For 1 patient, a modified protocol was used for DbPET/CT,
with an intravenous CT contrast agent. Scanning proceeded as
follows: imaging of the unaffected breast as detailed above,
scanning of the affected breast with PET, and scanning with
CT before and at 35 s after injection of 100 mL of iodixanol (320
mgI/mL) (Visipaque 320; GE Healthcare) with a power injector
(Mark V Plus; Medrad). A contrast-subtraction image was pro-
duced by subtracting pre– and post–contrast-enhanced CT scans
rigidly registered with RView (26).

Patients underwent additional imaging tests as part of their
standard work-up. The suggestion of multifocal or multicentric
disease or inconclusive findings on mammography (breast imag-
ing reporting and data system, category 0) prompted 3 patients to
undergo bilateral dynamic contrast-enhanced MRI (DCE-MRI).
One patient with the suggestion of distant spread was scanned in
the prone position on WB PET/CT (Discovery ST; GE Healthcare)
(acquisition time, 5 min/bed position), with images reconstructed
by the manufacturer’s software as follows: PET, ordered-subset
expectation maximization (2 iterations, 30 subsets), with voxels of
5.1 · 5.1 · 3.3 mm, and CT, with voxels of 1.0 · 1.0 · 3.7 mm.

An effort was made to spatially register tomographic images
with histologic findings. A mastectomy sample was cut by hand in
sagittal slices (slice thickness, �5 mm), and photographic images
were obtained for each slice. Histology was performed at several
locations on a slice with suspected lesions. For comparison,
DbPET/CT, DCE-MRI, and WB PET/CT sagittal slices were
selected qualitatively on the basis of the similarity of fibrogland-
ular structure with the tissue section. Sagittal sections were
aligned unaltered (i.e., without corrections for soft-tissue defor-
mation or rigid rotations of the breast).

For DbPET/CT image interpretation, 1 board-certified radiolo-
gist specializing in breast imaging reviewed only the CT images,
and a second radiologist with expertise in nuclear medicine
reviewed the fused image sets (the CT image was used only as
an anatomic reference, and a final interpretation was made on the
basis of the PET image). Readers had access to all prior breast
examinations and images from mammography, DCE-MRI, and
WB PET, if available, including the interpretation of the dedicated
CT images in the case of the fused image reader. On the basis of
the qualitative metrics, each reader determined if suspected
lesions (positive) were present on DbPET/CT images and, if so,
correlated these findings with histopathology.

Counting Rate Estimations from Patient Scans
Noise-equivalent counting rates (NECRs) were estimated from

patient scans (29). To only include randoms (estimated from
delayed coincidences) and scatters with lines of response (between
crystals i and j) passing through breast tissue at a given projection
angle (f), a binary histogram mask (mijf) defining the interior of
each breast was generated from patient PET images (30). The

scatter fraction (sff) was estimated using the Monte Carlo sim-
ulation software GATE (31). A digital phantom of each patient’s
breast was composed of both an activity and an attenuation map
estimated from the original patient PET images. Activity from
outside the FOV (e.g., patient torso) was not included because this
was not expected to significantly contribute to the total scatter
fraction (32).

Integral counts for trues (Tf), randoms (Rf), and prompts (Pf)
and NECR values were calculated as follows:

Tf 5 ð1 2 sffÞ+
i

+
j

ðpijf 2 rijfÞmijf; Eq. 1

Rf 5 +
i

+
j

rijfmijf; Eq. 2

Pf 5 +
i

+
j

pijfmijf; Eq. 3

NECR 5

1

Dt
+
f

Tf

 !2

+
f

Pf1ðk 2 1Þ+
f

Rf

; Eq. 4

where pijf and rijf are prompts and randoms counts, and Dt is the
total acquisition time. In Equation 4, k 5 2 or k 5 1 for direct or
variance-reduced randoms subtraction, respectively. For each
patient, the injection dose of 18F-FDG was normalized to a value
that would give the same initial total activity in the patient after a
60-min uptake, as the actual average activity present during the
scan as previously described (30).

To assess the relative contribution of randoms as a function of
breast volume, the energy-qualified singles-to-trues ratio (STR)
was computed for patient scans. The STR is a surrogate for the
randoms fraction, with the advantage that it does not depend on
activity in the FOV. As energy was not recorded for singles, events
falling in the 350–650 keV window were estimated by scaling
recorded singles by the square root of the ratio of windowed-to-
nonwindowed randoms. In addition, both singles and trues were
dead-time–corrected to account for differences in the system
counting rate response.

RESULTS

Registration Accuracy

In examining registration accuracy as a function of detec-
tor position, we determined that the largest Euclidian distance
between the CM of a single sphere (0.34 mm) occurs at a
detector height of 67.2 mm. Average error for all 4 spheres
over all heights is 0.16 6 0.08 mm. CM error does not
significantly increase from the minimum average error (0.14
mm) as a function of vertical offset. For the repositioning
study, the average error for all 4 spheres across all repositions
is 0.20 6 0.10 mm. Only registration error at the fifth
reposition (0.43 6 0.17) is significantly greater (P 5 0.004)
than the total average.
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Influence of PET on CT

Figure 2 (left) shows the influence of the PET component
on the MTF of the CT. The MTF curve computed with only
PET HV on (HV1 activity [Act]2) does not differ signifi-
cantly from the water-only scan (HV2Act2). The MTF with
HV on and activity (HV1 Act1) differs by at most 0.074
from the other imaging scenarios (frequency, 0.33 mm21).
The difference is likely insignificant and may be attributed to
the subtle variation of image artifacts induced by slight
motion of the uniform cylinder during activity filling.

Figure 2 (right) shows how CT image uniformity is
affected by the PET component. Differences in mean HU
between the water-only scan and acquisitions with PET HV
(HV1 Act2) and activity (HV1 Act1) are not signifi-
cantly greater than the interscan HU fluctuations measured
on the CT component alone.

Patient Trial

Table 3 summarizes the radiologic interpretation of
DbPET/CT images from the patient trial. For patient 2,
an earlier iteration of the patient bed limited the volume of
breast tissue visible on CT such that the invasive lobular
carcinoma was above the top of the CT axial FOV. In
patient 3, the CT component was able to visualize calcifi-
cations representative of ductal carcinoma in situ (DCIS),
but the PET images were not interpretable because of
inaccurate registration, likely because of patient motion.

Figure 3 shows DbPET/CT images for patient 1’s af-
fected breast. The 49-y-old patient presented with a palpa-
ble 23-mm irregular focal mass at the 8 o’clock position, as
seen on mammography. The axial fused image (Fig. 3A)
shows 3 separate areas of focal uptake visible on PET
overlying fibroglandular tissue as visualized by CT.

Figure 4A shows a tissue section excised from the
mastectomy sample of patient 1. Histology results in Figure

4B obtained at several locations on the tissue section show a
band of DCIS superior to a benign region of fibroglandular
tissue. Figure 4C shows a fused sagittal DbPET/CT image
corresponding to the tissue section. Areas of increased
uptake on PET overlay malignancies (Fig. 4C, boxes i–iii),
and a region with uptake not significantly above background
(Fig. 4C, box iv) overlays benign tissue. No indications of
DCIS were visible on the CT images alone (Table 3). Figure
4D shows a sagittal image from a WB PET/CT acquisition
(tube voltage, 140 kVp; injection activity, 466 MBq; uptake
time, 76 min) obtained 29 d after imaging with DbPET/CT.
The fused image from DbPET/CT (Fig. 4C), compared with
WB PET/CT (Fig. 4D), shows qualitatively improved reso-
lution for both the PET and the CT components. Regions of
increased contrast visible on DbPET/CT (Fig. 4C) correlated
well with those seen on DCE-MRI (Fig. 4E).

Figures 5A and 5B show CT and fused sagittal images,
respectively, of the affected breast of patient 4. The 66-y-
old patient presented with a 20-mm spiculated mass at the
10 o’clock (posterior third) position as seen on mammog-
raphy. The fused image (Fig. 5B) shows 2 areas of focal
uptake anterior and posterior on PET, determined by biopsy
to be multifocal cancer (Table 3). The proximity of the top
of the PET axial FOV with respect to patient 4’s pectoralis
muscles is also visualized in Figure 5B. Figure 5C shows
the CT contrast subtraction image.

NECR from Patient Scans

Table 4 shows NECR values estimated from patient scans.
Average NECR (k 5 1) was 511 counts per second (cps)
(range, 107–1,474 cps), with the largest NECR for the
affected breast of patient 1 (breast number, 1A) (trues,
2,575 cps; randoms, 819 cps). The results show the scatter
fraction to be significantly correlated with breast volume in
the FOV (R2, 0.92 for linear fit). In addition, subtraction with a

FIGURE 2. Influence of PET electron-
ics and activity on CT image quality for
HV off and no activity in FOV (HV2 Act2),
PET HV on and no activity (HV1 Act2),
and PET HV on and activity present (HV1

Act1). MTF vs. line pair frequency (f; left).
Image uniformity (mean and SD bars) as
function of CT coronal slice number
(lower magnitude is more posterior)
(right). SD bars are representative of
typical values and are staggered be-
tween imaging scenarios for clarity.

TABLE 3. Radiologic Interpretation for DbPET/CT-Affected Breast Images

Patient no.

1 2 3 4

Cancer type Invasive mammary DCIS Invasive lobular DCIS Invasive ductal

CT-positive Yes No No Yes Yes
PET-positive Yes Yes Yes No Yes

DEDICATED BREAST PET/CT • Bowen et al. 1405



variance-reduced randoms estimate (k 5 1) increases NECR
by up to 75% (average for all breasts, 41.3%), compared with
direct subtraction (k 5 2), for the breast imaged with the
largest normalized injection activity (breast number, 3A).
Figure 6 shows the STR plotted as a function of breast
volume. The largest STR was for breast number 3A (ratio,
722), whereas the smallest was for breast number 1A (ratio, 92).

DISCUSSION

Scanning of the uncompressed breast with DbPET/CT
can produce fully 3-dimensional images that accurately
show the size, extent, and location of biopsy-confirmed
breast cancer. For patient 1, invasive carcinomas were
visible adjacent to a breast implant (Fig. 3). Implants
may reduce the sensitivity of mammography even with
implant displacement views (33). In this same patient,
features presenting on the functional and anatomic images
from DbPET/CT correlated well with histologic results and
gross anatomy, respectively (Fig. 4). The histologic corre-
lation for patient 1, along with the radiologic interpretation
(Table 3) of patients 1, 2, and 4 (Fig. 5), suggests that PET
images can be accurately registered to CT images during
human imaging; however, in patient 3 registration appeared
degraded because of patient motion. The use of a special-

ized breathing protocol for breast imaging, improvements
in the patient bed, and mild compression could all poten-
tially reduce registration error.

For patient 1, a DbPET/CT scanner, compared with a
commercial WB PET/CT scanner (Fig. 4D), demonstrated
qualitatively improved visualization of DCIS (Fig. 4C). A
patient trial with PEM (12) measured a sensitivity for DCIS
(91%) significantly higher than values typically reported for
WB PET. A known limitation in our comparison was the
method used for registering tomographic image slices (WB
PET/CT, MRI, or DbPET/CT) to the tissue section. Sagittal
slices were aligned unaltered on the basis of qualitative
matching, resulting in visibly reduced spatial correlation.
Other factors potentially biasing the intermodality compar-
ison include differences in acquisition parameters, counting
rates, reconstruction algorithms, and correction methods.
Nevertheless, we believe that the increased resolution of the
dedicated versus WB scanner for both the PET (average
full width at half maximum for WB, 6.4 mm; average full
width at half maximum for dedicated, 3.7 mm) (15,34) and
the CT (average resolvable line pairs for WB, 0.7 mm21;
dedicated, 1.1 mm21) (19,35) results in an appreciable
improvement in lesion visualization for a patient who was
scanned with typical clinical acquisition protocols.

FIGURE 3. Axial (A) and coronal (B)
DbPET/CT images from affected breast
of patient 1. CT, PET, and fused images
are presented from left to right.

FIGURE 4. (A) Sagittal tissue section
excised from mastectomy sample
of patient 1’s affected breast with 4
areas (boxes) of histology performed.
(B) Histology tissue sl ides with
magnified regions (right, corresponding
to black boxes) revealed DCIS alone
(i–ii) or with intralymphatic invasion
(iii, not shown) and benign tissue (iv).
DbPET/CT (C), WB PET/CT (D), and
DCE-MRI (E) sagittal image slices
corresponding to tissue section (A).
Boxes in DbPET/CT image (C) are at
locations approximating those in tissue
section (A). PET images (C and D) were
windowed between 0% and 60% max-
imum image intensity.
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Besides providing anatomic reference, the CT compo-
nent of DbPET/CT, compared with breast PET alone,
increases the overall system functionality. In patient 4, the
combination of increased radiograph density with 18F-FDG
uptake or iodine contrast (Fig. 5) accurately localized a
suspected lesion that was originally occult on screening
mammography. Although iodinated contrast and 18F-FDG
have high spatial correlation in this case, the kinetics of the
2 tracers are regulated by independent physiologic processes
(angiogenesis for iodinated contrast vs. glucose metabolic
rate for 18F-FDG), such that differences in iodinated con-
trast and 18F-FDG uptake could potentially improve reader
confidence or quantitative measures for a given lesion. The
CT component may also improve the utility of recently devel-
oped robotic biopsy devices (14,20). Fused 3-dimensional
DbPET/CT images would allow for accurate needle place-
ment, and the CT, operating in low-dose fluoroscopy mode,
could provide real-time needle guidance.

NECR values from patient scanning (Table 4) are influ-
enced significantly by breast volume in the scanner FOV. In
contrast to WB PET systems, the randoms fraction for the
dedicated PET scanner, as estimated by the STR (Fig. 6), is
inversely related to the volume of tissue in the FOV (30).
This inverse relationship supports predictions that image
noise for prone dedicated breast PET scanners may be
significantly influenced by activity from outside the FOV
(36). The large magnitude of singles flux from the brain,
torso, or bladder dominates any increase in singles with
breast volume. Because of the relatively small range of
breast dimensions, compared with those of the torso, loss of
trues from self-attenuation does not appear to play a
significant role. Assuming relatively constant singles flux,
the randoms fraction declines more rapidly than the scatter
fraction increases as a function of breast volume, and all
other things being equal, NECR is greater for larger breasts.

Some limitations exist for patient imaging with the
current DbPET/CT. First, chest wall and breast axillary tail
coverage of both modalities is restricted because of the
geometric constraints inherent with prone imaging. With
the current bed setup, the top of the axial FOV for the CT
can be positioned closer to the chest wall than for the PET;
a 20-mm difference was measured in 1 patient (Fig. 5B).
The chest wall coverage limitations are likely worse for
rotational systems; however, in 2 clinical imaging studies
with PEM false-negatives were reported when lesions were
above the scanner axial FOV (8,12). Second, DbPET/CT,
although supporting all necessary measurements for quan-
tification, is not able to produce fully quantitative images at
this time. Accurate quantification is likely to be important
when using breast PET to monitor therapy response, and
efforts to achieve such are ongoing.

CONCLUSION

We have assessed the clinical performance of a dedicated
breast PET/CT scanner through phantom measurements
and patient scanning. Preliminary clinical results demon-
strate that dedicated tomographic scanning of the uncom-
pressed breast can accurately visualize suspected lesions in
3 dimensions. More research is required to determine

FIGURE 5. Pre–contrast-enhancedCT (A), fusedPET/CT (B),
and contrast subtraction sagittal DbPET/CT (C) images show-
ing affected breast of patient 4. Two areas of focal uptake were
seen on PET (B) and on contrast subtraction CT (C) (arrows). (B)
Distance (opposing arrows) between top of PET axial FOV
(dashed line) and anterior aspect (solid line) of pectoralis
muscles (dotted line) is shown. (C) Contrast subtraction image
is average of 7 slices and uses alternative windowing.

TABLE 4. NECR Values from Patient Scans

Breast no.*

Parameter 1A 1U 2A 2U 3A 4A 4U

Normalized injection activity (MBq) 196 157 324 270 382 118 145

Singles (kcps)y 296 207 492 412 536 195 232
NECR (k 5 1) (cps) 1,474 793 154 145 107 400 503

NECR (k 5 2) (cps) 1,247 668 94 89 61 323 401

Scatter fraction (%) 30 21 15 10 17 25 25

Breast volume in PET FOV (cm3) 1,077 532 204 185 391 965 1,001

*Patient number, followed by breast scanned: affected (A) or unaffected (U).
yDead-time–corrected, energy-windowed (350–650 keV), and energy-averaged over projections and detector heads.

Detector separation was 20.6 cm for patients 1 and 2 and 26.3 cm for patients 3 and 4.
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whether dedicated breast PET/CT has a useful role in the
clinical management of patients with primary breast cancer.
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