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Abstract

OBJECTIVE—Molecular breast imaging with a single-head cadmium zinc telluride (CZT)

gamma camera has previously been shown to have good sensitivity for the detection of small

lesions. To further improve sensitivity, we developed a dual-head molecular breast imaging

system using two CZT detectors to simultaneously acquire opposing breast views and reduce

lesion-to-detector distance. We determined the incremental gain in sensitivity of molecular breast

imaging with dual detectors.

SUBJECTS AND METHODS—Patients with BI-RADS category 4 or 5 lesions < 2 cm that

were identified on mammography or sonography and scheduled for biopsy underwent molecular

breast imaging as follows: After injection of 740 MBq of technetium-99m (99mTc) sestamibi, 10-

minute craniocaudal and mediolateral oblique views of each breast were acquired. Blinded

reviews were performed using images from both detectors 1 and 2 and images from detector 1

only (simulating a single-head system). Lesions were scored on a scale of 1–5; 2 or higher was

considered positive.

RESULTS—Of the 150 patients in the study, 128 cancers were confirmed in 88 patients.

Averaging the results from the three blinded readers, the sensitivity of dual-head molecular breast

imaging was 90% (115/128), whereas the sensitivity from review of only single-head molecular

breast imaging was 80% (102/128). The sensitivity for the detection of cancers ≤ 10 mm in

diameter was 82% (50/61) for dual-head molecular breast imaging and 68% (41/61) for single-

head molecular breast imaging. On average, 13 additional cancers were seen on dual-head images

and the tumor uptake score increased by 1 or more in 60% of the identified tumors.

CONCLUSION—Gains in sensitivity with the dual-head system molecular breast imaging are

partially due to increased confidence in lesion detection. Molecular breast imaging can reliably

detect breast lesions < 2 cm and dual-head molecular breast imaging can significantly increase

sensitivity for subcentimeter lesions.
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Mammography is the most widely used and most effective method for breast cancer

screening; its implementation as a regular screening procedure has been shown to

significantly decrease the breast cancer mortality rate [1-3]. However, because

mammography is an anatomic imaging technique that uses low-energy x-rays to image

differences in the radiographic density of tissue, the sensitivity of mammography can be

significantly affected by fibroglandular tissue in the breast. For women who have

radiographically dense breasts, the sensitivity of mammography is poor and has been

reported to be less than 50% for women with an extremely dense pattern on mammograms

[4]. This limitation of mammography is compounded by the fact that dense breast tissue is a

significant risk factor for developing breast cancer [5, 6].

In an effort to overcome the known limitations of mammography, alternative breast imaging

techniques are continually being studied. Digital mammography has been shown to provide

a small but significant increase in sensitivity for the detection of breast cancer in the

subgroup of women younger than 50 years who are pre- or perimenopausal and have dense

breasts [7]; however, the benefits of digital mammography are debatable because of the

failure of digital mammography to show any significant benefit in the general screening

population [8-12] and because of its questionable cost-effectiveness at this time [13-15].

Considerable attention has been focused on imaging techniques such as sonography and

MRI. The American College of Radiology Imaging Network (ACRIN) 6666 Trial compared

whole-breast sonography and mammography and focused on women with radiographically

dense breasts who also had a high risk of breast cancer. The initial results from that trial

showed that the addition of screening sonography resulted in only a modest increase in

cancer detected; among the 41 breast cancers detected in 2,637 women at high risk for breast

cancer, 12 cancers were found by sonography alone (Berg WA et al., presented at the 2007

Radiological Society of North America meeting). However, sonography findings resulted in

an additional 136 biopsies, giving it a biopsy rate of 5% compared with 2.6% for

mammography. More problematic was the finding that the positive predictive value of

sonography-prompted biopsies was only 8.5% compared with 29% for mammography.

The preliminary results from the ACRIN 6666 Trial are in line with those of several recent

studies comparing mammography, sonography, and MRI for the detection of breast cancer

[16-20]. These studies consistently show that both mammography and sonography have a

low sensitivity for the detection of breast cancer in women at increased risk and report a

sensitivity of between 75% and 100% for MRI. Partly as a result of these studies, the

American Cancer Society recently recommended MRI as an adjunct to screening

mammography in women at high risk [21]. However, the high cost of bilateral breast MRI

(10–15 times that of mammography) and the large difference in specificity between tertiary

care centers (≈ 90%) and community practice groups (≈ 50%) [21] may significantly limit

the widespread use of this technology.

Nuclear medicine methods for breast imaging have existed since the early 1990s, when it

was discovered that the radiotracer technetium-99m (99mTc) sestamibi can be used to image

breast tumors with a technique called “scintimammography.” Because this technique is not

influenced by breast density [22], it was thought to be particularly useful in women with

dense breast parenchyma. However, because of poor spatial resolution and breast

positioning limitations of conventional gamma cameras, this technique had poor sensitivity

(< 50%) for the detection of small breast cancers (≤ 10 mm in diameter) [23, 24]. This

limitation is particularly important in light of the fact that up to 30% of breast cancers

detected on screening mammography [25] and 50% of those detected on MRI in screening

studies [20] are smaller than 10 mm and explains the limited diagnostic value of

scintimammography.
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Advances in nuclear medicine technology over the past decade, both in the field of single-

photon and positron emission detectors, have yielded various designs of small-field-of-view

detectors dedicated for breast imaging [26-34]. The dedicated technologies offer significant

improvements in both spatial and energy resolution and allow the breast to be positioned

directly on the detector, permitting better detection of small breast tumors. In our laboratory

we have developed the technique of molecular breast imaging that uses dedicated, small-

field-of-view gamma cameras composed of the semiconductor cadmium zinc telluride

(CZT) for single-photon planar imaging of the lightly compressed breast [35-37]. The solid-

state CZT technology offers a factor of 2 or more improvement in both energy and spatial

resolution, and its pixilated design extends the active field of view to within millimeters of

the detector edge, permitting the breast to be placed directly on the detector and imaged in a

manner similar to mammography [32].

Preliminary results from our laboratory and others indicate that molecular breast imaging

has a potential role in a variety of both screening and diagnostic settings [35-46]. However,

a critical requirement for any future role of molecular breast imaging in breast cancer

detection is establishing the ability of molecular breast imaging to reliably detect small

breast tumors (≤ 10 mm). Using a system composed of a single CZT gamma camera

mounted on a modified mammography gantry, we previously showed that molecular breast

imaging has an overall sensitivity of 74% for the detection of breast lesions smaller than 10

mm [37]. The results of this study showed that false-negative studies were strongly

correlated with cases in which the lesion diameter was very small (≤ 5 mm), the compressed

breast thickness was large (> 5 cm), and the count density in the images was lower than the

median clinically observed value.

To increase the ability of molecular breast imaging to detect breast lesions that are small and

lesions in women with large breasts or low uptake of radiotracer, we developed a dual-head

dedicated gamma camera system to enable simultaneous acquisition of opposing views of

the breast. The dual-head system allows simultaneous acquisition of superior and inferior

views of the breast in the craniocaudal (CC) position and medial and lateral views in the

mediolateral oblique (MLO) position.

The objective of this study was to determine the incremental gain in sensitivity of molecular

breast imaging for the detection of small breast lesions with the additional views provided

by a dual-detector system.

Subjects and Methods

Research Plan

Molecular breast imaging was performed in patients with suspicious breast lesions identified

on mammography or sonography before biopsy of the lesion. The molecular breast imaging

examinations were read in a blinded fashion, first using the detector 1 images only to

simulate single-head molecular breast imaging data, and then using the complete dual-head

data from both detectors 1 and 2. Results were then compared to determine gains in

sensitivity with the addition of a second detector head. Pathology results were used as the

reference standard.

Instrumentation for Molecular Breast Imaging

Three slightly different prototype dual-head gamma camera systems were used in this study

because the technology was undergoing development concurrently with the study. Each

system was configured with two opposing small-field-of-view CZT detectors that were

mounted on a modified mammography gantry as shown in Figure 1. The single-head system

used previously in our laboratory [35-37] was similar in design, but used only detector 1,
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which was typically used to image the breast from the inferior and lateral sides in CC and

MLO positions, respectively. Detector 2 was added to construct the dual-head system,

permitting the breast to be imaged from the superior side in CC views and the medial side in

MLO views at the same time as the corresponding detector 1 views.

The detectors used in the dual-head systems were either prototype CZT detectors (GE

Healthcare) or LumaGem 3200s detectors (Gamma Medica-Ideas), which have been

previously described in detail [32, 47, 48]. The prototype CZT detector comprised an 80 ×

80 array of CZT elements with a pixel size of 2.5 × 2.5 mm, giving a total detector area of

20 × 20 cm. The LumaGem detector comprised a 96 × 128 array of CZT elements with a

pixel size of 1.6 × 1.6 mm, giving a total detector area of 15 × 20 cm. Both detector types

were fitted with high-sensitivity collimators, giving system sensitivities of 8.65 and 10.7

counts/ min/kBq (320 and 396 counts/min/μCi, respectively) for the prototype CZT and

LumaGem systems, respectively.

From previous phantom studies, the use of high-sensitivity collimation was determined to be

optimal for these dedicated breast imaging systems [48]. The first dual-head configuration

comprised a LumaGem detector as detector 1 and a prototype CZT detector as detector 2.

The second system comprised two prototype CZT detectors and the third system comprised

two LumaGem detectors. Of 150 studies performed on the three systems, 66 were performed

on the first system, six were performed on the second system, and the majority of studies (n
= 78) were performed on the third prototype system.

Subjects

The protocol for this study was reviewed and approved by the institutional review board and

written informed consent was obtained from all study participants. The criteria required for

patient participation in the study were identical to those in our previous study examining the

sensitivity of molecular breast imaging with a single CZT detector [37]. Briefly, patients

selected for the study had a breast lesion that, first, was considered suspicious or highly

suggestive of malignancy according to the BI-RADS atlas [49] criteria; second, was

identified on mammography or sonography as being less than 2 cm in diameter; and, third,

was scheduled for biopsy. Preference was given to patients who had lesions with a high

likelihood of malignancy or that were suspicious for multifocal or multicentric disease.

Molecular Breast Imaging Procedure

Molecular breast imaging was performed before biopsy. Patients were injected with 740

MBq (20 mCi) of 99mTc sestamibi and each breast was imaged with one of the dual-head

molecular breast imaging system configurations described earlier in both CC and MLO

positions for 10 minutes per view. Nuclear medicine technologists who were trained in

mammographic techniques positioned the breast for each study. The breast was positioned

such that during CC views, detector 1 was located on the inferior side and detector 2 on the

superior side of the breast; during MLO views, detector 1 was located on the lateral side and

detector 2 on the medial side of the breast. For each image, the breast was lightly

compressed between the two detector heads using a compression of 15-lb force. The

thickness of the compressed breast was recorded for each molecular breast imaging view,

and a measure of count density was obtained from region-of-interest analysis in an area of

uniform uptake on molecular breast imaging.

On completion of each molecular breast imaging study, the images were reviewed in

conjunction with images obtained from mammography, sonography, and occasionally MRI.

In cases in which additional breast lesions were found on molecular breast imaging that

were not seen on mammography or sonography, additional diagnostic examinations
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(mammography, sonography, MRI, or a combination of these examinations) were performed

as necessary to evaluate these lesions.

Data Analysis

The final histopathology of each lesion was obtained from surgical excision or core needle

biopsy. For cases in which additional lesions were detected on molecular breast imaging and

biopsy was not deemed necessary after additional diagnostic imaging, the interpretation of

the subsequent annual screening mammograms and other imaging (including

mammography, sonography, and MRI) and clinical findings during a 15-month follow-up

period were used to verify the status of the lesions.

On completion of the 150 patient studies, all molecular breast images were again read by

three radiologists independent of ancillary patient information or mammographic,

sonographic, or MR images and in a blinded fashion. Briefly, a display program was written

that removed patient-identifying information and randomized the order in which patient

studies were displayed. In addition, for a given reading session, the program was configured

to display either images from detector 1 only, simulating a single-head system, or images

from both detectors 1 and 2, simulating a dual-head system. Radiologists read detector 1

images or images from both detector heads during separate reading sessions separated by at

least 1 week without reference to their previous interpretation from the other molecular

breast imaging session.

The distribution of radiotracer in the breast was assessed on molecular breast imaging; if the

distribution was entirely uniform, was regionally photopenic, or exhibited normal

physiologic non-mass-like radiotracer uptake, an uptake score of 1, indicating no focal

uptake, was given. If abnormal focal uptake was observed, the radiologists electronically

marked the location and intensity of abnormal radiotracer uptake on both the CC and MLO

views. Lesions were given an uptake score on a scale from 2 to 5, with 2 meaning mild focal

uptake; 3, moderate focal uptake; 4, strong focal uptake; and 5, intense focal uptake. The

uptake score was also used as an indicator of the reader’s confidence in identifying each

lesion.

For the assessment of sensitivity, lesions scored 2 or higher were considered positive. The

McNemar test for correlated proportions was used to assess the statistical significance of

cancers detected with the reading of detector 1 images only (single head) and cancer

detected when the views from both detectors 1 and 2 (dual head) were available. The change

in uptake score between interpretation of the single-head images and the dual-head images

was calculated to determine if the addition of detector 2 altered the number of perceived

lesions and their apparent intensity. The location of each lesion relative to detectors 1 and 2

was determined from mammography, sonography, or pathology reports to assess the impact

of lesion location on the sensitivity of single- and dual-head molecular breast imaging.

Results

Subjects

A total of 150 patients participated in the study. Complete pathology results were obtained

for 149 of these patients, and the remaining patient was lost to follow-up because she elected

to not undergo surgery. In the 149 patients, a total of 245 lesions were evaluated. The

histopathology of 235 lesions was determined from biopsy or surgical excision; in the

remaining 10 lesions, positive findings were determined only on molecular breast imaging,

and subsequent diagnostic imaging did not require biopsy; therefore, the 15-month follow-

up analysis was used to establish the status of these 10 lesions.
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The patients ranged in age from 25 to 92 years with a mean age of 59 years. Mammographic

breast density was known in 138 of the 150 patients. Of these, 65 patients had > 50% breast

density, including 54 with a heterogeneously dense breast pattern and 11 with an extremely

dense breast pattern on mammography, and 73 patients had < 50% breast density. In the

remaining 12 patients with unknown mammographic breast density, either mammography

was not performed (i.e., lesion was detected on sonography) or mammography was

performed at an outside institution.

The BI-RADS assessment of lesions was category 5 in approximately 50% of patients and

category 4 in the other 50% of patients.

Breast Cancers

In the 149 patients in whom complete follow-up was available, 128 lesions were confirmed

as cancer in 88 patients. Table 1 shows the distribution of tumor type and the sensitivity for

each type. Approximately 70% of all cancers were either invasive ductal carcinoma (IDC),

ductal carcinoma in situ (DCIS), or a combination of the two. Invasive lobular carcinoma

(ILC) comprised the majority of the remaining cancers. Two tubular carcinomas, one

medullary carcinoma, one metaplastic carcinoma, and one malignant phyllodes tumor were

present.

Sensitivity of Molecular Breast Imaging

Blinded review of the dual-head molecular breast imaging studies detected an average of

115 of the 128 cancers for an average overall sensitivity of 90%. Agreement was excellent

among the three blinded readings with 117, 117, and 111 tumors detected by the three

reviewers. Table 2 shows the distribution of the sizes of the tumors in the study. The average

tumor diameter was 13 ± 9 mm (± SD). The smallest breast tumor detected on molecular

breast imaging was an IDC that was 3 mm in diameter and the largest tumor was a DCIS

that extended over an area of 50 mm.

Also in Table 2, the sensitivity of molecular breast imaging as a function of breast tumor

size and the number of detector heads used for interpretation are given for each blinded

reader and as an average of the three readers. The sensitivity of dual-head molecular breast

imaging for lesions ≤ 10 mm in diameter showed the greatest variation among the three

blinded reviewers and was 85% (52/61), 85% (52/61), and 75% (46/61), respectively.

Equivalent results for lesions ≤ 10 mm in diameter for single-head molecular breast imaging

(detector 1 only) were 62% (38/61), 75% (46/61), and 66% (40/61). Sensitivity improved

with tumor size, and all but two of 67 tumors greater than 10 mm in diameter were detected.

Figure 2 compares the sensitivity of single-head and dual-head molecular breast imaging in

this study with previous results obtained with conventional scintimammography [50] as a

function of tumor size. The sensitivity of molecular breast imaging for the smallest breast

tumors (diameters ≤ 5 mm) increased from an average of 44% to 67% with the addition of

the second detector head. Although the gain in sensitivity with dual-head molecular breast

imaging over single-head molecular breast imaging was not statistically significant for each

subset of tumor diameters shown in Table 2, the overall gain in sensitivity for all tumor sizes

with the addition of detector 2 was highly significant (p < 0.0005).

The sensitivity of molecular breast imaging did not appear to be greatly affected by changes

in the detector configuration throughout the study. The average sensitivity obtained with the

first dual-head configuration (LumaGem detector as detector 1 and prototype CZT detector

as detector 2) was 92% (55/60). Only three tumors, all larger than 13 mm, were imaged with

the second configuration (two prototype CZT detectors), and all three were detected. The

Hruska et al. Page 6

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 January 08.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



average sensitivity of the third system (two LumaGem detectors) was 88% (57/65). The

average tumor diameters imaged with the first and third configurations were similar at 13.4

and 13.3 mm, respectively.

Nine cancers in eight patients were false-negative on molecular breast imaging by all three

blinded readers. A summary of these false-negative tumors is given in Table 3. The false-

negative cancers were predominantly small. Four of the false-negatives were tumors with

diameters ≤ 5 mm and seven were < 8 mm. Two false-negatives were thought to be due to

inadequate patient positioning: One patient was severely kyphotic (tumor 1 in Table 3) and

another was obese (tumor 7 in Table 3), making positioning difficult in these cases. In

addition, in one patient (tumors 3a and 3b in Table 3), a high level of bilateral non-mass-like

uptake of the radiotracer was present that may have obscured two small tumors in the

molecular breast images of that patient. This non-mass-like uptake may have been related to

increased hormonal activity in the breast because this patient was a user of estrogen therapy

for the treatment of postmenopausal symptoms.

In 12 patients, 12 additional breast cancers were found on molecular breast imaging that

were occult on mammography and sonography: 11 of these cancers were additional foci to

the index lesion detected with mammography, and one cancer was the index lesion. In the

latter case, the original lesion identified on mammography was a grossly enlarged lymph

node that was highly suspicious for malignancy. In these 12 patients, four had

heterogeneously dense breasts on mammography and six had scattered fibroglandular

densities; in the other two patients, breast density was not known. All 12 cancers were

detected on additional imaging (second-look mammography, sonography, or MRI) and were

confirmed as true cancer at biopsy. These cancers included three cases of IDC, three cases of

ILC, one case of mixed IDC and ILC, and five cases of DCIS.

The incremental gain in sensitivity of a dual-head system over a single-head system was

assessed by comparing uptake scores assigned to each tumor in each view. As shown in

Table 2, of the 128 tumors identified in the blinded review, an average of 102 tumors (range,

98–108 tumors) were identified from the single-head (detector 1) images, and on average an

additional 13 tumors (range, 9–19 tumors) were identified with the addition of detector 2

images during interpretation. Table 4 displays the sensitivity of single-head and dual-head

molecular breast imaging according to the location of the tumor within the breast. The most

frequent location of tumors was the upper outer quadrant of the breast. For all locations, the

sensitivity was increased with dual-head molecular breast imaging, although the individual

increases for each location were not statistically significant. The greatest increase in absolute

sensitivity was observed for tumors in the upper inner quadrant; in that area, sensitivity

increased from 74% with single-head molecular breast imaging to 91% when dual-head

images were used.

The tumor uptake score increased in either one or both of the CC or MLO views with the

addition of the detector 2 images in 60% of the tumors (208/345) identified by the three

reviewers; the uptake score decreased in either the CC or MLO view for 15% of the tumors

(53/345) and remained unchanged in both CC and MLO views in 26% (91/345). This

increase in uptake score for the majority of tumors indicates increased confidence in lesion

detection with the addition of the detector 2 views.

Figures 3-5 illustrate cases in which either lesions were seen clearly only on the additional

views provided by detector 2, or the addition of the opposing detector 2 views was important

in increasing the confidence of the radiologist in image interpretation. Figure 3 shows a

medially located IDC detected only on the upper MLO view. Figure 4 illustrates a study in

which the primary tumor was identified on the detector 1 views, but an adjacent area of

Hruska et al. Page 7

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 January 08.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



DCIS was identified only on the detector 2 superior CC image. Figure 5 presents a study in

which a 4-mm cancer in the upper mid breast was not diagnosed with the detector 1 views,

but it was detected when all the dual-head views from both detectors were available.

In addition to determining the value of a second detector head, we also assessed the value of

each view in achieving the overall sensitivity of molecular breast imaging. Results presented

in Table 5 show that no single view was able to detect all lesions and that both CC and MLO

views with a dual-detector configuration were necessary to achieve the highest sensitivity.

Breast Thickness and Count Density on Molecular Breast Imaging

The range of compressed breast thicknesses in CC views was 3.0–11.5 cm with a mean and

SD of 6.6 ± 1.4 cm. In MLO views, breast thickness ranged between 3.1 and 11.0 cm with a

mean and SD of 6.7 ± 1.4 cm. The sensitivity of dual-head molecular breast imaging did not

appear to be affected by breast thickness. As shown in Table 3, in the six patients with

adequate positioning, there were seven false-negatives. Five of these undetected tumors

were in patients with compressed breast thicknesses between 6 and 7.5 cm, which is within 1

SD of the mean thickness. In 51 patients with increased breast thickness (> 7.5 cm),

sensitivity was more than 93% for all three readers. The median count density was 118

counts/cm2/min/kBq, and the 10th and 90th percentile values were 68 and 191 counts/cm2/

min/kBq, respectively. Four of the false-negative cases in Table 3 (tumors 2, 4, 5, and 6)

occurred in patients with lower count densities—that is, count densities lower than the 20th

percentile.

Benign Lesions

In addition to the 128 cancers, 117 benign breast lesions were identified on mammography,

sonography, or molecular breast imaging in 85 patients. False-positive findings from

mammography or sonography (or both) occurred in 107 benign lesions in 77 patients.

Molecular breast imaging yielded false-positive findings in 42 breast lesions in 38 patients.

Biopsy or surgical excision was performed in 32 of the 42 breast lesions that were false-

positive on molecular breast imaging; the histopathology of those lesions was fibroadenoma

(n = 10), papilloma (n = 5), fat necrosis (n = 2), stromal fibrosis (n = 2), sclerosing adenosis

(n = 2), benign lymph node (n = 1), benign phyllodes tumor (n = 1), radial scar (n = 1),

atypical papilloma (n = 1), atypical lobular hyperplasia (n = 1), atypical ductal hyperplasia

(n = 3), and benign breast tissue (n = 3). The 10 other false-positive breast lesions on

molecular breast imaging were not detected on the initial mammography or sonography

examinations, and biopsy was not performed because of negative or benign findings on

subsequent diagnostic imaging studies performed to evaluate these lesions. For all 10

lesions, the 15-month follow-up analysis verified the lesions to be benign. The average

molecular breast imaging uptake score of the false-positives was 2 in 18 lesions, 3 in 13

lesions, 4 in nine lesions, and 5 in two lesions. Of the 11 breast lesions with an uptake score

of 4 or higher, six were fibroadenomas, three were papillomas, one was a papilloma with

atypia, and one was sclerosing fat necrosis.

Specificity of Molecular Breast Imaging

Benign pathology results on biopsy indicated that 61 patients did not have breast cancer.

Molecular breast imaging findings were true-negative for 41, 42, and 43 patients in the three

blinded reviews, respectively, giving an average specificity of 69% (42/61). We should note,

however, that because all patients in this study were required to have a mammographically

suspicious lesion, this specificity does not necessarily reflect the specificity of molecular

breast imaging in a screening population.

Hruska et al. Page 8

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 January 08.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Discussion

A new molecular breast imaging system comprising dual-head CZT detectors was developed

and its ability to detect lesions < 2 cm in diameter was evaluated. The results of this study

showed that the use of dual-head CZT detectors can increase the sensitivity of molecular

breast imaging for the detection of small breast lesions. Sensitivity was significantly

increased from 80% to 90% (p < 0.0005) for all 128 breast tumors in the study with the use

of views from dual-head molecular breast imaging rather than views from a single-head

system (detector 1 only) for interpretation. Results obtained with single-head molecular

breast imaging showed an average sensitivity of 68% for the detection of breast tumors ≤ 10

mm in diameter. This sensitivity is similar to that previously reported for a single-head

system [37]. The use of a dual-head system resulted in a significant increase in the

sensitivity—from 68% to 82%—for the detection of tumors ≤ 10 mm in diameter (p =

0.004). The greatest improvements in absolute sensitivity with the dual-head system over a

single-head configuration were the increase in sensitivity from 44% to 67% for the smallest

tumors with diameters ≤ 5 mm and the increase in sensitivity from 74% to 91% for tumors

located in the upper inner quadrant of the breast, although these differences were not

statistically significant because of small sample sizes.

A limitation of this study is that it was not designed to compare molecular breast imaging

with standard diagnostic mammography and sonography. The goal of this study was to

determine whether molecular breast imaging can detect small breast lesions and whether the

additional views from a second detector head can increase the sensitivity of molecular breast

imaging for the detection of breast cancer. Mammography, sonography, or both were used to

initially identify the small breast lesions, and lesions were specifically selected to ensure a

high likelihood of breast cancer. To compare the single-head molecular breast imaging

results with dual-head results and achieve statistical significance, we needed to study a large

number of small cancers. Although molecular breast imaging did detect additional breast

cancers that were occult on mammography, we anticipate that molecular breast imaging will

now be useful as an adjunct technique, especially in women who are not served well by

mammography, such as those with dense breasts. We are currently conducting a large

screening trial at our institution to evaluate the use of molecular breast imaging in women

who have mammographically dense breasts and an increased risk for breast cancer.

To our knowledge, this study is the first clinical study conducted using a dual-head

configuration of a molecular breast imaging system and is the largest study, in terms of the

number of tumors and patients studied, performed to date evaluating the sensitivity of

molecular breast imaging in a diagnostic setting. During the past decade, several other

laboratories have reported results from small clinical studies performed using dedicated

single-head systems. Using single detectors comprising pixilated arrays of CsI and NaI,

respectively, for their studies, both Maini et al. [38] and Brem et al. [40] reported

sensitivities for tumors ≤ 10 mm of 67%, closely agreeing with the sensitivity reported in

this study for the interpretation of only single-head views. In another early study, Scopinaro

and colleagues [39] obtained a high sensitivity of 81% for tumors ≤ 10 mm using a single-

head prototype CsI detector. Most recently, Spanu et al. [45] reported a remarkable 90%

sensitivity for cancers ≤ 10 mm using the radiotracer 99mTc tetrofosmin and a single CZT

detector identical to the detectors used in our dual-head system.

Although the sensitivities reported by Scopinaro and colleagues [39] and Spanu and

colleagues [45] for tumors ≤ 10 mm with single-head systems were close to or better than

the 82% sensitivity we report here with dual-head CZT detectors, key differences in the

studies may explain this discrepancy. One factor to be considered is the method used for

interpreting the images. While all studies discussed here [38-40, 45] used a blinded
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interpretation of the dedicated gamma camera images, the studies from other laboratories

relied on a consensus reading whenever individual readers disagreed, whereas in this study,

readers independently interpreted the images and the reported sensitivity was an average of

their individual results. If a consensus reading had been performed, we would have expected

the only false-negatives to be those that were undiagnosed by all three readers (given in

Table 3), and theoretically, sensitivity would have improved to 93% overall and 89% for the

detection of tumors ≤ 10 mm for the dual-head molecular breast imaging system.

Because of this difference in interpretation methods and a variety of other differences among

the studies examining the sensitivity of molecular breast imaging, including considerable

differences in detector technologies, radiotracers, breast compression, and so on, it is

difficult to directly compare the results presented here with those from other laboratories.

Regardless of absolute differences in reported sensitivities, it is clear from our work and that

of other researchers that breast imaging with dedicated gamma cameras offers sensitivity for

the detection of breast cancer that is superior to that reported for conventional

scintimammography [23, 24] and offers a high sensitivity for cancers ≤ 10 mm. In this

study, sensitivities from single-head and dual-head molecular breast imaging systems were

compared directly by simulating both types of acquisitions in each patient; the results

showed that dual-head molecular breast imaging significantly improves both overall

sensitivity and sensitivity for the detection of breast tumors ≤ 10 mm.

Several factors contributed to this increase in sensitivity. The addition of a second opposing

detector head essentially decreases the maximum distance between the lesions and either

detector to half the total compressed breast thickness. Simulations in our laboratory have

shown that the ability to detect lesions ≤ 10 mm decreases sharply as the distance from the

lesion to the detector face increases beyond 5 cm [48]. A previous study from our laboratory

showed that many false-negative studies occurred in patients with breast thicknesses greater

than 5 cm [37]. Despite an increase in the average compressed breast thickness in CC views

from 5.3 ± 1.4 cm in the previous study to 6.6 ± 1.4 cm in this study, breast thickness was

not a major factor contributing to false-negatives with the dual-head system. With the use of

opposing heads, the maximum possible lesion-to-detector distance in this study would have

been 5.75 cm (half the maximum breast thickness of 11.5 cm), which is significantly less

than the maximum breast thickness of 9 cm obtained in the single-head study.

The provision of superior and medial views of the breast in addition to inferior and lateral

views not only increased sensitivity but also increased the confidence of the blinded

reviewers in identifying lesions, as evidenced by an increase in uptake score in 60% of

tumors with the addition of upper head views. Thus we believe that acquiring both views

from both detectors 1 and 2 provides important additional information that aids in reading

the molecular breast imaging examinations and detecting very faint breast lesions. For

example, Figure 4 shows faint lesions in the detector 1 views that appear much more clearly

in the detector 2 views.

The use of a dual-head system is not absolutely necessary for acquiring opposing views of

the breast because it is possible to obtain the superior and inferior views of the CC position

and medial and lateral views of the MLO position with separate acquisitions performed

using only a single-head detector. However, acquiring the views in that fashion would

require additional repositioning of the breast on the camera and would double the imaging

time for bilateral molecular breast imaging from 40 to 80 minutes. In our experience of

performing molecular breast imaging in more than 1,400 patients, we believe that 40

minutes is already nearing the limit of patient tolerance for remaining upright and still

throughout the molecular breast imaging procedure. The dual-head system thus offers the

ability to acquire simultaneous opposing views of the breast, while maintaining identical
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breast positioning and compression for each of the opposing views, and does not require

additional imaging time. We realize that the cost of the molecular breast imaging system

would be increased by adding a second detector head; however, because this study was a

preliminary study with a prototype system, a true cost-benefit ratio of commercial dual-head

molecular breast imaging compared with single-head molecular breast imaging is yet to be

determined.

We previously reported that the count density in 10-minute molecular breast images

acquired with 99mTc sestamibi was generally low when a high-resolution collimator was

used [37]. All false-negative studies in our previous study occurred in patients in which

count density was at or below the median value of 41 counts/cm2/min/kBq with a high-

resolution collimator. The use of high-sensitivity collimators in the dual-head system

increased the median count density by nearly a factor of 3 to 118 counts/cm2/min/kBq.

Although this increase in sensitivity comes with a slight loss of resolution with depth, this

loss is offset by the use of opposing detectors so that the maximum distance of a lesion from

the collimator face is never greater than half the breast thickness. With the use of this high-

sensitivity collimator for low-count breast imaging, it was found that count density was no

longer a significant factor contributing to negative studies. Of the four false-negative studies

occurring in patients with low count densities, the count densities were between 64 and 74

counts/cm2/min/kBq, which is still a factor of 1.5 greater than the median value obtained in

our previous study [37].

One important change between our previous study and this study was the use of nuclear

medicine technologists who have been properly trained in mammographic techniques to

ensure correct breast positioning for the molecular breast imaging examinations. In our

previous study, the nuclear medicine technologists had little or no experience in breast

positioning and performed all examinations unaided. We believe that all molecular breast

imaging studies should be performed by technologists who are adequately trained in good

mammographic breast positioning techniques. In the previous study, at least five of the 10

false-negative cancers were believed to be outside the detector field of view because of

inadequate breast positioning. In this study, two of nine cancers that were false-negative by

all reviewers were not within the field of view and in both cases suboptimal positioning was

due to patient factors (obesity, kyphosis) rather than poor technique on the part of the

technologists.

Another potential benefit of the dual-head system is the ability to perform quantitative lesion

analysis and image enhancement using opposing detector views and knowledge of breast

thickness. Methods to quantitate lesion size, the depth of the lesion from the detector, and

uptake of the radiotracer are currently under investigation in our laboratory [51]. The use of

two opposing detectors enables the creation of a geometric mean image that, combined with

knowledge of breast thickness, permits the application of resolution-recovery techniques

much like those currently used in SPECT [52]. Application of these techniques may permit

the use of a reduced acquisition time or, conversely, a reduction in the administered dose

of 99mTc sestamibi.

The ability to obtain quantitative information from the geometric mean image should also

enable this technology to be used to quantitate absolute tumor uptake and changes in tumor

function. Measurement of absolute tumor uptake of 99mTc sestamibi may enable better

discrimination between benign and malignant processes in the breast. In addition, the ability

to quantitate changes in uptake may have potential application in monitoring the response to

neoadjuvant therapy.
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The quantitative potential of molecular breast imaging aside, we believe that the results

presented here indicate that molecular breast imaging has overcome the limitations of

scintimammography for the detection of small breast tumors and warrants further

exploration as a valuable clinical tool on a par with conventional diagnostic imaging

techniques such as mammography, sonography, and MRI. The results from this study have

shown that sestamibi is a significantly better radiopharmaceutical for tumor imaging in the

breast than previously believed and that the failure to recognize its potential value was in a

major part because of inadequate technology. With the commercial development of

dedicated breast imaging systems, we believe that additional radiopharmaceuticals may

prove to be better than or complementary to sestamibi in the evaluation of breast pathology,

thereby allowing a significant expansion of the field of molecular breast imaging.
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Fig. 1.
Photograph shows a dual-head molecular breast imaging system comprising two cadmium

zinc telluride detectors mounted on modified mammographic gantry. To perform molecular

breast imaging, the breast is lightly compressed between two detectors. When imaging the

breast in craniocaudal position, detector 1 is located inferiorly and detector 2 is located

superiorly to the breast. To image the breast in mediolateral oblique position, gantry is

rotated so that detector 1 is located laterally and detector 2 is located medially to the breast.
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Fig. 2.
Bar graph shows sensitivity of molecular breast imaging for detection of breast tumors as

function of tumor size. Results are shown for single-head molecular breast imaging system

(lower detector), dual-head molecular breast imaging system, and scintimammography [49].

Note that no data were reported for detection of tumors 0–5 mm with scintimammography.
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Fig. 3.
70-year-old woman with 6-mm invasive ductal carcinoma (arrow) in upper inner left breast

initially identified on mammography as BI-RADS category 4 lesion. Screening

mammograms and craniocaudal and mediolateral oblique views from both molecular breast

imaging detectors are shown. When inferior and lateral molecular breast imaging views

acquired with detector 1 (middle images) were reviewed in blinded reading session, they

were interpreted as showing negative findings. When both inferior and lateral views from

detector 1 and superior and medial molecular breast imaging views from detector 2 (right
images) were available for interpretation, cancer was identified in medial view alone.

Average uptake score of lesion visualized with molecular breast imaging was 3 (moderate

focal uptake). LMLO = left mediolateral oblique, LCC = left craniocaudal.
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Fig. 4.
46-year-old woman with two foci of mixed invasive ductal carcinoma with ductal carcinoma

in situ in upper inner right breast: One is located at 1-o’clock position 7 cm from nipple and

second is located at 2-o’clock position 3 cm from nipple. Cancers were initially identified on

mammography and sonography as BI-RADS category 5 lesions. Screening mammogram

and craniocaudal and mediolateral oblique views from both molecular breast imaging

detectors are shown. During blinded readings, when inferior and lateral molecular breast

imaging views acquired with detector 1 (middle images) were available for interpretation

(corresponding to views from single-head molecular breast imaging), one focus of cancer

was detected. When superior and medial molecular breast imaging views from detector 2

were available in addition to detector 1 views during separate blinded reading session, same

cancer was identified but average lesion uptake score was increased from 3 to 5, indicating

increase in reader confidence in identifying lesion. Also, with additional detector 2 views,

second focus of cancer (arrow) was identified as blush of low-intensity uptake (uptake score

of 2) visible in superior craniocaudal view only. RMLO = right mediolateral oblique, RCC =

right craniocaudal.
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Fig. 5.
82-year-old woman with 4-mm invasive lobular carcinoma (arrows) in upper mid left breast

at 12-o’clock position 6 cm from nipple. Cancer was initially identified on mammography as

BI-RADS category 5 lesion; 5-mm benign intramammary lymph node in lower inner breast

was also identified on mammography and sonography. Screening mammograms and

craniocaudal and mediolateral oblique views from both molecular breast imaging detectors

are shown. During blinded readings of only inferior and lateral molecular breast imaging

views from detector 1 (middle images), molecular breast imaging findings were interpreted

as negative. When superior and medial views from detector 2 (right images) were available

for molecular breast imaging interpretation in addition to detector 1 views, cancer was

identified and given uptake score of 4 (strong focal uptake) by two readers and score of 3

(moderate focal uptake) by third reader. Findings were otherwise negative on molecular

breast imaging. LMLO = left mediolateral oblique, LCC = left craniocaudal.
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TABLE 3

Properties of Nine Tumors in Eight Patients That Were False-Negative (FN) on Readings
by All Three Radiologists

FN Tumor
No.

Tumor
CC Breast

Thickness (cm)
Count Density

Percentile Mammography Breast Density CommentsType Grade Size (mm)

1 IDC I 13.5 4.9 77.3 Almost entirely fatty Inadequate positioning
due to
 kyphotic patient; tumor
not in
 view

2 ILC II 17.5 6.5 15.7 Heterogeneously dense Image has low count
density;
 lobular cancer

3a IDC and ILC I 4.0 4.0 87.6 Heterogeneously dense Small low-grade tumor;
intense
 nonmasslike tracer
uptake

3b ILC III 7.0 3.0 92.6 Heterogeneously dense Intense nonmasslike tracer
 uptake

4 IDC I 3.3 6.0 9.2 Heterogeneously dense Small, low-grade tumor;
image
 has low count density

5 IDC II 3.3 6.5 9.0 Scattered fibroglandular densities Small tumor; image has
low
 count density

6 Tubular
carcinoma

II 5.0 7.5 13.1 Almost entirely fatty Small tumor; image has
low
 count density

7 IDC II 7.3 7.0 36.6 Scattered fibroglandular densities Inadequate positioning
due to
 obese patient; tumor
not in
 view

8 ILC I 7.0 7.5 76.2 Heterogeneously dense Small low-grade lobular
cancer

Note—CC = craniocaudal, IDC = invasive ductal carcinoma, ILC = invasive lobular carcinoma.
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TABLE 4

Average Sensitivity from Three Blinded Reviews of Single-Head and Dual-Head
Molecular Breast Imaging as a Function of the Location of the Tumor Within the Breast

Single Head Dual Heads

Tumor Location No. of Tumors TP FN
Sensitivity

(%) TP FN
Sensitivity

(%)

No. of Additional Tumors
Detected

with Dual Heads vs. Single Head
Only

Upper outer quadrant 48 41 7 85 45 3 94 4

Upper inner quadrant 23 17 6 74 21 2 91 4

Lower outer quadrant 15 12 3 80 13 2 87 1

Lower inner quadrant 4 2 2 50 2 2 50 0

Superior midline 9 6 3 67 7 2 78 1

Inferior midline 7 6 1 86 7 0 100 1

Medial midline 3 3 0 100 3 0 100 0

Lateral midline 11 9 2 82 10 1 91 1

Subareolar and periareolar 8 6 2 75 7 1 88 1

Total 128 102 26 80 115 13 90 13

Note—With single-head molecular breast imaging, detector 1 was used to image the inferior (in craniocaudal [CC] view) and lateral (in

mediolateral oblique [MLO] view) aspects of the breast. With dual-head molecular breast imaging, detector 2 was used in addition to detector 1 to

also image the superior (in CC view) and medial (in MLO) view of the breast. TP = true-positive, FN = false-negative.
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TABLE 5

Sensitivity of Molecular Breast Imaging as a Function of Views Used for Interpretation

Reader 1 Reader 2 Reader 3

Views Used

No. of
Tumors
Detected

Sensitivity
(%)

No. of
Tumors
Detected

Sensitivity
(%)

No. of
Tumors
Detected

Sensitivity
(%)

Average
Sensitivity

(%)

Single-
 head CC
 only

90 70 100 78 96 75 75

Single-
 head MLO
 only

89 70 100 78 93 73 73

Dual-head
 CC

109 85 108 84 105 82 84

Dual-head
 MLO

109 85 109 85 103 80 84

Single-
 head CC
 and MLO

97 76 108 84 101 79 80

Dual-head
 CC and
 MLO

117 91 117 91 111 87 90

Note—Total number of tumors present was 128. CC = craniocaudal, MLO = mediolateral oblique.
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