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Abstract
In this study, we aimed to develop a hybrid method for automated detection of high-uptake regions in the breast and axilla 
using dedicated breast positron-emission tomography (db PET) and whole-body PET/computed tomography (CT) images. 
In our proposed method, high-uptake regions in the breast and axilla were detected using db PET images and whole-body 
PET/CT images. In db PET images, high-uptake regions in the breast were detected using adaptive thresholding technique 
based on the noise characteristics. In whole-body PET/CT images, the region of the breast that includes the axilla was first 
extracted using CT images. Next, high-uptake regions in the extracted breast region were detected on the PET images. By 
integration of the results of the two types of PET images, a final candidate region was obtained. In the experiments, the 
accuracy of extracting the region of the breast and detection ability was evaluated using clinical data. As a result, all breast 
regions were extracted correctly. The sensitivity of detection was 0.765, and the number of false positive cases were 1.8, 
which was 30% better than those on whole-body PET/CT alone. These results suggested that the proposed method, combin-
ing the two types of PET images is effective for improving detection performance.
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1  Introduction

Breast cancer is the leading cause of cancer-related deaths 
among women [1]. Imaging modalities for the diagnosis 
of breast cancer include mammography, breast ultrasound, 
breast magnetic resonance imaging (MRI) and positron 
emission tomography (PET). Mammography and breast 
ultrasound provide anatomical information, while breast 
MRI and PET provide functional information. In particular, 

18F-fluorodeoxyglucose (FDG) PET provides functional 
information, which is reflected in glucose metabolism and 
tissue uptake.

In breast cancer, PET is mainly used for staging or assess-
ment of treatment response. Since many PET systems are 
hybrid modalities of computed tomography (CT), whole-
body anatomical information from CT images and functional 
information from PET images can be obtained together. The 
two types of information can help radiologists to arrive at 
a diagnosis. However, detection of early breast tumors with 
diameter less than 1 cm using whole-body PET/CT images 
is challenging owing to limited spatial resolution of whole-
body PET detectors [2].

In recent years, dedicated breast PET (db PET) has been 
developed, which is a PET scanner for breasts with high spa-
tial resolution [2]. This technique includes the opposite-type 
and the ring-type db PET scanners. In the former, the breast 
is compressed by two planar detectors and a tomographic 
image can be obtained parallel to the detectors. In the latter, 
the breast is scanned by dropping it to the center of the O 
type or C type detector [3].
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Figure 1a shows the appearance of a ring-type db PET 
scanner. The left and right breasts are placed in the detector 
one at a time, and volume data are obtained. The crystal ele-
ment of the db PET scanner is very small and has high reso-
lution; thereby enabling detection of lesions with a diameter 
of less than 1 cm [4].

Recently, several studies have reported on the advantages 
of db PET. Reports on the evaluation of performance [4, 5] 
suggest that db PET has high spatial resolution and is useful 
for the detection of small breast lesions. Furthermore, recent 
studies have also reported on the diagnostic performance of 
db PET compared with that of whole-body PET/CT [6–8]. 
However, there are currently few reports on image process-
ing technology using db PET images.

Computer-aided diagnosis (CAD) is one of the medical 
image processing techniques used in the diagnosis of breast 
cancer. CAD provides a computerized output as a “second 
opinion” to support the diagnosis by the radiologist [9–11]. 
CAD techniques such as methods for detecting masses, 
micro-calcifications, and architectural distortion have been 
developed for breast cancer using mammograms [12–16]. 
Additionally, methods for detection of masses using breast 
ultrasound images [17, 18], automated analysis of breast 
density and differentiation between benign and malignant 
lesions using breast MR images have been proposed [19, 20]. 
Furthermore, automated detection methods of breast tumors 
and axillary metastases using PET and CT images obtained 
from whole-body PET/CT have been proposed [21]. Using 
this detection method [21], breast tumors, which increased 
highly or had large diameters were detected. However, due 
to the limitations of the spatial resolution of whole-body 
PET images, lesions with diameters less than 1 cm are not 

clearly detected. In addition, there are no reports on CAD 
technology for db PET images.

In this study, we propose a new technique to support the 
automated detection of breast cancer, we set out to add auto-
mated detection processing of small high-uptake regions, 
using db PET images, to the previously established auto-
mated detection processing [21]. As a preliminary study, a 
method for automated detection of high-uptake regions in 
the breast and axilla was developed by combining two types 
of PET images complementarily.

2 � Materials and methods

2.1 � Clinical data

The Institutional Review Board of East Nagoya Imaging 
Diagnosis Center (RE160101) approved the present study. 
All images were anonymized prior to use.

To evaluate the detection ability of the scheme in the 
present study, 24 cases with db PET images and whole-
body PET/CT images were collected. The data set included 
12 abnormal scans with high-uptake regions in the breast 
and axilla and 12 normal scans. The images were acquired 
at the East Nagoya Imaging Diagnosis Center (Nagoya, 
Japan) using an Elmammo db PET scanner (Shimadzu, 
Kyoto, Japan) and True Point Biograph 40 PET/CT scanner 
(Siemens, Munich, Germany). Both PET scans were per-
formed on the same day. The patients underwent a whole-
body PET/CT scan at 90 min after an injection of FDG 
196 ± 31.2 MBq, followed by a db PET scan of the right 
and left breasts approximately 110 min after the injection. 
The acquisition time of a db PET scan was 7 (13 cases) or 
10 min (11 cases) and that of a whole-body PET scan was 
11.88 ± 1.72 min. Since the imaging protocol was changed 
in the data collection period, the clinical data included two 
types of acquisition time. The volume data of db PET were 
reconstructed directly with a three-dimensional dynamic 
row-action maximum-likelihood algorithm [22] using 128 
subsets, 1 iteration, and relaxation control parameter β = 20.

The db PET images were attenuation-corrected using a 
uniform attenuation map with object boundaries obtained 
from the emission data [4] and scatter-corrected. The 
size of the matrices was 236 × 200 pixels, and the voxel 
size was 0.78 × 0.78 × 0.78 mm3. Acquisition conditions 
of whole-body CT images were as follows: the size of 
the matrices was 512 × 512 pixels, and the voxel size was 
0.97 × 0.97 × 2.00 mm3. The tube voltage was 120 kV, and 
the slice thickness was set at 2.0 mm. B19f was used in 
the reconstruction function. Whole-body PET images 
were attenuation-corrected using CT data and were scat-
ter-corrected. The images were reconstructed with an 
ordered-subsets expectation–maximization algorithm called 

Fig. 1   Ring-type dedicated breast PET scanner. a The appearance of 
the scanner and b detectors of the scanner
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High-Definition PET Reconstruction (21 subsets, 3 itera-
tions). The size of the matrices was 168 × 168 pixels, and 
the voxel size was 4.0 × 4.0 × 2.0 mm3. Fifty-one high-uptake 
regions (breast: 36, axilla: 15) were detected by a board-cer-
tified PET nuclear medicine radiologist (Japanese Society of 
Nuclear Medicine, in Japanese) with 18 years of experience 
in PET. Among them, 19 high-uptake regions in the breast 
were detected only in db PET images and had diameters of 
approximately 3–5 mm. The average diameter of the high-
uptake regions included in the 24 cases was 13.7 ± 9.46 mm; 
the average value of the standardized uptake value (SUV)
max was 4.09 ± 3.60 in the whole-body PET/CT images, and 
7.58 ± 6.74 in db PET images.

2.2 � Overview of automated detection method

Figure 2 shows a flowchart of automated detection process-
ing of high-uptake regions in the breast and axilla using db 
PET images and whole-body PET/CT images. In the method 
proposed in the present study, high-uptake regions in the 
breast and axilla are detected using three types of images: 
db PET images, whole-body PET images, and whole-body 
CT images. In db PET images, high-uptake regions in the 
breast are detected. In whole-body PET/CT images, a breast 
region that includes the axilla is extracted using CT images, 
and high-uptake regions in the breast region are detected 
from PET images. By integrating the detection results of 
the two types of PET images, a final candidate region can be 
obtained. The procedure has been described below.

2.3 � Automated detection of small high‑uptake 
regions in breast using dedicated breast PET 
images

2.3.1 � SUV transformation

Tissue radioactivity levels can be obtained from PET 
images; however, the measurement varies with the injected 
dose and weight of the patient. Therefore, the SUV is 

calculated for each image as the ratio of the measured activ-
ity to the injected dose/body weight [23]:

2.3.2 � Thresholding

Figure 3 shows the relationship between the slice position of 
the db PET scanner and the standard deviation of noise. As 
shown in Fig. 3, the db PET image has high noise level at the 
edge of the detector (the bottom of the detector or the chest 
wall side); however, it may contain important information. 
Additionally, when all of the slice images are binarized with 
the same cut-off value, more noise is detected at the edge 
of the detector and false positives increase. In the proposed 
method, the cut-off value was selectively changed, based on 
the noise characteristics of each slice.

Figure 4b shows the relationship between the slice posi-
tion i of the db PET image and the standard deviation of 
noise Sdi. Subsequently, the relationship between Sdi and 
Thdi was obtained in advance to prevent noise detection 
using a normal case, and the a and b in formula (2) were 
calculated (Fig. 4c).

By substituting Sdi into Eq. (2), the relationship between 
i and Thdi was obtained (Fig. 4d). As shown in Fig. 4d, Thdi 
was selectively set to be low for the slice near the center and 
high for the peripheral aspect. The db PET image (Fig. 4a) 
was binarized using the determined cut-off values (Fig. 4e).

(1)SUV =
Measured activity (Bq∕kg)

Injected dose (Bq)∕body weight (kg)
.

(2)Thdi = a × Sd
i
+ b.

Fig. 2   Overview of the proposed method

Fig. 3   Noise characteristics of the dedicated breast PET (db PET) 
scanner. a db PET and b Graph showing the relationship between 
slice position and noise level (S.D.)
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2.3.3 � Labeling

By applying the labeling to the binarized image, the high-
uptake regions can be detected and candidate regions in the 
breast obtained.

2.4 � Automated detection of high‑uptake regions 
in the breast and axilla using whole‑body PET/
CT images

High-uptake regions in the breast and axilla were detected 
by the main procedure shown in Fig. 5 and already described 
elsewhere [21]. The procedure involved the extraction of a 
region of the breast including the axilla from the CT images, 
following which high-uptake regions were detected from the 
PET images.

In CT images, the region of the breast that includes the 
axilla was defined using the anatomical information of the 
lungs and scapula. The defined breast region was acquired 

using the bone and lung region of CT images obtained by 
binarization or morphological processing (Fig. 6a).

In PET images (Fig. 6b), the SUV was first calculated 
for each pixel value. Second, to detect slightly high-uptake 
regions, the ball-like regions were enhanced using the eigen-
values of the Hessian matrix [24]. Thereafter, a high-uptake 
region inside the region of the breast obtained from CT 
images was detected using the cut-off value of Thp, which 
is used for detecting the initial candidate region (Fig. 6c).

2.5 � Integration

Candidate regions detected by db PET and whole-body PET/
CT were represented as binary images. After visual inspec-
tion of the presence of the regions in both images, the region 
detected by at least one modality was treated as the candi-
date region. Using the above processing, the final candidate 
regions were obtained.

2.6 � Evaluation methods

In the experiments, the accuracy of extracting the region of 
the breast and the detection ability of high-uptake regions 
were evaluated. A region of the breast was considered to 
be extracted correctly if it contained a sufficient portion of 
the axilla on visual inspection. The candidate region was 
judged as true positive if the center of the coordinates of 

Fig. 4   Detection of high-uptake regions in the breast in the dedicated 
breast PET (db PET) images. a Original dbPET image, b noise char-
acteristics, c relationship between Thdi and Sdi, d Cut-off values and e 
binarized image

Fig. 5   Flowchart of the detection method in whole-body PET/CT 
images

Fig. 6   Detection of high-uptake 
regions in the breast and axilla 
in whole-body PET/CT images. 
a CT image (breast region), b 
original PET image, c detected 
image (the yellow regions 
indicate the region of the breast 
and the arrows indicate the 
detected high-uptake regions in 
the breast)
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the high-uptake regions, as indicated by the radiologist, was 
present within the range of a predetermined distance from 
the candidate region.

The detection parameters were as follows: Thbone was 150 
[H.U.] and Thbreast was − 500 [H.U.]. For Thdi, the results of 
a preliminary examination from a normal case were used. 
To reduce the incidence of false positives, candidate regions 
with volume < 19 pixels (VFP = 19) were judged as false posi-
tives. To emphasize the small and low-uptake lesions, the 
enhancement parameters were set as σH = 1.5, M1 = 107, 
M2 = 1.5 × 107, E1 = 1.0, E2 = 1.5 [21]. These parameters 
were defined in a previous report. We developed a CAD 
software using Visual Studio 2012 (Microsoft).

During the current evaluation, true positive rate (TPR) 
and the number of false positives per case (FPs/case) were 
calculated by changing the detection thresholds, Thdi and 
Thp. Here, TPR was defined as the ratio of the number of 
high-uptake regions detected to the number of high-uptake 
regions identified by a radiologist and was expressed as a 
percentage. The FPs/case was calculated using normal cases. 
Furthermore, free-response receiver operating characteris-
tic (FROC) curves for whole-body PET/CT detection alone 
were obtained to allow comparison with the hybrid detection 
approach.

3 � Results

All regions were extracted correctly. Figure 7a presents the 
FROC curves for whole-body PET/CT detection and hybrid 
detection (db PET + whole-body PET/CT). In the hybrid 
detection method, the sensitivity of detection was 0.765, 
with a FP/case of 1.8. By combining db PET images and 
whole-body PET/CT images, the sensitivity of detection was 
approximately 30% higher than that of whole-body PET/
CT images alone. To analyze these results in detail, FROC 
curves of detection were used based on whole-body PET/
CT images and db PET images for high-uptake regions in 
the breast and axilla, respectively (Fig. 7b, c). Additionally, 
approximately 86% of high-uptake regions in the breast were 
detected using whole-body PET/CT images and db PET 
images in as shown in Fig. 7b. The hybrid detection method 
used in the present study was approximately 46% more accu-
rate than the conventional method based on whole-body 
PET/CT images alone. In addition, approximately 60% of 
high-uptake regions in the axilla were detected using the 
whole-body PET/CT images (Fig. 7c). The detection results 
are shown in Figs. 8, 9 and 10.

Figures 8 and 9 show examples of the high-uptake regions 
detected inside the region of the breast. A case of right breast 
cancer (N0M0) is shown in Fig. 8. The high-uptake regions 
identified by a radiologist in the right breast are indicated in 
Fig. 8. Figure 8b, c shows the same high-uptake region as 

detected by the whole-body PET/CT image and the right db 
PET images, respectively. In addition, a small high-uptake 
region in the breast with a diameter of approximately 4 mm 
was detected in the left db PET image (Fig. 8d). This region 
was detected by db PET images alone.

In Fig. 9, a case of right breast cancer (N1M0) is shown. 
The high-uptake regions identified by a radiologist in the 
right axilla and the right breast are indicated in Fig. 9a. As 
shown in Fig. 9b, the same high-uptake region in the axilla 

Fig. 7   Free-response receiver operating characteristic (FROC) curves 
showing the relationship between TPR and FPs/case while changing 
Thdi and Thp
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was detected in the whole-body PET/CT image. Addition-
ally, Fig. 9c, d shows the same high-uptake region in the 
breast as detected in the whole-body PET/CT image and 
the right db PET image, respectively. In addition, Fig. 9d 
indicates a small high-uptake region in the breast with a 
diameter of about 4 mm on the chest wall side. This region 
was detected by db PET images alone.

Additionally, Fig.  10 shows an example of db PET 
images of high-uptake regions in the breast that were not 
detected. These are small high-uptake regions in the breast 
with diameters of 3-5 mm that were not detected in whole-
body PET/CT images (arrows).

4 � Discussion

The current study added further automated processing for 
the detection of small high-uptake regions in the breast in 
db PET images. The study also pioneered an approach for 
automated detection of high-uptake regions in the breast 
and axilla by combining two types of PET images.

Fig. 8   Detection example 1. The pink areas indicate the detected 
regions. a Whole-body PET image (maximum intensity projection, 
MIP), b whole-body PET image (axial), c dedicated breast PET 
image (MIP) of the right breast and d dedicated breast PET image 
(MIP) of the left breast

Fig. 9   Detection example 2. The pink areas indicated the detected 
regions. As in Fig. 8, a is the whole-body PET image (MIP). b and 
c are the whole-body PET images (axial) at the position of (i) and 
(ii), respectively. d and e are the right and left db PET images (MIP), 
respectively

Fig. 10   Undetected example. Dedicated breast PET image (MIP) of 
the left breast. Arrows indicate undetected high-uptake regions
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As shown in Fig. 7a, the sensitivity of detection using the 
two types of PET images was 30% higher than that achieved 
using whole-body PET/CT images alone.

The high-uptake regions in the breast detected in 
Fig. 8b, c measured approximately 20 mm in diameter 
(whole-body PET) and had a SUVmax of 2.54 (whole-body 
PET), representing a large diameter and high-uptake [25]. 
The high-uptake regions in the breast detected in Fig. 8d 
was a small region with a diameter of approximately 4 mm 
(db PET); however, the SUV was higher than that of the 
mammary gland and nipple, thereby resulting in detec-
tion. Next, the high-uptake region in the axilla detected in 
Fig. 9b measured approximately 8 mm in diameter (whole-
body PET) and had a SUVmax of 4.68 (whole-body PET). 
Since the high-uptake regions in the axilla were outside 
the field of view in db PET images, detection was possi-
ble only from the whole-body PET/CT images. The high-
uptake region in the breast detected in Fig. 9e was approxi-
mately 4 mm in diameter (db PET) and was located near 
the chest wall with high noise level; however, was detected 
due to high SUVmax (6.15) (db PET). Thus, in the proposed 
method, small high-uptake regions in the breast were 
detected using db PET images, whereas all high-uptake 
regions in the axilla were detected using whole-body PET/
CT images by the radiologist. These results suggest that 
the hybrid detection method proposed in the present study, 
combining the two types of PET images, is useful. It may 
be possible to reduce the burden of interpretation when 
detecting abnormal cases from a large number of normal 
cases, such as during screening. Alternatively, many PET 
images can be input in the CAD system, which could avoid 
misdiagnosis and improve sensitivity.

In a previous report, the detection ability was 76% with 
3.9 FPs/case [21]. The detection performance noted in this 
study using the proposed method did not change signifi-
cantly from that noted in the previous study, which used 
the conventional method. The clinical data used in this 
paper were different from those used in the previous paper 
[21]. However, the algorithms and parameters used for 
automated detection of high-uptake regions in the breast 
and axilla using whole-body PET/CT images were the 
same as in the previous study, which used the conventional 
method [21]. Based on these aspects, it was speculated that 
the clinical data used in this paper contained many high-
uptake regions that were difficult to detect.

The high-uptake region in the breast shown in Fig. 10 
demonstrated low-uptake among other similar regions 
identified from db PET images (SUVmax = 2.22) by the 
radiologist. In addition, the slice position where the region 
exists was close to the edge of the detector, and the cut-off 
value determined considering the standard deviation of 
the noise was 2.65. In the proposed method, cut-off values 
were set in advance to avoid detection of noise when using 

a normal case; therefore, detection of the high-uptake 
region in the breast was difficult, as shown in Fig. 10. 
Future studies must consider improved threshold-setting 
methods for the detection of small high-uptake regions in 
the breast. In addition, we need to investigate the detec-
tion performance by changing several factors affecting the 
image quality, such as imaging time and fasting time.

5 � Study limitations

The major limitation of the present study is the number of 
cases used in the proposed method. A larger sample size 
is required to evaluate the detection performance. Further-
more, the detection results should be evaluated using data 
of high-uptake regions identified by multiple radiologists 
and compared with the pathological results. As it was a 
preliminary study, high-uptake regions were determined 
by a radiologist who was familiar with PET-based diag-
nosis. In the future, we would evaluate the detection per-
formance using high-uptake regions identified by multiple 
radiologists for a more detailed evaluation.

6 � Conclusion

The present study developed a hybrid method for the 
detection of high-uptake regions in the breast and axilla 
using dedicated breast PET images and whole-body PET/
CT images. Experimental results indicate that the pro-
posed method, combining two types of PET images, is 
effective for improving detection performance in the breast 
region.
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