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Abstract
Purpose  To evaluate the utility of ring-type dedicated breast positron emission tomography (dbPET) for the detection of 
the residual tumor after neoadjuvant chemotherapy (NAC).
Materials and methods  This prospective study included 27 women with histologically proven breast cancer over a 37-month 
period. All patients underwent ring-type dbPET followed by whole-body PET-CT (WBPET) for preoperative tumor evalu-
ation and re-staging after NAC. The maximum standardized uptake value (SUVmax) of the tumor lesion and the degree of 
confidence for the presence of the residual tumor were compared between pathological complete response (pCR) and non-
pCR tumors. The sensitivity, specificity, and area under the receiver operating characteristic curve (AUC) for the detection 
of a non-pCR tumor were compared between dbPET and WBPET.
Results  On dbPET, SUVmax was significantly higher in non-pCR than in pCR tumors (P = 0.030). The sensitivity for the 
detection of a non-pCR tumor was significantly higher with dbPET than with WBPET (84.2% vs 26.3%, P = 0.001). In the 
qualitative analysis, the sensitivity for the detection of a non-pCR tumor was also significantly higher with dbPET than with 
WBPET (57.9% vs 21.1%, P = 0.016).
Conclusion  The dbPET can provide more sensitive detection of residual tumor after NAC than can WBPET.
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Introduction

Positron emission tomography (PET) with fluorine 18 fluoro-
deoxyglucose (18F-FDG) is an essential imaging modality for 
diagnosing breast cancer, especially in the staging or diagnosis 
of recurrence [1]. Most breast cancers overexpress glucose 
transporters 1 and 3, as well as showing increased hexokinase 
activity [2, 3]. However, FDG-PET imaging has some limita-
tions regarding the assessment of primary lesions, including 
poor sensitivity for assessing small tumors, particularly those 
with a maximum diameter < 10 mm [4]. This is because the 
spatial resolution of PET is limited and, in some cases, the 
uptake of FDG by a tumor is affected by characteristics such as 
a low nuclear grade, ductal carcinoma in situ, and lobular car-
cinoma [4, 5]. FDG-PET has, therefore, mainly been used for 
detecting lymph node and/or distant metastases, rather than for 
locoregional tumor assessment. To overcome these limitations, 
dedicated breast PET (dbPET) has been under development 
since 1994 [6]. This imaging modality improves the detect-
ability of small and/or low-contrast lesions through its high 
spatial resolution and good energy resolution [7, 8].

Recently, neoadjuvant chemotherapy (NAC) has become 
standard therapy for locally advanced breast cancer. NAC has 
several advantages, including downsizing the primary tumor to 
enable breast-conserving surgery [9] and allowing a preopera-
tive assessment of the effectiveness of systemic chemotherapy 
for the tumor. In addition, several studies have demonstrated 
that pathological complete response (pCR) after NAC is pre-
dictive of improved disease-free and overall survival [10–12]. 
A preoperative assessment of the presence or absence of resid-
ual tumor is crucial for the patient’s prognosis.

Morphological tumor assessments using mammography or 
ultrasonography are widely used for evaluating the response 
to NAC. However, these modalities tend to overestimate the 
tumor volume because chemotherapy induces tumor necro-
sis and fibrosis [13]. Recently, magnetic resonance imaging 
(MRI) has been recommended for evaluating the response to 
NAC [13]. However, it can be difficult with MRI to distinguish 
viable tumor tissue from fibrotic scar tissue and to depict scat-
tered lesions [14]. We hypothesized that dbPET may provide 
better visualization of the metabolic activity of very small 
residual tumors. The purpose of this study was to evaluate 
the feasibility of dbPET for the assessment of residual tumor 
after NAC.

Materials and methods

Patient

This prospective study was approved by our institutional 
review board, and written informed consent was obtained 

from all the patients. Between April 2015 and April 2018, 
27 patients (mean age 55.4 ± 7.9 years; range 42–67 years) 
with breast cancer underwent both conventional whole-body 
PET-CT (WBPET) and ring-type dbPET for preoperative 
tumor assessment and re-staging after NAC at our institu-
tion. None experienced any unexpected events; so, all 27 
were included in this study. All the lesions were preopera-
tively diagnosed by core needle biopsy as invasive ductal 
carcinoma, and all were surgically resected after the NAC. 
The mean interval between PET examination and surgical 
resection was 17.2 days (range 6–31 days).

NAC regimen

The patients received one–four cycles of anthracycline fol-
lowed by four cycles of taxane regimen. In addition, 11 of 
the patients with human epidermal growth factor receptor 
2 (HER2)-positive disease received four cycles of trastu-
zumab, and one of these patients additionally received four 
cycles of bevacizumab. Two patients could not complete the 
regimens because of side effects.

Scanning protocols

WBPET was performed with an Eminence SOPHIA PET 
scanner (Shimadzu, Kyoto, Japan) and dbPET with an 
Elmammo system (Shimadzu, Kyoto, Japan). The scan 
parameters are summarized in Table 1. The patient was 
instructed to fast for at least 6 h prior to the scan. 18F-FDG 
was injected intravenously at a dose of 0.1 mCi (3.7 MBq)/
kg body weight, and 45 min later, the WBPET was acquired 
in the mid-expiration phase of free breathing, with continu-
ous bed motion at a speed of 1.0 mm/s. The scan included an 
area from the vertex to mid-thigh with the images acquired 
continuously. The transmission scan was performed using a 
cesium-137 point source, with the emission scan performed 
simultaneously. The CT parameters were as follows: table 
feed per rotation, 1.4 mm; rotation time, 0.75 s; tube voltage, 
120 kVp; quality reference, 97.5 mAs; and field of view, 
59 cm. Once the WBPET image acquisition was complete, 
dbPET was performed with the patient in a prone position 
with her breast hanging down into the ring-type detector. 
The scan was acquired unilaterally from right to left. Each 
scan took 7 min.

Histological assessment of therapeutic response

Each patient’s therapeutic response to NAC was evaluated 
histopathologically by two pathologists (T.Y. and K.M., 
with 21 and 33 years of experience in oncologic pathology, 
respectively). They classified the response according to the 
Japan Breast Cancer Society criteria [15], as follows: grade 
0, no response; grade 1, slight response (1a, mild response; 
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1b, moderate response); grade 2, marked response (2a, high 
response; 2b, extremely high response); and grade 3, com-
plete response. According to these criteria, a pathological 
complete response (pCR) is one where the invasive tumor 
has disappeared, regardless of the presence or absence of a 
ductal component.

Quantitative image analysis

A radiologist (H.M., with 12 years of experience in the 
interpretation of PET images) placed a region of interest 
(ROI) that encompassed the entire tumor on the WBPET and 
dbPET axial images using a commercially available Digi-
tal Imaging and Communications in Medicine viewer, and 
measured the maximum standardized uptake value (SUVmax) 
for each modality. If there was no noticeable tumor FDG 
uptake on the images acquired after NAC, the radiologist 
placed the ROI where the tumor had been present on the 
pretreatment images.

Qualitative image analysis

Two radiologists (Y.N. and H.K., with 7 and 10 years of 
experience in the interpretation of PET images, respec-
tively) interpreted the WBPET and dbPET images in a ran-
dom order and evaluated the degree of confidence for the 
presence of residual tumor using a five-point scale: (1) no 
uptake (residual tumor is highly unlikely to be present); (2) 
slight uptake (residual tumor is unlikely to be present); (3) 
moderate uptake (the presence of residual tumor is equivo-
cal); (4) high uptake (residual tumor is likely to be present); 

and (5) marked uptake (residual tumor is highly likely to be 
present). The evaluation was made by consensus between 
the two radiologists.

Statistical analysis

We compared the patients’ characteristics between pCR 
and non-pCR tumors using Mann–Whitney U and Fisher’s 
tests. For the quantitative image analysis, the Mann–Whit-
ney U test was conducted to evaluate differences in SUVmax 
between pCR and non-pCR tumors. Receiver operating char-
acteristic (ROC) curves were used to calculate the sensitiv-
ity, specificity, and area under the ROC curve (AUC) for 
each modality for the detection of a non-pCR tumor. An 
optimal cutoff value that yielded the maximal sensitivity 
and specificity for the detection of a non-pCR tumor was 
determined from the ROC curve. The AUCs for the detec-
tion of non-pCR tumor were compared between WBPET 
and dbPET using the method of Hanley and McNeil. For the 
qualitative image analysis, the Mann–Whitney U, McNemar, 
and Fisher’s tests were used to compare the confidence rat-
ings, sensitivity, specificity, positive predictive value (PPV), 
and negative predictive value (NPV) for the detection of a 
non-pCR tumor between WBPET and dbPET. The sensitiv-
ity for the detection of a non-pCR tumor was determined 
from the number of patients assigned grade 3, 4, or 5 as a 
proportion of the total number of patients with a non-pCR 
tumor. Similarly, the specificity was determined from the 
number of patients assigned grade 1 or 2 as a proportion 
of the total number of patients without a non-pCR tumor. 
The statistical analyses were performed using MedCalc 

Table 1   The specification of 
the equipment and collection 
conditions

WBPET whole-body positron emission tomography, dbPET dedicated breast positron emission tomogra-
phy, FOV field of view, FWHM full width at half maximum, BGO bismuth germinate: Bi4Ge3O12, LGSO 
lutetium gadolinium oxyorthosilicate: Lu2-XGdXSiO5:Ce, DRAMA dynamic row-action maximum likeli-
hood algorithm

WBPET DbPET

Eminence-Sophia (Shimadzu, Kyoto, 
Japan)

Elmammo (Shi-
madzu, Kyoto, 
Japan)

Detector BGO LGSO
Detector size (mm) 3.5 × 6.25 × 30 1.44 × 1.44 × 18
Axial FOV/opening width (mm) 208/600 155/185
Collection mechanism 3D 3D
FWHM (mm) 4.5 ≤ 1.5
Transmission scan (min) 16–20 (continuous) –
Emission scan (min) 16–20 (continuous) 7 (static)
Reconstruction 3D-DRAMA List-DRAMA
Scatter correction Deconvolution Deconvolution
Iteration 1 1
Subset (filter cycle) 128 128
Collection matrix 128 × 128 236 × 236
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Software, version 18.5. A P value < 0.05 was considered to 
be significant.

Results

Patient background factors and tumor 
characteristics

Table 2 summarizes the patient and tumor characteristics. 
There was no significant difference between the patients with 
pCR and non-pCR tumors in age (P = 0.084) or the propor-
tions of histopathological subtypes (P = 0.53). However, 
there were significant differences in the proportion of each 
grade of therapeutic response to NAC (P < 0.001) and the 
size of residual tumor (P = 0.013).

Quantitative image analysis

The measurements of SUVmax are summarized in Table 3. 
The SUVmax was significantly higher on dbPET than on 
WBPET (P ≤ 0.003). On dbPET, the SUVmax was sig-
nificantly higher in non-pCR tumors than in pCR tumors 
(3.90 ± 3.15 vs 2.28 ± 0.60, P = 0.030); whereas, there 

was no significant difference on WBPET (1.60 ± 0.92 vs 
1.22 ± 0.30, P = 0.30) (Fig. 1). The ROC optimal cutoff 
values for detecting a non-pCR tumor on WBPET and 
dbPET were 1.77 and 2.2, respectively. Using these cutoff 
values, the sensitivity, specificity, and AUC for the detec-
tion of a non-pCR tumor on WBPET were 26.3%, 100%, 
and 0.63, respectively, and on dbPET were 84.2%, 62.5%, 
and 0.77. There was a statistically significant difference 
between WBPET and dbPET in sensitivity (P = 0.0010), 
but not in specificity (P = 0.25) or AUC (P = 0.34).

Qualitative image analysis

The qualitative results are summarized in Table 4. For 
non-pCR tumors, the confidence rating for the presence 
of residual tumor was significantly higher on dbPET than 
on WBPET (3.1 ± 1.9 vs 1.5 ± 1.3, P = 0.007), but there 
was no significant difference in pCR tumors (1.0 ± 0.0 vs 
1.8 ± 1.4, P = 0.10). The sensitivity for the detection of 
residual tumor was significantly higher on dbPET than on 
WBPET (57.9% vs 21.1%, P = 0.016) (Table 4 and Fig. 2). 
There were no significant differences between WBPET and 
dbPET in specificity, PPV, NPV, or AUC (P = 0.49–1.00). 

Table 2   Patient background 
factors and tumor characteristics

HER human epidermal growth factor receptor, pCR pathological complete response, NA not applicable
*P < 0.05, significant difference

Characteristics pCR Non-pCR P value

Number of patients 8 19 NA
Age, year 59.0 ± 5.0 (53–66) 53.1 ± 8.6 (42–67) 0.084
Subtype
 Luminal A 0 (0%) 6 (31.6%) 0.53
 Luminal B 6 (75.0%) 6 (31.6%)
 HER2 enriched 0 (0%) 2 (10.5%)
 Triple negative 2 (25.0%) 5 (26.3%)

Therapeutic response
 G0 0 (0.0%) 5 (26.3%) < 0.001*
 G1a 0 (0.0%) 1 (5.3%)
 G1b 0 (0.0%) 3 (15.8%)
 G2a 0 (0.0%) 4 (21.1%)
 G2b 0 (0.0%) 6 (31.6%)
 G3 with ductal component 5 (62.5%) 0 (0.0%)
 G3 without ductal component 3 (37.5%) 0 (0.0%)

Size of residual tumor
 0 mm 3 (37.5%) 0 (0.0%) 0.013*
 < 5 mm 5 (62.5%) 10 (52.6%)
 5 mm ≥ , < 10 mm 0 (0.0%) 6 (31.6%)
 10 mm ≥ , < 15 mm 0 (0.0%) 1 (5.3%)
 15 mm ≥ , < 20 mm 0 (0.0%) 2 (10.5%)
 20 mm ≥ 0 (0.0%) 0 (0.0%)
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Discussion

NAC has become a standard therapy for locally advanced 
breast cancer. However, it has previously been reported 
that WBPET does not provide an accurate assessment of 
residual tumor after primary chemotherapy for breast can-
cer, with sensitivity for the detection of residual tumor 
in the range 32.9–57.5% [16]. In our study, the sensitiv-
ity of 26.3% for the detection of residual tumor in the 

quantitative image analysis was comparable with the lower 
end of the range in the previous report.

The detectability of primary breast cancer can be signif-
icantly improved by adding dbPET to WBPET, especially 
for tumors smaller than 1 cm [8, 17–19]. In the present 
study, 21 out of 24 residual tumors (88%) were less than 
1 cm in size. Because tumors contract after NAC, most 
residual tumors demonstrated no significant FDG uptake 
on WBPET even when there was still a histopathologi-
cally viable tumor. This was because of the limited spatial 
resolution of WBPET. On dbPET, which has better spatial 
resolution, we were able to detect more residual tumors, 
including those less than 1 cm in size. Indeed, only one 
of the 21 residual tumors could be detected on WBPET, 
compared with nine on dbPET, resulting in a significant 
improvement in sensitivity for the detection of residual 
tumor.

On dbPET, the SUVmax was significantly higher in non-
pCR tumors than in pCR tumors. This meant that using 
dbPET significantly improved the sensitivity for the detec-
tion of residual tumor in the quantitative image analysis 
as well. However, even with dbPET, we detected residual 
tumors in only 50% of cases determined by the histopatho-
logical assessment. All the residual tumors over 7 mm were 
detected on dbPET, but some of the residual tumors sized 
0.5–6 mm could not be detected, even with dbPET. Smaller 
lesions, especially scattered lesions, also proved difficult to 
detect on dbPET.

In this study, all the invasive lesions histopathologically 
disappeared, with only intraductal components remain-
ing after NAC in five cases. One of these showed signifi-
cant FDG uptake on dbPET, but this was not detected on 
WBPET. According to the histopathological assessment, 
the intraductal component formed a concentrated 4-mm 
mass. Even when there was only an intraductal component, 
we sometimes detected it as residual disease if the lesion 
formed a concentrated mass. Thus, the specificity of dbPET 
for the detection of a non-pCR tumor was lower than that 
of WBPET.

Our study had two limitations. First, we used only the 
ring-type dbPET. This has a relatively large blind area adja-
cent to the pectoral muscle. Asian countries have a greater 
number of patients with small breasts than is the case in 
Western countries. In such patients, some residual tumor 
was present but out of the imaging range. This limitation 
may lead to the misdiagnosis of tumor remnants or an incor-
rect evaluation of their extent. Second, our sample size was 
relatively small. Only 27 cases were included in the study 
population and there were only eight pCR tumors. The influ-
ence of selection bias may be great. Thus, further clinical 
studies are needed to investigate the utility of dbPET.

In conclusion, dbPET was superior to WBPET for the 
detection of residual tumor after NAC.

Table 3   Quantitative diagnostic performance for the detection of non-
pCR tumor between WBPET and dbPET

Data are means ± 1 standard deviation with ranges in parentheses
WBPET whole-body positron emission tomography, dbPET dedicated 
breast positron emission tomography, SUVmax the maximum stand-
ardized uptake value, pCR pathological complete response, CI confi-
dence interval, NA not applicable
*P < 0.05, significant difference

WBPET DbPET P value

SUVmax

 pCR 1.22 ± 0.30 2.28 ± 0.60 < 0.001*
 Non-pCR 1.60 ± 0.92 3.90 ± 3.15 0.003*
 P value 0.30 0.030* NA

Diagnostic performance
 Cutoff value 1.77 2.2 NA
 Sensitivity 26.3% 84.2% 0.0010*
 Specificity 100% 62.5% 0.25
 AUC (95% CI) 0.63 (0.42–0.81) 0.77 (0.57–0.91) 0.34

Fig. 1   Boxplots comparing SUVmax between non-pCR and pCR 
tumors in WBPET and dbPET scans. On dbPET, SUVmax was sig-
nificantly higher in non-pCR than in pCR tumors (3.90 ± 3.15 vs 
2.28 ± 0.60, P = 0.030). On WBPET, there was no significant differ-
ence in SUVmax between non-pCR than in pCR tumors (1.60 ± 0.92 
vs 1.22 ± 0.30, P = 0.30)
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Table 4   Qualitative diagnostic 
performance for the detection 
of non-pCR tumor between 
WBPET and dbPET

WBPET whole-body positron emission tomography, dbPET dedicated breast positron emission tomogra-
phy, pCR pathological complete response, AUC​ area under the ROC curve, CI confidence interval, NA not 
applicable
*P < 0.05, significant difference

WBPET DbPET P value

Confidence rating
 pCR 1.0 ± 0.0 (1.0) 1.8 ± 1.4 (1.0–5.0) 0.10
 Non-pCR 1.5 ± 1.3 (1.0–5.0) 3.1 ± 1.9 (1.0–5.0) 0.007*
 P value 0.55 0.20 NA

Diagnostic performance
 Sensitivity 21.1% (4/19) 57.9% (11/19) 0.016*
 Specificity 100.0% (8/8) 87.5% (7/8) 1.00
 Positive predictive value 100.0% (4/4) 91.7%(11/12) 1.00
 Negative predictive value 31.8% (7/22) 46.7% (7/15) 0.49
 AUC (95% CI) 0.61 (0.40–0.79) 0.67 (0.46–0.84) 0.65

Fig. 2   A 44-year-old woman with left breast cancer. a Axial fusion 
WBPET image, showing no significant focal FDG uptake in the left 
breast (SUVmax of 1.61 in right breast and that of 1.72 in left breast). 
b Maximum-intensity projection dbPET image, showing a small 

amount of FDG uptake in the left breast. c Low-power microscopic 
view with hematoxylin and eosin staining, showing concentrated 
residual tumor cells 3 mm in diameter
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