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Abstract
Purpose  18F-fluorodeoxyglucose (FDG) uptake on positron emission tomography (PET) is related to the biological param-
eters and prognosis of breast cancer. However, whether whole-body PET (WBPET) and dedicated breast PET (DbPET) can 
reflect the tumor microenvironment is unclear. This study investigated the relationship between stromal tumor-infiltrating 
lymphocytes (TILs) and maximum standardized uptake value (SUVmax) in WBPET and DbPET.
Methods  A total of 125 invasive breast cancers underwent WBPET and ring-type DbPET and resected specimens were 
pathologically assessed. The impact of SUVmax on the tumor biological parameters and TILs was retrospectively evaluated. 
SUVmax was classified as high and low relative to the median values (WBPET-SUVmax: 2.2 and DbPET-SUVmax: 6.0).
Results  SUVmax correlated with tumor size, nuclear grade, Ki-67 labeling index, and TILs in both WBPET and DbPET (all 
p < 0.001). In multiple linear regression analysis, tumor size, Ki-67 labeling index, and TILs predicted SUVmax in WBPET 
and DbPET. The cutoff values of tumor size, Ki-67 labeling index, and TILs predicting high SUVmax were 20 mm, 20%, 
and 20%, respectively. In multivariate analysis, the predictive factors for high SUVmax were tumor size and Ki-67 labeling 
index for WBPET and tumor size and TILs for DbPET. High SUVmax in DbPET was related to high numbers of TILs after 
propensity score matching analysis; however, WBPET was not (p = 0.007 and p = 0.624, respectively).
Conclusions  Both SUVmax values in WBPET and DbPET predicted TIL concentration of the primary breast cancer. In 
DbPET, SUVmax represented the immune microenvironment after adjusting for tumor biological factors.
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Abbreviations
CTLA-4	� Cytotoxic T-lymphocyte-associated protein 4
DbPET	� Dedicated breast positron emission 

tomography
ER	� Estrogen receptor
FDG	� 18F-fluorodeoxyglucose
FOV	� Field of view
FOXP3	� Forkhead box P3
HER2	� Human epidermal growth factor receptor 2
IC-NST	� Invasive carcinoma of no special type

OR	� Odds ratio
PD-1	� Programmed cell death-1
PET	� Positron emission tomography
SUVmax	� Maximum standardized uptake value
TIL	� Tumor-infiltrating lymphocytes
TNBC	� Triple-negative breast cancer
WBPET	� Whole-body positron emission tomography

Introduction

Breast cancer consists of tumor cells and the tumor micro-
environment. Tumor-infiltrating lymphocytes (TILs) acti-
vated in the tumor microenvironment express cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) and pro-
grammed cell death-1 (PD-1) and play an important role 
in the immune system [1]. TIL expression is high in human 
epidermal growth factor receptor 2 (HER2)-positive and 
triple-negative breast cancer (TNBC) [2]. High TIL is a 
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favorable prognostic factor, especially in early HER2-
positive breast cancer and TNBC [3, 4].

18F-fluorodeoxyglucose-positron emission tomogra-
phy (FDG-PET) is a molecular approach that uses glu-
cose metabolism for cancer imaging. FDG is taken up 
not only in tumor cells but also in inflammatory cells by 
the Warburg effect [5]. Correlations between whole-body 
PET (WBPET) and immune markers have been reported 
only in gastric and non-small cell lung cancers [6, 7]. 
The maximum standardized uptake value (SUVmax) 
was significantly correlated with levels of forkhead box 
P3 (FOXP3), a biomarker of regulatory T cell, in gastric 
cancer (r = 0.431, p < 0.001) [6], and CD8-positive TILs 
(r = 0.308, p = 0.027) and PD-1 (r = 0.325, p = 0.017) in 
non-small cell lung cancer [7].

Dedicated breast PET (DbPET) was developed for 
high-resolution molecular breast imaging and detection 
of subcentimeter breast tumors. In addition, DbPET can 
be used to visualize intratumoral heterogeneity such as 
central necrosis [8]. Unlike other scanner types, the three-
dimensional imaging of ring-type DbPET can be used to 
calculate the SUV value [9].

Therefore, we hypothesized that ring-type DbPET could 
be used to visualize not only the tumor cells but also the 
tumor microenvironment more clearly than WBPET. 
We investigated whether the SUVmax value by DbPET 
reflected the TILs in the tumor immune tumor microen-
vironment compared to that with WBPET. To our knowl-
edge, this is the first report to consider the relationship 
between DbPET and TILs in breast cancer.

Patients and methods

Patients

Among consecutive 277 patients with breast cancers 
who underwent complete resection between January and 
December 2016 at Hiroshima University Hospital, 199 
patients (211 tumors) received WBPET and ring-type 
DbPET. Of them, tumors that received neoadjuvant chem-
otherapy, non-invasive carcinoma, and unevaluable stro-
mal TILs were excluded and a total of 125 breast cancers 
were retrospectively assessed (Fig. 1). The Institutional 
Review Board of Hiroshima University Hospital approved 
this study. All procedures performed in studies involving 
human participants were in accordance with the ethical 
standards of the institutional research committee and with 
the 1964 Helsinki Declaration and its later amendments 
or comparable ethical standards. For this type of study, 
formal consent is not required.

WBPET and DbPET examinations

All DbPET examinations were performed at the same 
time as WBPET. The patients fasted for at least 4  h 
before the FDG injection (3–3.7  MBq/kg). WBPET 
scanning was performed 1 h after the FDG administra-
tion using a Discovery ST16 PET/computed tomogra-
phy (CT) scanner (GE Healthcare, Little Chalfont, UK; 
BGO/6.25 × 6.25 × 30 mm). Low-dose non-enhanced CT 
images (3- to 4-mm slice thickness) for attenuation cor-
rection and localization of lesions identified using PET 
were obtained from the head to the pelvic floor of each 
patient according to a standard protocol. Immediately after 
CT, the identical axial field of view (FOV) (154 mm) was 
scanned using PET for 2–3 min per table position depend-
ing on the patient condition and the scanner performance. 
The acquired data were reconstructed as 128 × 128 matrix 
images (pixel size, 4.7 × 3.25 mm) using Fourier rebinning 
and ordered-subset expectation maximization algorithms. 
Both PET and CT studies were performed with the patient 
under normal tidal breathing.

Immediately after WBPET, DbPET was performed 
using an Elmammo scanner (Shimadzu, Kyoto, Japan; 
LGSO/1.44 × 1.44 × 18 mm) while patients were in the 
prone position. The FOV was 185 × 156.5 mm, the scan 
time was 7 min per bed position, and the acquired data 
were reconstructed as 236 × 236 matrix images (pixel size, 
0.78 × 0.78 mm) using a three-dimensional dynamic row-
action maximum likelihood algorithm.

PET image evaluation and quantification of the SUV-
max were performed using an Xeleris workstation version 
1.1452 (GE Healthcare, Little Chalfont, UK). Regions of 
interest were first delineated within the primary tumor on 
attenuation-corrected FDG-PET images and within the 
ipsilateral normal breast tissue for the background uptake 
and SUVmax was then measured. The attenuation cor-
rection of DbPET was carried out as a homogeneous soft 
tissue of breast tissue composed of mammary glands and 

Fig. 1   Study profile
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fat. All PET images were read by two professionals: a radi-
ologist and a breast cancer specialist.

Pathological diagnosis

The breast tumor samples were collected via surgery. The 
histopathological characteristics, such as histology, nuclear 
grade, hormonal receptors and HER2 status, Ki-67 labeling 
index, and stromal TILs were evaluated. Hormonal receptors 
and HER2 were assessed by American Society of Clinical 
Oncology/College of American Pathologists Guidelines [10, 
11]. The evaluation of stromal TILs was based on recom-
mendations from the International TILs Working Group 
2014 [12].

Statistics

The summarized data are presented as numbers and per-
centages unless otherwise stated. Frequencies were com-
pared using Fisher’s exact test for categorical variables. 
Meanwhile, continuous variables were compared using 
Mann–Whitney U test or one-way analysis of variance. 
Correlation analyses were performed using Spearman’s rank 
correlation coefficients. Multiple linear regression analy-
sis using a stepwise method based on P value and logistic 
regression analysis was used to predict the SUVmax. The 
SUVmax values in WBPET and DbPET were classified into 
two groups based on the median value. Receiver operating 
characteristic curves were drawn to determine the cutoff val-
ues of parameters predicting high SUVmax. A 1:1 paired 
matching according to propensity scores, including tumor 
size, nuclear grade, and Ki-67 labeling index, was applied 
separately on low- and high-TIL tumors. p < 0.05 was con-
sidered statistically significant. All statistical analyses were 
performed using EZR (Saitama Medical Center, Jichi Medi-
cal University, Saitama, Japan), which is a graphical user 
interface for R (The R Foundation for Statistical Computing, 
Vienna, Austria) [13].

Results

The characteristics of the 122 patients (125 tumors) are sum-
marized in Table 1. Most tumors were invasive carcinoma of 
no special type, estrogen receptor (ER)-positive, and HER2-
negative. The SUVmax in DbPET was about three times 
that in WBPET (median: 6.0 and 2.2, respectively). The 
SUVmax values in WBPET and DbPET were significantly 
related to tumor size (r = 0.630 and 0.528, respectively), 
Ki-67 labeling index (r = 0.507 and 0.456, respectively), 
TILs (r = 0.313 and 0.376, respectively), and nuclear grade 
(Fig. 2). Multiple linear regression analysis revealed that 
tumor size, Ki-67 labeling index, and TIL concentration 

were significant predicting factors of SUVmax in both 
WBPET and DbPET (R2 = 0.447 and 0.421, respectively) 
(Table 2). Histology, nuclear grade, ER, and HER2 were not 
related with the SUVmax in WBPET and DbPET.

The cutoffs of tumor size, Ki-67 labeling index, and TIL 
concentration predicting high SUVmax in WBPET and 
DbPET were 20 mm, 20%, and 20%, respectively. In mul-
tivariate logistic regression analyses, the factors predicting 
high SUVmax in WBPET were larger tumor size and high 
Ki-67 labeling index (odds ratio [OR] 13.0, p < 0.001 and 
OR 3.68, p = 0.020, respectively). Meanwhile, the predictors 
for high SUVmax in DbPET were tumor size and high TILs 
(OR 4.81, p < 0.001 and OR 6.98, p < 0.001, respectively) 
(Table 3). Figure 3 shows representative images of WBPET 
and DbPET according to TIL rates in breast cancers with the 
same histology, tumor size, nuclear grade, Ki-67 labeling 
index, and ER and HER2 status.

Table 1   Patient characteristics

DbPET dedicated breast positron emission tomography, ER,estrogen 
receptor, HER2 human epidermal growth factor receptor 2, IQR inter-
quartile range, PgR progesterone receptor, SUVmax maximum stand-
ardized uptake value, WBPET whole-body positron emission tomog-
raphy

Number (%)

Age (years), median (range) 57 (30–86)
T status
 1 79 (63.2)
 2 44 (35.2)
 3 2 (1.6)

N status
 0 93 (74.4)
 1 29 (23.2)
 2 2 (1.6)
 3 1 (0.8)

Histology
 Microinvasive carcinoma 4 (3.2)
 Invasive carcinoma of no special type 103 (82.4)
 Invasive lobular carcinoma 5 (4.0)
 Others 13 (10.4)

Nuclear grade
 1 21 (16.8)
 2 53 (42.4)
 3 51 (40.8)

Ki-67 labeling index (%), median (IQR) 28 (14–42)
ER positive 119 (95.2)
PgR positve 114 (91.2)
HER2 positive 9 (7.2)
SUVmax, median (IQR)
 WBPET 2.2 (1.3–3.5)
 DbPET 6.0 (3.5–10.0)

Tumor infiltrating lymphocytes (%), median (IQR) 5 (1–20)
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The propensity score matching analysis using tumor size, 
nuclear grade, and Ki-67 labeling index is summarized in 
Table 4. The tumor biological factors were balanced between 
low- and high-TIL tumors. Although high-TIL tumors were 
unrelated to high SUVmax in WBPET (p = 0.624), the correla-
tion between high-TIL tumors and high SUVmax in DbPET 
was significant (p = 0.007).

Discussion

This study demonstrated the relationship between ring-
type DbPET and the immune microenvironment in early 
breast cancer. The SUVmax in both WBPET and DbPET 
predicted TILs rates of breast tumors as well as tumor 

Fig. 2   Correlations between SUVmax on WBPET (a) and DbPET (b), and tumor factors. DbPET dedicated breast positron emission tomogra-
phy, TIL tumor-infiltrating lymphocyte, WBPET whole-body positron emission tomography

Table 2   Stepwise multiple 
linear regression analysis for 
factors influencing SUVmax in 
WBPET and DbPET

CI confidence interval, DbPET dedicated breast positron emission tomography, SUVmax maximum stand-
ardized uptake value, TIL tumor infiltrating lymphocyte, WBPET whole-body positron emission tomogra-
phy

Factors Regression coefficient (95% CI) Standard error t p

<WBPET>
 Intercept 0.13 (− 0.54 to 0.8) 0.34 0.39 0.690
 Tumor size 0.07 ( 0.05–0.1) 0.01 5.52 < 0.001
 Ki-67 labeling index 0.03 ( 0.01–0.04) 0.01 3.33 0.001
 TILs 0.03 ( 0.01–0.04) 0.01 3.42 < 0.001

<DbPET>
 Intercept 0.90 (− 0.96 to 2.75) 0.94 0.96 0.340
 Tumor size 0.19 ( 0.12–0.26) 0.04 5.15 < 0.001
 Ki-67 labeling index 0.06 ( 0.02–0.11) 0.02 2.74 0.007
 TILs 0.08 ( 0.04–0.13) 0.02 3.65 < 0.001
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Table 3   Logistic regression 
analysis for predicting high 
SUVmax on WBPET and 
DbPET

CI confidence interval, DbPET dedicated breast positron emission tomography, ER estrogen receptor, 
HER2 human epidermal growth factor receptor 2, IC-NST invasive carcinoma of no special type, OR odds 
ratio, SUVmax maximum standardized uptake value, TIL tumor infiltrating lymphocyte, WBPET whole-
body positron emission tomography

Factors Univariate analysis Multivariate analysis

OR (95% CI) p OR (95% CI) p

<WBPET>
 Histology_IC-NST 6.71 (1.87–24.1) 0.003 1.35 (0.37–4.97) 0.655
 T2–3 6.18 (2.76–13.8) < 0.001 13.00 (4.41–38.30) < 0.001
 Nuclear grade 3 6.48 (2.94–14.3) < 0.001 2.70 (0.92–7.91) 0.071
 ER positive 0.39 (0.07–2.20) 0.285 0.32 (0.02–4.76) 0.404
 HER2 positive 1.62 (0.42–6.37) 0.486 0.31 (0.05–1.95) 0.211
 Ki-67 labeling index ≥ 20% 3.03 (1.39–6.61) 0.005 3.68 (1.23–11.10) 0.020
 TILs ≥ 20% 1.99 (0.91–4.33) 0.084 2.29 (0.75–6.93) 0.144

<DbPET>
 Histology_IC-NST 3.18 (1.15–8.77) 0.003 1.68 (0.51–5.50) 0.393
 T2–3 4.38 (1.99–9.63) < 0.001 4.81 (1.91–12.20) < 0.001
 Nuclear grade 3 4.43 (2.05–9.56) < 0.001 1.82 (0.67–4.90) 0.238
 ER positive 0.98 (0.69–1.40) 0.929 0.70 (0.08–6.60) 0.758
 HER2 positive 0.97 (0.68–1.38) 0.857 0.53 (0.10–2.73) 0.450
 Ki-67 labeling index ≥ 20% 3.54 (1.63–7.67) 0.001 1.39 (0.52–3.71) 0.513
 TILs ≥ 20% 7.50 (2.96–19.0) < 0.001 6.98 (2.37–20.50) < 0.001

Fig. 3   Representative images of WBPET and DbPET according to 
TILs rate adjusted for tumor biological features. Low TILs tumor (a), 
high TILs tumor (b), WBPET image (left), DbPET image (center), 
and TILs rate according to histological findings (right). DbPET dedi-

cated breast positron emission tomography, ER estrogen receptor, 
HER2 human epidermal growth factor receptor 2, IC-NST invasive 
carcinoma of no special type, TIL tumor-infiltrating lymphocyte, 
WBPET whole-body positron emission tomography
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size and Ki-67 labeling index, and the SUVmax in DbPET 
reflected TILs after adjusting for tumor biological factors.

FDG-PET can be used to visualize glucose metabo-
lism in tumors and the SUVmax in WBPET can predict 
malignant behavior and prognosis in early breast cancer 
[14–16]. In addition, WBPET after two cycles or comple-
tion of neoadjuvant chemotherapy may be useful to pre-
dict pathological complete response [17, 18]. However, 
WBPET before chemotherapy could not predict pathologi-
cal response [17]. Recently, we have reported ring-type 
DbPET to be more accurate than WBPET in detecting 
residual primary tumors after neoadjuvant chemotherapy 

[19]. DbPET is a high-resolution molecular breast imag-
ing device; the sensitivity of opposite-type DbPET was 
92–95%, higher than that of WBPET [20]. The sensitiv-
ity of ring-type DbPET scanners, such as Mammi-PET 
and Elmammo, was 82–100% [21–23]. As a by-product 
of high-resolution images, ring-type DbPET can be used 
to visualize intratumoral heterogeneity, such as ring-like 
or heterogeneous uptakes, caused by central necrosis and 
fibrosis [8].

TILs are key players in the tumor immune microenvi-
ronment and are abundant in HER2-positive and TNBC 
[2]. Increased TIL concentration is one of the predictors of 
pathological response to neoadjuvant chemotherapy regard-
less of molecular subtype [3]. Although the TIL rate is also 
a prognostic factor in HER2-positive and TNBC, different 
results have been reported for luminal-type breast cancer [3, 
4]. Although the prognostic role of TILs is not consistent 
across subtypes, the TIL rate predicts the treatment effect. In 
addition, TILs expressing CTLA-4 and PD-1 are targets of 
immune checkpoint inhibitors. Therefore, imaging systems 
predicting TILs are clinically useful.

Previously, the correlations of SUVmax in WBPET and 
TIL-related factors have been reported only in gastric and 
non-small cell lung cancers, with low correlation coefficients 
[6, 7]. TILs activated in the tumor accumulate FDG by the 
Warburg effect, as do inflammatory cells [5]. However, these 
studies did not adjust for tumor factors that affect SUV. The 
strengths of our study include the use of ring-type DbPET, 
a novel modality for breast imaging, and adjusting for tumor 
factors by propensity score matching.

This study has some limitations. First, the majority of 
breast cancer tumors were luminal type because we excluded 
patients who received neoadjuvant chemotherapy. In this 
study, we evaluated whole tumors using resected specimens. 
Second, the TIL cutoff value might be specific to the pre-
sent study. Different cutoffs might be required for HER2-
positive and TNBC, in which TILs have more significant 
roles. Future studies are needed to investigate the relation-
ship between DbPET and TIL rates in biopsy specimens as 
well as the response to neoadjuvant chemotherapy. Third, 
the subpopulations of TILs, such as regulatory T cells and 
cytotoxic T lymphocytes, are unknown. Immunohistochemi-
cal assessment of TILs is required.

Conclusion

SUVmax values in both WBPET and ring-type DbPET pre-
dicted the proportion of TILs of the primary breast cancer. 
High TILs breast cancer was significantly related to high 
SUVmax in DbPET after adjusting for tumor biological 
factors.

Table 4   Characteristics of propensity score matched patients accord-
ing to TIL rate

DbPET dedicated breast positron emission tomography, ER estrogen 
receptor, HER2 human epidermal growth factor receptor 2, IQR inter-
quartile range, PgR progesterone receptor, SUVmax maximum stand-
ardized uptake value, TIL tumor infiltrating lymphocyte, WBPET 
whole-body positron emission tomography

Low TILs High TILs p

Age (years), median (range) 58 (36–77) 48 (30–80) 0.230
T status 0.683
 1 20 (54.1) 23 (62.2)
 2 17 (45.9) 14 (37.8)
 3 0 (0) 0 (0)

N status 0.637
 0 22 (70.3) 27 (73.0)
 1 10 (27.0) 9 (24.3)
 2 0 (0) 1 (2.7)
 3 1 (2.7) 0 (0)

Histology 1
 Microinvasive carcinoma 1 (2.7) 0 (0)
 Invasive carcinoma of no special 

type
34 (91.9) 35 (94.6)

 Invasive lobular carcinoma 0 (0) 1 (2.7)
 Others 2 (5.4) 1 (2.7)

Nuclear grade 0.850
 1 2 (5.4) 1 (2.7)
 2 12 (32.4) 11 (29.7)
 3 23 (62.2) 25 (67.6)

Ki-67 labeling index (%), median 
(IQR)

40 (29–46) 40 (30–65) 0.111

ER positive 35 (94.6) 34 (91.9) 1
PgR positve 31 (83.8) 33 (89.2) 0.736
HER2 positive 4 (10.8) 4 (10.8) 1
WBPET-SUVmax 0.624
 Low 14 (37.8) 11 (29.7)
 High 23 (62.2) 26 (70.3)

DbPET-SUVmax 0.007
 Low 19 (51.4) 7 (18.9)
 High 18 (48.6) 30 (81.1)
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