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Abstract

Purpose We evaluated the relationship between fluorine-18 fluoro-2-deoxy-glucose ('*F-FDG) uptake and mitochondrial activ-
ity in cancer cells and investigated the prognostic implications of this relationship in patients with invasive ductal carcinoma of
the breast (IDCB).

Methods One hundred forty-six patients with primary IDCB who underwent preoperative '*F-FDG PET/CT followed
by curative surgical resection were enrolled in the current study. Mitochondrial activity of cancer cells was assessed
based on translocase of outer mitochondrial membrane 20 (TOMM20) expression and cytochrome C oxidase (COX)
activity. A Pearson’s correlation analysis was used to assess the relationship between the maximum standardized
uptake value of the primary tumour (pSUVmax) and mitochondrial activity. Clinicopathological factors, including
pSUVmax, histological grade, oestrogen receptor (ER), progesterone receptor (PR), and TOMM?20 expression; and
COX activity, were assessed for the prediction of disease-free survival (DFS) using the Kaplan-Meier method and Cox
proportional hazards model.

Results Fourteen of the 146 subjects (9.6%) showed tumour recurrence. There was a significant positive correlation
between '®F-FDG uptake and the mitochondrial activity of cancer cells in patients with IDCB, and increased BE_FDG
uptake and mitochondrial activity were significantly associated with a shorter DFS. Additionally, results from the
receiver-operating curve analysis demonstrated that the cut-off values of pSUVmax, TOMM20 expression, and COX
activity for the prediction of DFS were 7.76, 4, and 5, respectively. Further, results from the univariate analysis
revealed that pSUVmax, TOMM20 expression, PR status, and histologic grade were significantly associated with
DFS; however, the multivariate analysis revealed that only pSUVmax was associated with DFS (HR, 6.51; 95% CI,
1.91, 22.20; P=0.003).

Conclusions The assessment of preoperative '*F-FDG uptake and post-surgical mitochondrial activity may be used for the
prediction of DFS in patients with IDCB.

Keywords 'SF-FDG - Breast cancer - Cytochrome c oxidase - Invasive ductal carcinoma - Reverse Warburg effect - Translocase of
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breast cancer may help establish a more appropriate treatment
strategy and improve the prognosis of affected individuals.

Under normal conditions, cells in the human body primar-
ily produce energy via mitochondrial oxidative phosphoryla-
tion (OXPHOS); however, despite the aerobic environment,
cancer cells preferentially use glycolysis, which is less effi-
cient than OXPHOS and generates less adenosine triphos-
phate (ATP) per molecule of glucose than the OXPHOS path-
way generates [3, 4]. This concept was first presented by Otto
H. Warburg in the 1920s and is referred to as aerobic glycol-
ysis; anaerobic glycolysis had already been defined as the
conversion of glucose to L-lactate under oxygen-poor condi-
tions [5]. This phenomenon was later termed “the Warburg
effect” and has been observed in a variety of cancers, includ-
ing breast and colorectal cancer [6, 7]. Warburg later
hypothesised that mitochondrial dysfunction caused by irre-
versible mitochondrial damage underlies aerobic glycolysis
[8], and this altered glycolytic feature of cancer cells is the
basis of fluorine-18 fluoro-2-deoxy-glucose positron emission
tomography/computed tomography (‘*F-FDG PET/CT) [3].
Although the Warburg effect is not applicable to all human
cancers, it is a widely accepted concept that is used to under-
stand tumour metabolism.

Recently, a new concept, termed the “reverse Warburg ef-
fect,” was proposed to understand cancer metabolism in more
detail [9—12]. According to the reverse Warburg effect, cancer
cells induce oxidative stress in neighbouring stromal cancer-
associated fibroblasts (CAFs). This oxidative stress induces
the Warburg effect in CAFs that subsequently secrete high
energy metabolites, such as pyruvate and L-lactate (from aer-
obic glycolysis). Cancer cells then take up these metabolites
and use them in the mitochondrial tricarboxylic acid (TCA)
cycle and OXPHOS [9, 10]. Indeed, studies have demonstrat-
ed that cancer cells metabolically parasitize the adjacent CAFs
in some types of human tumours, including breast cancer
[9-12].

"FE_FDG PET/CT is a well-established imaging modality
that has been widely used for staging, restaging, treatment-
response assessment, and the prediction of prognosis in breast
cancer [13]. Additionally, '*F-FDG PET/CT reflects the glu-
cose metabolism of cancer cells; therefore, ' *F-FDG uptake in
primary tumours is strongly correlated with the increased mi-
tochondrial activity of cancer cells, and this is represented by
sustained OXPHOS of the cancer cells and active aerobic
glycolysis of CAFs [12, 14]. The presence of functional mi-
tochondrial activity can be recognized by immunohistochem-
ical (IHC) staining of the translocase of outer mitochondrial
membrane 20 (TOMM20) and cytochrome C oxidase (COX)
[4, 15]. However, the relationship between BE_FDG uptake
and mitochondrial activity in IDC of the breast (IDCB) has not
been completely elucidated, and only a few studies have re-
ported findings regarding the prognostic value of mitochon-
drial activity in IDCB [16-18].

Therefore, the purpose of this retrospective study was to
investigate the relationship between '*F-FDG uptake and mi-
tochondrial activity and to evaluate the prognostic value of
this relationship in patients with IDCB.

Materials and Methods
Study Subjects

In this retrospective study, we reviewed the medical records of
patients with IDCB who underwent preoperative '*F-FDG
PET/CT followed by curative surgical resection from the
healthcare information system between July 2010 and
December 2015. Patients who were diagnosed with primary
IDCB using postoperative histopathological examination of
resected tissue were included in this study. Patients who were
diagnosed with excisional biopsy or who received neoadju-
vant chemotherapy and patients with other pathologies, such
as lobular carcinoma or lymphoma, synchronous bilateral
breast cancer, a history of other primary malignancy, recurrent
cancer, or distant metastasis were excluded from participation.
Finally, a total of 146 patients were enrolled in the current
study. This study was approved by the institutional review
board at our institution (CR-15-052), and the need to obtain
written informed patient consent was waived due to the retro-
spective design of this study.

8F-FDG PET/CT Acquisition

All patients fasted for at least 6 h before BE_FDG injections,
and patients’ blood glucose levels were confirmed to be <
150 mg/dl. A dose of 7.0 MBg/kg of '*F-FDG was adminis-
tered intravenously, and patients were encouraged to rest for
60 min before acquisition of the PET/CT image. '*F-FDG
PET/CT scans were performed using an integrated PET/CT
system (Discovery STE; GE Healthcare, Milwaukee, WI,
USA). A low-dose non-contrast CT scan was performed for
attenuation correction. Immediately following the CT scan,
standard PET imaging was performed from the base of the
skull to the proximal thigh with an acquisition time of 3 min
per bed position in the 3D mode. PET images were recon-
structed using an ordered-subset expectation maximization
algorithm with the low-dose CT data sets. PET images were
then fused with CT images.

Image Analysis

All "®*F-FDG PET/CT images were retrospectively reviewed
on a vendor-supplied dedicated workstation (GE Advantage
Workstation version 4.7, GE Healthcare). Two experienced
nuclear medicine physicians interpreted '*F-FDG PET/CT
images of all patients until a consensus was met. An
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ellipsoidal volume of interest (VOI) was manually drawn to
encompass the primary breast cancer lesion on the fused PET/
CT images, and the maximum standardized uptake value
(SUVmax) was measured from the VOI based on body
weight. The SUVmax was recorded and presented as the
pSUVmax.

Investigation of Histological Parameters

We assessed the expression of hormone receptors, including
the oestrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER?2), after sur-
gery using the pathological reports derived from the
healthcare information system. Additionally, we investigated
the expression of TOMM?20 and COX activity according to
the following procedures.

(1). Construction of Tissue Microarrays

The preparation of tissue microarray (TMA) production
was performed in accordance with published protocols [19,
20]. First, the donor blocks of breast cancer tissue were pre-
pared to produce haematoxylin and eosin (H&E)-stained mi-
croscopic slides. Then, relevant paraffin tumour blocks were
chosen according to the evaluation of slides by an experienced
pathologist. A TMA instrument (Quick-Ray™ manual punch
arrayer; Uni-Tech Science, Seoul, South Korea) was used to
acquire two tumour tissue cores with a 2-mm diameter from
each of the donor blocks. The cores were placed into a recip-
ient block that contained 46 tissue cores. A total of 18 TMA
blocks containing both tumour and control tissue samples
were used in this study. Multiple sections (5-um in
thickness) were cut from the TMA blocks to generate TMA
slides using a microtome. Finally, the TMA slides were
reviewed under a light microscope to identify the presence
of relevant tumour areas.

(2). Immunohistochemical Staining and Interpretation

We investigated the expression of TOMM?20 and COX
activity using IHC staining as previously described [20].
Briefly, IHC staining was performed on 5-pum-thick TMA
tissue sections using the Bond Polymer Intense Detection
System (Leica Microsystems, Nusslock, Germany). Tissue
sections were deparaffinized with Bond Dewax Solution
(Leica Microsystems) and rehydrated with decreasing concen-
trations of ethanol in water. Additionally, an antigen retrieval
was achieved using Bond ER Solution (Leica Microsystems)
for 30 min at 100 °C. Endogenous peroxidases were quenched
by incubating the slides in hydrogen peroxide for 5 min. The
slides were incubated for 15 min at room temperature with
monoclonal antibodies against TOMM?20 (1:500, polyclonal,
GTX32928, GeneTex, Irvine, CA, USA) and COX (1:700,
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monoclonal, GTX628886, GeneTex). These antibodies are
available in our hospital using a biotin-free polymeric horse-
radish peroxidase-linker antibody conjugate system in a
Bond-Max automatic slide stainer (Leica Microsystems).
The TOMM?20 and COX expression was scored according
to the intensity of staining in tumour cells and the proportion
of cells exhibiting cytoplasmic staining according to modifi-
cations of the Allred scoring system (Fig.1) [21].

Clinical Recurrence Assessment

All patients underwent surgical resection with a curative
purpose, and patients received postoperative adjuvant che-
motherapy, radiotherapy, and hormonal therapy according
to tumour status or the medical condition of each patient.
During the follow-up period, physical examination, tumour
markers on laboratory tests, mammography, and breast ul-
trasonography (USG) were performed as part of the routine
follow-up protocol. Recurrence was defined as newly di-
agnosed locoregional recurrence or distant metastasis on
imaging studies. When recurrence of the disease was
suspected during the follow-up period, breast magnetic res-
onance image or chest CT, whole body bone scan, and 18p_
FDG PET/CT were used for the diagnosis of the disease,
and/or suspicious lesions were histologically confirmed by
fine-needle aspiration cytology or biopsy. Disease-free sur-
vival (DFS) was used to evaluate the predictive ability of
pSUVmax and histologic parameters. DFS was defined as
the number of months from the date of curative surgery to
the date of the first recurrence.

Statistical Analysis

Descriptive statistical values are expressed as the mean + stan-
dard deviation (SD). The clinicopathological variables that
were used for comparisons and survival analyses were
pSUVmax; age; cancer stage; pathologic T stage; presence
of lymph node metastasis; histological grade of the primary
tumour; ER, PR, HER2, and TOMM20 expression; and COX
activity. A Pearson’s correlation analysis was conducted to
evaluate the associations between pSUVmax and TOMM?20
expression, pSUVmax and COX activity, and TOMM20 ex-
pression and COX activity. Comparisons of pSUVmax values
according to clinicopathological parameters were evaluated
using the independent ¢ test, Mann—Whitney U test,
Kruskal-Wallis test, and one-way analysis of variance
(ANOVA). For survival analysis, continuous variables of
pSUVmax, TOMM20 expression, and COX activity were di-
chotomized using an optimal cut-off value by receiver-
operating characteristic (ROC) curve analysis. A Kaplan—
Meier analysis with a log-rank test was performed for univar-
iate survival analysis. Significant variables (P < 0.1) from the
univariate analysis were entered into a multivariate analysis
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Fig. 1 'F-FDG PET/CT and TOMM20 and COX expression of repre-
sentative cases. a—¢ A 74-year-old female patient with right IDCB and no
regional lymph node metastasis: a The preoperative transverse fusion
PET-CT image revealed a relatively low SUVmax of 1.96 at the primary
mass (arrow head). Stromal immunohistochemical staining (brown col-
our) of the primary tumour: b TOMM20 score, 2 (proportion score [PS]
1 + intensity score [IS] 1) and ¢ COX score, 3 (PS1+1S 2). The patient
received curative surgery and hormonal therapy, and she survived for
50.6 months without recurrence. d—f A 40-year-old female patient with
left IDCB and axillary lymph node metastasis: d Transverse fusion image

that was performed using a multivariable Cox proportional
hazard model.

All statistical analyses were performed using
MedCalc version 18.11.6 for Windows (MedCalc soft-
ware bvba, Ostend, Belgium), and P<0.05 indicated
statistical significance.

Results
Patient Characteristics

One-hundred-and-forty-six patients with IDCB were enrolled
in this study. Clinicopathological characteristics of patients are
presented in Table 1. The mean age of patients was 53.9 +
11.6 years (range 33-90 years), the median follow-up period
was 56.1 months (mean+SD=51.9+19.9, range 1.0—
97.2 months), and the TNM stage was classified according
to the American Committee on Cancer (AJCC) Cancer
Staging Manual 7th edition. The primary tumour stages (T)
(according to size) were as follows: T stage 1a/b, 31 patients

tumour (double arrow heads). e TOMM20 score, 7 (PS5 +1S 2), and f
COX score, 8 (PS5 + 1S3). The patient received curative resection follow-
ing adjuvant chemotherapy and hormonal therapy. Distant metastasis in
both lungs were noted at 22 months after initial treatment. (x 400). 8.
FDG PET/CT, fluorine-18 fluoro-2-deoxy-glucose positron emission
tomography/computed tomography; TOMM?20, translocase of outer mi-
tochondrial membrane 20; COX, cytochrome C oxidase; IDCB, invasive
ductal carcinoma of the breast; SUVmax, maximum standardized uptake
value; PS, proportion score; IS, intensity score

(21.2%); T stage lc, 62 patients (42.5%); and T stage 2, 53
patients (36.3%). Pathologically confirmed axillary lymph
node (LN) involvement was observed in 60 patients
(61.1%), and 64 (43.8%), 64 (43.8%), and 18 (12.3%) patients
were classified as stage I, stage II, and stage III, respectively.
All patients received adjuvant chemotherapy (n = 118), radio-
therapy (n = 84), and hormonal therapy (» = 108) according to
clinical status. Two patients did not receive adjuvant treat-
ment, 14 patients received chemotherapy only, 13 patients
received hormonal therapy only, and 3 patients received ra-
diotherapy only. Thirty-three patients received chemotherapy
and hormonal therapy, 19 patients received chemotherapy and
radiotherapy, and 10 patients received hormonal and radio-
therapy. The remaining 52 patients received chemotherapy,
hormonal therapy, and radiotherapy. Among the 146 patients,
132 (90.4%) patients were disease-free, and tumour recur-
rence was observed in 14 (9.6%) patients during the follow-
up period. The median follow-up time to recurrence was
24.0 months (mean + SD: 26.3 +12.1 months, range 11.7—
55.0 months). Among patients with recurrence, 4 patients
showed cancer-related death.

@ Springer



400 Nucl Med Mol Imaging (2019) 53:396-405

Table 1  Patient characteristics Table 2 ROC analysis to determine optimal cut-off values of

parameters

Characteristics Value

Parameters ~ Optimal cut-off value ~ AUC (95% CI) P value

Number of patients 146

Age, median (range) 539 (33.90) pSUVmax  7.76 0.736 (0.226-0.665)  0.003

Follow-up time (months, mean = SD) 51.9+£19.9 TOMM20 4 0.622 (0.227-0.409)  0.043

Pathological tumour size” COoX 5 0.642 (0.083-0.312)  0.033
Tlah 31.@1.2%) AUC, area under curve; CI confidence interval; pSUVmax, maximum
Tl/e 62 (42.5%) standardized uptake value of the primary tumour; TOMM2(0, translocase
T2 53 (36.3%) of outer mitochondrial membrane 20; COX, cytochrome C oxidase

Histologic grade of tumour
Grade 1 36 (24.7%) Comparisons of pSUVmax Values According
Grade 2 51 (34.9%) to Clinicopathological Parameters
Grade 3 59 (40.4%)

Axillary lymph node involvement Difference in pSUVmax were obtained according to the clin-
Negative 86 (58.9%) icopathological parameters. The mean pSUVmax of the 146
Positive 60 (41.1%) patients was 4.5+ 3.7 (range, 0.7 to 18.7). The mean

Stage, pathologic” pSUVmax in the high TOMM20 expression (>4) and high
I 64 (43.8%) COX activity (> 5) groups was significantly higher than that in
I 64 (43.8%) the low TOMM20 expression (<4) and low COX activity (<
I 18 (12.3%) 5) groups (P <0.001, respectively). The mean pSUVmax in

ER the disease-free group (4.2 = 3.5) was significantly lower than
Positive 105 (71.9%) that in the relapse group (7.5+4.4; P=0.004). The mean
Negative 41 28.1%) pSUVmax was significantly higher in ER-negative tumours

PR (P=0.004), PR-negative tumours (P = 0.030), and in tumours
Positive 111 (76.0%) with LN metastasis (P =0.038) than that in ER-positive
Negative 35 (24.0%)

HER2 100 |-

Positive 119 (81.5%)
Negative 27 (18.5%)

Recurrence
No 132 (90.4%)

Yes 14 (9.6%)

*According to the American Joint Committee on Cancer (AJCC) 7th
edition, SD, standard deviation; ER, oestrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor 2

Relationship between pSUVmax and Indexes
of Mitochondrial Activity

The Pearson’s correlation analysis demonstrated that there
was a significant positive correlation between pSUVmax
and TOMM20 expression (r=0.349, P<0.001),
pSUVmax and COX activity (»r=0.384, P<0.001), and
TOMM20 expression and COX activity (r=0.832,
P <0.001). The optimal cut-off values for categorizing
low and high pSUVmax, TOMM20 expression, and COX
activity for the prediction of tumour recurrence using the
ROC curve analysis were 7.76, 4, and 5, respectively
(Table 2 and Fig. 2). Patients were dichotomized according
to each optimal cut-off value.
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Fig. 2 Receiver-operating characteristic curve analysis for the prediction
of tumour recurrence using pSUVmax, TOMM?20 expression, and COX
activity. The pSUVmax had the greatest AUC (0.736; 95% confidence
interval, 0.226 to 0.665) as compared with the AUC of other parameters.
pSUVmax, maximum standard uptake value of the primary tumour;
TOMM20, translocase of outer mitochondrial membrane 20; COX,
cytochrome C oxidase; AUC, are under the curve
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tumours, PR-negative tumours, and tumours without LN me-
tastasis, respectively. There was no significant difference in
the mean pSUVmax according to HER2 status (P =0.459).
Comparisons of the mean pSUVmax values according to the
histological grade of the primary tumour revealed that the
mean pSUVmax of histological grade 3 tumours was signifi-
cantly higher than that of histological grades 1 and 2 tumours
(P <0.001, respectively); there was no significant difference
in the mean pSUVmax between histological grade 1 and 2
tumours. There was a significant difference in the pSUVmax
according to the T stage groups (P <0.001). Specifically, a
post-hoc analysis with Bonferroni correction demonstrated
that the mean pSUVmax was significantly higher in the order
of T2 (6.7+4.3), Tlc (3.8+2.8), and Tla/b (2.0+0.8)
groups. Additionally, the mean pSUVmax of patients in the
stage I group (3.0 +2.5) was significantly lower than that of
patients in the stage II (5.7 +4.2) and stage III (5.6+3.3)
groups (stage I vs I, P<0.001; I vs III, P=0.001), but the
post-hoc analysis revealed that the mean pSUVmax between
the stage I and III groups was not significantly different (P =
0.858).

Prognostic Evaluation of pSUVmax and Histological
Parameters

We performed a Kaplan-Meier survival analysis for the pre-
diction of DFS with pSUVmax and histological factors, in-
cluding TOMM?20 expression; COX activity; ER, PR, and
HER?2 status; and histologic grade. The univariate analysis
revealed that pSUVmax, TOMM20 expression, PR status,
and histologic grade were significantly associated with DFS.
However, COX activity, ER, and HER2 status were not sig-
nificantly associated with DFS (Fig. 3). The multivariate anal-
ysis was performed using the Cox proportional hazards re-
gression analysis and included pSUVmax, TOMM20 expres-
sion, PR status, and histological grade. However, this analysis
showed that the pSUVmax was the only factor that was sig-
nificantly associated with a decreased DFS (HR, 5.85; 95%
CI, 1.72, 19.91; P=0.005). Other histological parameters,
including TOMM20 expression, PR status, and histological
grade were not associated with DFS according to the results
of the multivariate analysis (Table 3).

Discussion

To the best of our knowledge, previous studies have not in-
vestigated the relationship between '*F-FDG uptake and mi-
tochondrial activity (represented by TOMM20 expression and
COX activity) in the tumour mass and the prognostic impli-
cations of this relationship in patients with IDCB. Our find-
ings demonstrated that mitochondrial activity in the primary
mass of IDCB was significantly positively correlated with

Fig. 3 Kaplan—Meier analysis of disease-free survival according to P
pSUVmax and other histological parameters. Fourteen of the 146 subjects
experienced tumour recurrence during the follow-up period. a pSUVmax,
b TOMM20, ¢ COX, d ER, e PR, f HER2, and g histologic grade.
pSUVmax, maximum standard uptake value of the primary tumour;
TOMM20, translocase of outer mitochondrial membrane 20; COX, cy-
tochrome C oxidase; ER, oestrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor 2

"E_FDG uptake. Additionally, increased '*F-FDG uptake
and expression of TOMM?20 in the primary IDCB mass were
significantly associated with poor DFS. These results support
the reverse Warburg effect that sustains OXPHOS in cancer
cells and increases aerobic glycolysis of CAFs. Moreover,
increased pSUVmax and increased mitochondrial activity
may be used as prognostic indicators for predicting DFS.

The Warburg effect mainly focuses on metabolism in can-
cer cells. Therefore, this may partially explain tumour metab-
olism; there are very reports on metabolic interactions be-
tween cancer cells and the adjacent tumour microenvironment
(TME) [22-24]. In contrast to the Warburg effect, the reverse
Warburg effect, also known as the two-compartment model,
considers interactions between cancer cells and the TME, par-
ticularly CAFs [9, 10, 15, 25]. In this model, cancer cells
trigger the production of reactive oxygen species in
neighbouring CAFs by secreting hydrogen peroxide into the
TME. Then, oxidative stress causes a decrease in mitochon-
drial activity and an increase in glucose uptake that supports
aerobic glycolysis in CAFs. Consequently, the CAFs produce
high energy metabolites (such as L-lactate, pyruvate, ketone
bodies, and glutamine) and release these mitochondrial fuels
into the TME. The release of these fuels subsequently causes
stimulation of OXPHOS in cancer cells. Thereafter, these
energy-rich mitochondrial fuels are taken up by cancer cells,
and this allows for the efficient production of ATP via mito-
chondrial OXPHOS [10, 26].

Previous studies have demonstrated that cancer cells exhib-
it increased mitochondrial activity in some types of human
cancers, such as breast, colorectal, lymphoma, lung, and head
and neck cancers [4,9-12, 17, 18, 25,27-29]. In these studies,
several biomarkers, including monocarboxylate transporter 1
(MCT1), MCT4, TOMM20, and COX, have been proposed
for the identification of tumour metabolism using OXPHOS.
Additionally, studies have reported that MCT1 and MCT4
play an important role in the relationship between cancer cells
and CAFs. For example, MCT1 mediates the influx of lactate
into cells and has been found to be upregulated in cancer cells
with sustained OXPHOS, and MCT4 mediates the efflux of
lactate from cells and has been found to be upregulated in
CAFs [30-33]. Therefore, energy-rich fuels, such as L-lactate,
are generated in CAFs using aerobic glycolysis and are secret-
ed via MCT4. Then, these energy-rich fuels are taken up into
cancer cells via MCT1 and are utilized for the efficient pro-
duction of ATP via mitochondrial OXPHOS [25, 31]. Several
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Table 3 Parameters for

predicting disease-free survival Parameters HR (95% CT) P value

using the Cox proportional hazard

regression model pSUVmaX (>7.76 vs. <7.76) 5.85(1.72, 19.91) 0.005*
TOMM20 (>4 vs. <4) 5.48E + 05 (1.25E-232, 2.40E + 243) 0.962
PR (positive vs. negative) 1.32 (041, 4.27) 0.647
Histologic grade of primary tumour (1, 2 vs. 3) 1.17 (0.45, 3.04) 0.753

*Statistically significant, /R hazard ratio; CI, confidence interval; pSUVmax, maximum standardized uptake
value of the primary tumour; TOMM?20, translocase of outer mitochondrial membrane 20; PR, progesterone

receptor

studies have also evaluated the relationship between MCT
expression and patient outcomes [4, 1618, 34]. In these stud-
ies, the high expression of MCT1 and MCT4 was significantly
associated with shorter PFS or overall survival. TOMM20 is a
receptor subunit of the mitochondrial membrane import pore,
and COX is the terminal enzyme in the mitochondrial electron
transport chain [35, 36]. Therefore, the increased expression
and activity of these markers in cancer cells provide evidence
of active mitochondria and OXPHOS metabolism. Curry et al.
[4] reported that there was a strong positive expression of
TOMM20 and COX activity in poorly differentiated cancer
cells in head and neck squamous cell cancer [4], and similar
results were observed in the current study. Specifically,
TOMM20 expression and COX activity were significantly
higher in histological grade 3 primary IDCB tumour masses
than TOMM?20 expression and COX activity in histological
grade 1/2 masses (data not shown). Additionally, TOMM20
expression was significantly associated with a shorter DFS.
Increased '®F-FDG uptake in the primary IDCB tumour
mass was originally thought to be entirely due to cancer cells
via the Warburg effect. However, the concept of the reverse
Warburg effect has generated a change in the understanding of
"F-FDG uptake in the primary tumour mass on '*F-FDG
PET/CT. According to the reverse Warburg effect, increased
glucose uptake is expected in cancer cells and CAFs.
Martinez-Outschoorn et al. [10] reported that the glucose up-
take levels of fibroblasts and cancer cells were relatively sim-
ilar under single-cell culture conditions. However, glucose
uptake in fibroblasts was increased 3-fold as compared with
glucose uptake in cancer cells under identical co-culture con-
ditions [10]. Therefore, the level of '*F-FDG uptake in the
primary tumour mass may more accurately represent the glu-
cose metabolism of CAFs than that of cancer cells. Although
there was a significant positive correlation between pSUVmax
and mitochondrial activity in the current study, the correlation
coefficient was moderate. This may be explained by differ-
ences between the '*F-FDG uptake ratio of breast cancer cells
and neighbouring CAFs and the '®F-FDG uptake ratio of the
cells that were used in the laboratory co-culture conditions.
Further studies with parameters that represent glycolysis in

cancer cells and CAFs are needed to understand glucose me-
tabolism in IDCB.

Several studies have demonstrated that '*F-FDG uptake in
IDCB, which is presented as pSUVmax, is significantly asso-
ciated with histopathological and immunochemical factors,
such as ER, PR, and HER2 expression, and histological grade
[37-39]. Additionally, preoperative pSUVmax is a significant
prognostic factor in primary breast cancer [38, 40—43]. In the
current study, similar results were found. Specifically, PR-
negativity, high histological grade, high pSUVmax, and in-
creased TOMM20 expression were significantly associated
with shorter DFS in our univariate analysis. Further, high
pSUVmax was the only risk factor that predicted recurrence
in the multivariate analysis. Similarly, previous studies have
demonstrated that sustained OXPHOS and active aerobic gly-
colysis in breast cancer cells and CAFs, which represent an
active reverse Warburg effect, were significantly associated
with poor prognosis [16-18]. Thus, '*F-FDG PET/CT may
be a useful modality for visualizing the reverse Warburg effect
and may be a surrogate marker of a lethal TME in patients
with IDCB. '"*F-FDG PET/CT may also be used to facil-
itate the establishment of a treatment strategy via visual-
ization of tumoral heterogeneity and to identify treatment
responses to chemotherapy targeting mitochondrial me-
tabolism [44].

There were several limitations of the current study. First,
this was a retrospective, single centre study with a relatively
small sample size, and these issues may have increased the
risk of selection bias. Further studies with a larger number of
patients are needed to validate the results of the present study.
Additionally, we did not investigate the relationship between
pSUVmax and other markers of mitochondrial metabolism,
such as MCT1 or MCT4. However, we showed a positive
correlation between pSUVmax and sustained mitochondrial
activity in cancer cells, and this correlation may explain the
reverse Warburg effect in IDCB and act as a substitute for
other markers. Nevertheless, additional prospectively de-
signed studies that focus on the relationship between '*F-
FDG PET and known markers of mitochondrial metabolism
are required to gain a better understanding of tumour
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metabolism and its prognostic implications. Further, the T
stage of more than half of the patients in this study was below
T1. This may have resulted in an underestimation of the
pSUVmax because we did not correct for the partial volume
effect. An appropriate partial volume effect-correction method
would facilitate the precise measurement of pSUVmax, even
in early T stage tumours. Finally, we did not perform histo-
pathological confirmation in a few subjects who showed re-
currence; however, this practice may not be appropriate for all
cases in the clinical practice, particularly in cases of suspected
bone metastasis.

Conclusion

In conclusion, our study findings provide insights into cancer
glucose metabolism and support for the reverse Warburg ef-
fect. We observed a significant positive correlation between
"F-FDG uptake and mitochondrial activity in patients with
IDCB. These findings represent sustained mitochondrial
OXPHOS in cancer cells and increased aerobic glycolysis in
CAFs. Moreover, increased BF_FDG uptake and mitochon-
drial activity were significantly associated with a shorter DFS.
Therefore, investigations of preoperative '*F-FDG uptake and
post-surgical mitochondrial activity in patients with IDCB
may be used as markers for the prediction of DFS.
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