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ARTICLE INFO ABSTRACT
Keywords: Introduction: The luminal/Human Epidermal growth factor Receptor 2 (HER2) negative subtype of breast cancer
Breast cancer has low chemo-sensitivity. When neoadjuvant chemotherapy (NAC) is indicated in this subtype, before a possible
Surgery breast-conserving surgery (BCS), it is more reasonable to target tumor shrinkage than complete pathological
Chemotherapy tumor response. We aimed to identify breast and tumor '®Fluoro-deoxy-glucose (*®F-FDG) PET-CT scan imaging
PET-CT features for the early prediction of BCS after NAC in luminal/HER2 negative subtypes of breast cancer.
Material and methods: Seventy-seven consecutive women with luminal/HER2-negative breast cancer for whom
BCS was initially not feasible and NAC was prescribed, to decrease tumor size before surgery, were included
retrospectively. An '®F-FDG PET-CT scan exam was performed before and after the first course of NAC.
Results: After NAC, 36% (28/77) of women had a mastectomy and 64% (49/77) underwent BCS. Patients with a
mastectomy had lower total breast volume (BViya) (p = 0.002), lower decrease in Ametabolic tumor volume
(AMTV) (p = 0.03) and lower SUV .o (p = 0.05). Using ROC Curve analyses to define the optimal predictive
threshold of BV, (496 cm®) and AMTV (-17.1%), 3 subgroups of women with different odds of BCS after
treatment were identified (p = 0.001): low, medium and high probability groups (respectively 29%, 62% and
82%).
Conclusions: For patients with Luminal/HER2 negative breast cancer, the combination of the imaging features of
the tumor and the mammary gland, obtained with '®F-FDG PET-CT at baseline and after the first cycle of NAC,
may allow the physician to evaluate the probability of BCS.
1. Introduction whom a mastectomy is initially recommended. It offers the advantage
of down staging the disease before surgery, potentially reducing its
Neoadjuvant chemotherapy (NAC) is a safe and effective ther- extent. The main clinical benefit of NAC is an increase in the rate of
apeutic approach for women with a large primary breast tumor for breast-conserving surgery (BCS) [1,2]. NAC does not change a patient’s
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oncologic outcome compared with a mastectomy followed by adjuvant
chemotherapy [3], but studies have demonstrated that a pathologic
complete response (pCR) in both breast and nodes is a surrogate marker
for better outcomes [4-6]. Thus, pCR has become a crucial end-point in
the neoadjuvant setting [5]. However, breast cancer is composed of
different biological entities. More than half of the women with breast
cancer present the luminal/Human Epidermal Growth Factor Receptor
2 (HER2) negative subtype, defined by the expression of hormonal re-
ceptors (HR) but no over-expression of the human HER2, which cor-
responds to the luminal subtype [7]. Compared with other subtypes, it
has a more favorable outcome despite lower chemo-sensitivity [8].
Pathologic complete response is rarely achieved in this subtype, and its
prognostic value is debatable [5,9-13]. Consequently, tumor shrinkage
sufficient for BCS is a more reasonable aim than pCR in the luminal/
HER2-negative subtype. Because the use of NAC for this subtype fre-
quently challenged, there is a need for predictive biomarkers to opti-
mize prescription. Tumor expression of Ki-67 is helpful, but not suffi-
cient [14]. The early metabolic response, evaluated with ®Fluoro-
deoxy-glucose (*®F-FDG) PET-CT, accurately predicts pCR in triple ne-
gative breast cancer (TNBC) and HER2-positive subtypes [15-17].
However, studies have failed to demonstrate the value of ®F-FDG PET
to predict pCR in the luminal breast cancer subtype [18-20]. The aim of
the present study was to identify, for the luminal/HER2-negative breast
cancer subtype, early metabolic and morphologic *®FDG PET-CT ima-
ging features predictive of BCS after NAC.

2. Material and methods
2.1. Patients and study design

From November 2006 to July 2015, consecutive women referred to
our institution for newly diagnosed stage IA to IIIA luminal/HER2-ne-
gative breast cancer (defined as hormonal receptor-positive, no HER2
over-expression) were retrospectively included in an on-going ancillary
study of prospective current-care protocol in our institution. The in-
clusion criteria were: BCS was deemed not feasible on initial con-
sultation (high tumor volume/breast volume ratio especially if it was a
tumor of the inferior quadrants or retro—areolar) and decision to treat
with NAC in order to decrease tumor size and potentially allow BCS
after neoadjuvant treatment. For the surgeon there was not any ob-
jective clinical criterion of favorable tumor volume/breast volume
ratio. The exclusion criteria were: NAC was not administrated with the
intention of BCS (inflammatory or multifocal breast lesions), mas-
tectomy was planned independently of tumor response to NAC (pa-
tient’s desire, BRCA mutation), women under 18 years old or pregnant,
women unwilling to undergo the two '8F-FDG PET-CT exams, high
blood glucose level (> 9 mmol/l) before PET exams, or metastases on
baseline PET. The medical team documented the non-opposition of the
patient in source document and in the notice of information provided to
the patient. This population overlaps those of previous articles pub-
lished by our team [18,21].

Baseline clinical characteristics included age, menopausal status,
tumor size and lymph node involvement evaluated on US scan. Lymph
node involvement on US scan was confirmed by biopsy. Baseline his-
tological characteristics, evaluated on the pre-treatment core needle
biopsy, included histological type, tumor grading using the modified
Scarff-Bloom-Richardson (SBR) system, architectural differentiation,
nuclear polymorphism and number of mitosis. The molecular markers
examined included Estrogen Receptor (ER) status, Progesterone
Receptor (PR) status, and over-expression of HER 2.

Women received one of two possible treatment regimens, either a
sequential intravenous chemotherapy with 5-Fluorouracile 500 mg/m?,
Epirubicine 75 or 100 mg/m? and Cyclophosphamide 500 mg/m? (FEC
100, 3 courses: one course every 3 weeks) followed by taxanes (doc-
etaxel 100 mg/m? for 3 courses: one course every 3 weeks or paclitaxel
80 mg/m? for 3 courses: one injection weekly for 9 weeks).
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8Fluoro-deoxy-glucose PET-CT exams were performed for baseline
staging, and after the first course of NAC to evaluate tumor response.

Within one month after the last course of NAC, each patient was
scheduled for an ultrasound scan (US), in some cases for a MRI and
were examined by their surgeon to evaluate tumor response. The sur-
geon then decided whether the patient should undergo BCS or a mas-
tectomy. The following parameters rather directed the surgeon towards
a BCS: low tumor volume/breast volume ratio, tumor of the external
quadrants and concentric tumor response on the MRI. There was not
any objective cut off for breast size or tumor size. If BCS was followed
by a salvage mastectomy (whatever the reason, including incomplete
microscopic resection), it was considered a mastectomy for our study. A
pathologist examined the resected specimens to evaluate the surgical
margin (clear/positive/close) and the pathological tumor response.

2.2. Histopathological analysis

Tumor samples were collected by needle core biopsy before the
NAC. The specimens were fixed on buffered formalin, embedded in
paraffin and cut in 4-um thick sections with a microtome. IHC was
performed with an indirect immunoperoxidase method using antibodies
directed against HER2 oncoprotein, ER and PR (HER2: rabbit mono-
clonal prediluted antibody 4B5; ER: rabbit monoclonal prediluted an-
tibody SP1; PR: rabbit monoclonal prediluted antibody 1E2, all Ventana
Medical Systems, Tucson, AZ, USA;). ER and PR status were considered
positive if tumor staining showed at least 10% positive cells. HER2
status was graded according to the HercepTest scoring system. Invasive
tumors with scores of 3+ were considered positive. In case of 2+
scores, Fluorescence In Situ Hybridization (FISH) was performed, using
the dual color HER2 and CEN17 probes (ZytoLight, SPEC HER2/CEN17
Dual ColorProbe Kit, ZytoVision GmbH, Bremerhaven, Germany).
HER2 amplification was defined, according to ASCO/CAP criteria, by a
ratio of HER2/CEN17 > 2. Tumor resection was considered as com-
plete if there were clear margins of at least 2 mm for ductal carcinoma
in situ and no invasion of surgical section slices for invasive cancer.
Pathological complete response was defined as no residual invasive
cancer in the breast and nodes (ypTO0/is ypNO) [5].

2.3. 18F-FDG PET-CT exams

The first '®F-FDG PET-CT was performed at baseline. Two different
PET-CT imaging systems were used: a Gemini GXL PET-CT scanner from
November 2006 to December 2010, and a Gemini TF PET-CT scanner
from December 2010 to July 2015 (Philips Medical Systems,
Eindhoven, The Netherlands). Patients were instructed to fast for at
least 6 h before the intravenous injection of 5 MBq/kg of '®F-FDG for
Gemini GXL studies and 3 MBq/kg for Gemini TF studies. Emission and
transmission scans from the brain to mid-thigh were acquired 60 min
later. Scans restricted to the chest with patients in the prone position
were started 90 min after the injection of '®F-FDG. Emission data were
corrected for dead time, random and scatter coincidences, and at-
tenuation before reconstruction with the 3D-RAMLA (GEMINI GXL) or
3D OSEM (GEMINI TF) iterative algorithm methods. The second ®F-
FDG PET-CT was done just before the second course of NAC: a chest
scan was completed 90 min after the injection of '®F-FDG. For each
patient, the same imaging system, ®F-FDG activity, time from injection
to acquisition, and reconstruction parameters were used for baseline
and post-treatment studies to obtain good intra-subject standardization.
The image voxel counts were calibrated to activity concentration (Bq/
ml) and decay corrected using the time of tracer injection as the re-
ference.

On the chest-restricted baseline PET acquisiton, the whole homo-
lateral mammary gland was delineated on transaxial consecutive CT
slices to calculate total Breast Volume (BVtotal) (cm3). The primary
breast tumor was manually delineated on the baseline and interim PET
studies, using a visual method for tumor metabolic delineation on PET
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images. The metabolic tumor contour obtained was then checked on the
CT slices and adjusted to the morphologic edge of the breast lesion if
needed. Two operators worked complementarily to record these data (a
senior nuclear doctor and a resident), without overlapping.

The maximum Standardized Uptake Value (SUV,,,), the mean SUV
(SUVean), Metabolic Tumor Volume (MTV), and Total Lesion
Glycolysis (TLG = SUVean X MTV) of the primary tumor were calcu-
lated at baseline and interim exams and measured on chest prone scan.
Baseline MTV1/BV y ratio and MTV,/BV .. ratio were reported.
Measured SUV,,,, were systematically corrected for Body Surface Area
(BSA) and glycaemia, as detailed in our previous studies [16,18]. The
metabolic response between baseline and interim PET were calculated
using theses formulas:

ASUV 1ax(%) = 100 X (SUVimaxo-SUVimax1)/SUVimax1
ASUVinean(%) = 100 X (SUVinean2-SUVinean1)/SUVimeant
AMTV(%) = 100 x (MTV,-MTV,;)/MTV,

ATLG(%) = 100 x (TLG,-TLG;)/TLG,

2.4. Statistical analysis

Statistical analysis was performed with the use of WinSTAT soft-
ware (Microsoft, Redmond, Washington, USA) and Systat software
(Systat Inc, Evanston, IL). Data were described as frequency (percen-
tage) or mean ( * Standard Deviation (SD)) and median (range).
Correlations between 'F-FDG PET-CT data and surgery were assessed
with the Mann-Whitney test, and associations between qualitative
variables and final surgery procedures were evaluated using the chi-
square test and fisher test. The optimal cutoff values for continuous
variables correlated with the final surgery procedure were determined
using receiver operating curve (ROC) analyses. Univariate and multi-
variate analysis logistic regression analyzes were used to identify pre-
dictive factors of BCS. All p-values were two-sided and considered
significant when below 0.05.

3. Results
3.1. Patient characteristics

Seventy-seven women were included. The patients’ clinical and
biological characteristics at baseline are shown in Table 1. Median age
was 52 years [26-75]. Median tumor size, which was assessed with
breast US scan and/or mammogram, was 3.2cm [1.5-7.5]. US scan
results showed that 56% (43/77) of women had lymph node involve-
ment. Sixty-two percent (47/77) of tumors were SBR II, 87% (67/77)
were invasive ductal carcinoma and the remaining tumors were lobular
carcinoma. The median breast volume (BV o) on ‘®F-FDG PET-CT was
540 cm® [149-2150]. The median SUV ., was 5.1 [1.7-23.9], median
MTV; was 6.7 cm® [0,9-57.8], and median TLG; was 21.3 [1.7-486.7].
In terms of tumor metabolic response, median ASUV ., was -24% [-89
— 4+101], median ATLG was -43% [-97 — + 37] and median AMTV was
-30% [-87 - +18].

BCS was performed in 64% (49/77) of the women. Mastectomy was
performed in the remaining 36% (28/77) including 8 salvage mastec-
tomies due to incomplete microscopic resection on BCS.

3.2. Relationship between clinico-histopathological and imaging parameters
with final surgery

There was a significant difference of PR status between the BCS and
mastectomy subgroups: 75% of patients (21,/28) overexpressed PR in
the mastectomy group whereas 92% of patients (45/49) overexpressed
PR in BCS group (p = 0.04) (Table 2). There was no significant differ-
ence in patient age, tumor size, tumor location, lymph node status, SBR
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Table 1
Patient characteristics.

Patient characteristic Number
Total patients 77
Age (years) Median [range] 52 [26 - 75]

Anatomopathological characteristics Number (%)

Type of cancer

Invasive ductal carcinoma 67 (87)

Lobular carcinoma 10 (13)
Tumor staging

cT1 8 (10)

cT2 61 (79)

cT3 6 (8)

cT4 0

Missing values 2(3)
Estrogen receptor status

Positive 74 (96)

Negative 3(4)
Progesterone receptor status

Positive 66 (86)

Negative 11 (14
HER 2 status

Overexpressed 0 (0)

Not overexpressed 77 (100)

Baseline morphologic or metabolic imaging
characteristics

Median [range]

Tumor size on US scan or mammography (cm) 3.2 [1.5-7.5]
BVrotal (cm®) 540 [149 - 2150]
SUVmean; 3.1 [1.1-11.1]
SUVmax; 5.1 [1.7 - 23.9]
MTV; (cm®) 6.7 [0.9 - 57.8]
TLG; 21.3 [1.7 - 486.7]

Tumor metabolic response Median [range]

ASUVmax —24 [-89 - +101]
ASUVmean —20 [-86 — +68]
ATLG —43 [-97 - +37]
AMTV —30 [-87 - +18]

Total breast volume (BV o), Human epidermal growth factor receptor 2 (HER
2), Standard Uptake Value (SUV), Metabolic Tumor Volume (MTV), Total
Lesion Glycolysis (TLG).

grade, or ER expression, protocol of chemotherapy. The patient with
PCR who was submitted to mastectomy had a tumor residue on US scan
by the end of NAC (false positive).

Analysis of imaging features revealed that patients with a mas-
tectomy had lower BV, (p = 0.002), lower decrease AMTV
(p = 0.03) and were prone to lower SUV . (p = 0.05) (Table 3).
Baseline MTV, TLG, MTV;/BVy ratio and MTV2/BV, ratio were
not significantly associated with the final surgery. In multivariate
analysis, the following parameters were associated with a BCS: AMTV
OR = 0.27 [95% CI, 0.08 - 0.87] (p = 0.03), SUV2,.x OR = 3.96 [95%
Cl, 1.27-12.36] (p = 0.02). These two parameters were at the limit of
significance: BV, OR = 3.11 [95% CI, 1.00-9.63] (p = 0.05), posi-
tive PR OR = 4.53 [95% CI, 0.29-22.32] (p = 0.06). Using ROC curve
analysis, the optimal threshold of the different continuous and pre-
dictive PET-CT variables were 496 cm® for BV (AUC = 0.71), -17%
for AMTV and 3.6 for SUV .52 (AUC = 0.65 and 0.64, respectively)
(Table 4). Focusing on two main predictive factors of BCS (BV o, and
AMTV), we identified three subgroups of women with significantly
different odds of undergoing BCS (p < 0.001) (Table 5):

1 High probability of BCS was defined as women with BV, (> 496
cm?) and good tumor shrinkage (AMTV < -17%): The probability of
BCS in this group was 82% (28/32 patients) (Fig. 1a & b).

2 Intermediate probability of BCS was defined as women with high
BViota (> 496 cm®) and poor tumor shrinkage (AMTV = -17%) or
women with low BV (< 496 cm®) and good tumor shrinkage
(AMTV < -17%). The probability of BCS in this group was 62% (16/
26 patients).

3 Low probability of BCS was defined as women with low BV, (=
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Table 2
Clinic-pathological-biological tumor characteristics according to the surgery
performed.

Mastectomy (%)  Breast conserving P

surgery (%)

N 28 (100) 49 (100)
Age (years) 0.11
= 50 15 (54) 17 (35)
> 50 13 (46) 32 (65)
Tumor staging 0.11
cT1 14 7 (15)
cT2 22 (81) 39 (81)
cT3 4 (15) 24
2 patients with missing values
were not included in
calculations
Tumor location 0.88
External quadrants 21 (75) 39 (80)
Internal quadrants 15 (54) 23 (47)
Retro-areolar 6 (21) 9 (18)
Clinical lymph node staging 0.11
cNO 9 (32) 25 (51)
cN+ 19 (68) 24 (49)
Tumor grading 0.62
SBR 1 4(14) 6 (12)
SBR II 18 (64) 29 (59)
SBR III 5(18) 14 (29)
Estrogen receptor status 0.30
Positive 28 (100) 46 (94)
=10% and < 80% 311 4(8)
=80% 25 (89) 42 (86)
Negative (< 10%) 0 3(6)
Progesterone receptor status 0.04
Positive 21 (75) 45 (92)
>10% and < 80% 13 (46) 22 (45)
=80% 8 (29) 23 (47)
Negative (< 10%) 7 (25) 4(8)
Negative HER2 status 0.50
Oor 1+ 5(18) 12 (25)
2+ AND Fish - 23 (82) 37 (76)
Chemotherapy 0.24
FEC (3 courses) then Docetaxel 22 (79) 45 (92)
(3 courses)
FEC (3 courses) then Paclitaxel 2(7) 12
(3 courses)
Other (6 courses) 4 (14) 3 (6)
pPCR 0.63
Yes 14 3(6)
No 27 (96) 46 (94)

Scarff-Bloom-Richardson (SBR), Human Epidermal growth factor Receptor 2
(HER 2), 5-Fluorouracile, Epirubicine and Cyclophosphamide (FEC),
Pathological Complete Response (pCR), Fluorescent In Situ Hybridation (FISH).
NS = not significant (p > 0.05).

* The Chi-squared test.

** Fisher test.

496 cm®) and poor tumor shrinkage (AMTV = -17%). The prob-
ability of BCS in this group was 29% (5/17 patients) (Fig. 2a & b).

4. Discussion

Being able to predict at baseline which women with luminal/HER2
negative tumors will have sufficient tumor response for breast pre-
servation is an important clinical issue. The clinical and biological
markers in this subtype are not sufficient to accurately determine the
indication of NAC at an individual level. The surgeon can weigh clinical
parameters such as breast size, tumor location or tumor baseline vo-
lume, but these criteria are based on subjective evaluation. Using
clinico-pathologic data, Rouzier et al. has prospectively developed no-
mograms that can be used to predict the probability of residual tumor
size and eligibility for breast conservation therapy after NAC [22], but
the conception of this nomogram did not take the tumor immuno-
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histochemical subtype into account and was thus not designed for the
specific Luminal/HER2 subtype. This nomogram did not include any
imaging data.

Because glucose metabolism is increased in breast cancer, the
monitoring of metabolic response with '®F-FDG PET has been proposed
for the early prediction of pCR [18,23]. The accuracy of PET is high in
TNBC and HER2 positive subtypes [15-17]. In the Luminal/HER2 ne-
gative subtype, previous studies failed to demonstrate its predictive
ability. Some authors demonstrated that a near-pCR could be predicted
[24], but the prognostic value of near-pCR failed to be demonstrated
and is not considered a good clinical end-point [5]

In the present study, we recorded and quantified the morphologic
and metabolic PET-CT imaging characteristics before and after the first
course of NAC. Most of the patients (86% in mastectomy group and
94% in BCS group) received 3 cycles of FEC followed by 3 cycles of
taxanes. Thus, the response to taxanes is not evaluated by the design of
our study. It has been shown in the adjuvant setting than replacing the
last 2 FEC 100 cycles of 6 FEC100 regimen by 4 Taxol does not lead to a
discernable DFS or OS advantage [25]. However, in the neoadjuvant
setting, anthracycline and taxane-based chemotherapy would give a
higher rate of pCR over the anthracycline-based chemotherapy [26]. In
our study, almost the same proportion of patients received 3 FEC 100
and 3 taxanes in each group, but the midcourse switch to taxanes is a
limit. Contrary to previous studies, we did not try to predict pCR nor
near-pCR, but rather aimed to identify Luminal/HER2 negative patients
who were most likely to qualify for breast conservation therapy, which
is the main clinical advantage of NAC in this tumor subtype.

Two main predictive imaging parameters of BCS were found:

- Breast morphology: women with a BVyq over 496 mL, quantified
precisely on the baseline CT compound of the PET system, were
more likely to have BCS.

- Tumor chemosensitivity: positive metabolic response after the 1
cycle of treatment, defined by AMTV < -17%, was associated with a
higher probability of BCS.

We combined these two characteristics to identify three groups of
patients with varying odds of undergoing BCS. It is interesting to notice
that BCS gradually increases from 29% in the most unfavorable group
(low BVoea and poor tumor shrinkage) to 82% in the most favourable
one (high BV, and good tumor shrinkage). Surprisingly, we observed
that SUVaxo was higher in BCS group (4.3) compared to mastectomy
group (3.0). But SUV,,,x» can hardly be compared between these two
groups because SUV,,,; was also higher in the BCS group (5.8 versus
4.3 respectively). In the literature, AMTV was also found to be a sig-
nificant prognostic factor for pathological response in a population
including several breast tumor subtypes [20,27]. Groheux et al. also
demonstrated a strong correlation between AMTV and good pathologic
response (-21% =+ 31% in non-responders vs -57% =+ 37% in re-
sponders; P = 0.0002), superior to the correlation with ASUV,., but
lower than those of ATLG [20]. Among the biologic parameters, nega-
tive PR status (p = 0.04) and the luminal B subtype (p = 0.02) were
predictive of a pathologic response.

Seung Hyun Son et al. also showed that AMTV was correlated with
disease free survival [28].

When surgery is performed as first-line treatment, BV, should be
measured in breast cancer because the tumor/BVr, ratio is of sig-
nificance when evaluating whether BCS is appropriate [29,30].
Nevertheless, we are the first study to demonstrate the clinical interest
of BVroa measurement at baseline to predict final BCS, which remains
the main goal of NAC in this setting. The CT component of PET, used at
baseline for tumor staging, can accurately measure BVrqta. The BVrota)
threshold to predict BCS was approximately 500 cm® in our study. It is
worth noting that we did not find any predictive value for baseline
tumor volume or Tumor/BV ratio. Lastly, the manual delineation of
tumors on the PET-CT images may be a limitation. Manual
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Table 3

PET data comparison between mastectomy and breast conserving surgery groups.

European Journal of Radiology 113 (2019) 81-88

Mastectomy Median [range]

Baseline '®F-FDG PET-CT

BV1ora (cm®) 416 [150 - 919]
MTV; (cm®) 6.4 [0.9 - 45.3]
MTV1/ BV 1.1 [0.4 - 12.8]
SUVmax, 4.3 [1.7 - 16.9]
SUVmean, 2.8 [1.1 -8.9]
TLG, 18.6 [1.7 - 184.8]
Interim '®F-FDG PET-CT

MTV, (cm®) 4.2 [0.6 - 35.8]
MTV,/ BV 0.8 [0.2 - 10.1]
SUVmax, 3.0 [1.5-15.1]
SUVmean, 2.3 (1.2 -8.3]
TLG, 10.9 [0.7 - 113.5]
% Changes

AMTV -17 % [-79% - +18%]
ASUVmean -19 % [-86% - +18%)
ATLG -39 % [-97% - +5%]
ASUVmax —28% [-89% - +17%]

Breast conserving surgery Median [range] P
638 [149 - 2150] <0.01
6.7 [1.2 - 57.8] 0.40
1.11 [0.2 - 6.1] 0.59
5.8 [1.8 - 23.9] 0.11
3.1 [1.4 -11.1] 0.20
27.0 [2.1 - 486.7] 0.26
4.0 [0.7 - 43.2] 0.26
0.7 [0.1 -3.2] 0.80
4.3 [0.9 - 30.3] 0.05
2.8 [0.8 -9.7] 0.11
10.8 [0.5 - 331.8] 0.67
-33% [-87% - 0%] 0.03
-21% [-73% - +68%] 0.46
—49 % [-95% - +37%] 0.11
—24% [-80% - +101%)] 0.93

Total breast volume (BVro1), Metabolic Tumor Volume (MTV), Standard Uptake Value (SUV), Total Lesion Glycolysis (TLG).

NS = not significant (p > 0.05).
* Mann-Whitney test was performed.

Table 4
ROC Curve data.

AUC: mean (SD) [CI 95%] Probability Optimal Cut-off
Total breast volume (cm?) 0.71 (0.06) [0.59-0.81] < 0.001 496
SUVmax, 0.64 (0.07) [0.52-0.74] 0.04 3.6
AMTV (%) 0.65 (0.07) [0.53-0.75] 0.03 17.1

Receiver Operating Characteristic (ROC), Area Under the Curve (AUC), Standard Deviation (SD), Standard Uptake Value (SUV), Metabolic Tumor Volume (MTV),

pathological Complete response (pCR).

All the other 18Fluoro-deoxy-glucose PET-CT parameters evaluated were not significantly predictive of pCR with ROC Curve analyses.

segmentation is time consuming, labor intensive and operator-depen-
dent, and the intra- and inter-operator variability of the resulting de-
lineations make this method less precise and reproducible than a fixed
threshold [31-34]. Nevertheless, in breast cancer, differentiation of the
tumor uptake from the surrounding uptake of the mammary gland is an
image segmentation issue that cannot be rigorously addressed using
fixed and adaptive threshold—based methodologies. The fixed threshold
that we tried for this study (either fixed SUV or specific percentage of
SUVpnay) failed to delineate low FDG-avid and heterogeneous breast
tumors; they led to inconsistent tumor volumes. Despite a high inter-
reader agreement [31], the literature has demonstrated that fixed
thresholds cannot reliably define MTV because of their deterministic
and binary nature, as long as tumor uptake is variable, spatially het-
erogeneous, and dependent on a large number of data acquisition and
image reconstruction parameters [32,32,33,34]. Adaptive thresholds
are likely to provide sufficient accuracy in simple cases, but require
precise tuning for a specific scanner, the reconstruction type, and even
the size of the patient [32,34]. Moreover, fixed thresholds generally
make too many simplifying assumptions to be considered for complex
situations such as low-contrast lesion with complex shape and hetero-
geneous uptake [32,34]. Consequently, in the absence of more appro-
priate segmentation tools such as iterative, stochastic and learning-
based thresholding methods, it is assumed that fixed thresholds are to
be avoided and manual tumor delineation should be favored [32,35].
There are several possibilities for further study. Firstly, it would be
of great interest to develop nomograms including relevant biological
biomarkers, such as Ki-67 and imaging parameters to improve accuracy
in predicting breast conservation after NAC. Secondly, MRI was not
systematically performed and we could therefore not compare PET and
MRI for early tumor volume changes. An MRI can provide key data such
has the extent of the residual tumor after NAC [36] and is a valuable
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tool for the surgeon in decision-making following first line treatment.
When compared with a mammography and an ultrasound after NAC,
the MRI better predicts pathological response [37]. A pre-operative MRI
can reduce the rate of tumor-positive resection margins substantially
(from 29% to 16%) [38]. Currently, no study has demonstrated that an
MRI can accurately predict the final conservative surgery in luminal/
HER2 negative breast cancers at baseline. 'F-FDG PET and MRI could
have complementary functions with respectively a high sensibility and
a high specificity to predict response to NAC [39,40]. If we look further,
18E.FDG PET/MRI is a useful method for estimating both morphologic
and metabolic tumor volume [41]. Even to estimate breast volume, MRI
is highly accurate [42].

In the present study we did not directly correlate MTV with mor-
phologic volume. But previous studies have underlined the dis-
crepancies between these volumes [43]. Indeed, the MTV measured at
baseline and after one cycle, only includes the part of the tumor which
is “FDG-positive” and, by nature, excludes the part of the tumor mor-
phologic volume with no high glycolytic activity, such as necrosis, fi-
brosis or scar. The part of the tumor volume is not negligible after the
induction of chemotherapy. The MTV represents the dual character-
istics of tumor extent, a morphologic characteristic, and the intensity of
FDG uptake by tumor tissues, a biological tumor characteristic. Thus,
the MTV measured on PET imaging, carry a unique biological in-
formation not obtained with conventional morphological imaging such
as US scan. For example, '®F-FDG-PET imaging can differentiate the
viable portion of a heterogeneous tumor from fibrosis or necrotic por-
tions. In future studies, it would be of high interest to assess if early
tumor volume changes, measured on functional MRI, could also predict
surgical outcome in the neoadjuvant luminal breast cancer setting. A
precocious determination of the success percentage of BCS after one
course of NAC could help to adapt therapeutics; by adding
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Table 5

Groups according to BVro, and tumor shrinkage (AMTV).

3: Good candidates for breast conserving surgery

2: Intermediate candidates for breast conserving

surgery

1: Poor candidates for breast conserving surgery

High BV (> 496 cm®) + good tumor shrinkage (AMTV <

-17.1%)

Neither group 1 nor 2

Low BVroa (< 496 cm®) + poor tumor shrinkage (AMTV =

-17.1%)

6/32 (17%)

10/26 (38%)
16/26 (62%)

12/17 (71%)
5/17 (29%)

Mastectomy

< 0.001

28/32 (82%)

Breast conserving surgery

Total breast Volume (BVTotal), Metabolic Tumor Volume (MTV).

* The Chi-squared test was performed.
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Fig. 1. '®Fluoro-deoxy-glucose PET-CT images of a 26 year-old woman with
high probability of Breast Conserving Surgery (BCS) group: Total Breast Volume
(BViora) = 1051 cm® (> 496 cm®) and AMetabolic Tumor Volume (AMTV) =
-79.7% (< -17%). After Neoadjuvant Chemotherapy (NAC), she underwent
conservation surgery. The MTV was delineated in orange while the BV, was
delineated in blue. Fig. 1a illustrates *®F-FDG PET-CT before the first course of
NAC (the two images on the left show an axial view, the two images on the right
show a sagittal view, the two images on the top show combined PET CT-scan,
the two images on the bottom show CTscan only); Fig. 1b illustrates **F-FDG
PET-CT after the first course of NAC.

Fig. 2. '®Fluoro-deoxy-glucose PET-CT images of a 38 year-old woman with a
low probability of BCS group: BV = 278 cm® (< 496 cm®) and AMTV = 0%
(= -17%). After NAC, she had a mastectomy. The MTV was delineated in or-
ange while the BV, was delineated in blue. Fig. 2a illustrates ®F-FDG PET-CT
before the first course of NAC NAC (the two images on the left show an axial
view, the two images on the right show a sagittal view, the two images on the
top show combined PET-CT scan, the two images on the bottom show CTscan
only); Fig. 2b illustrates '®F-FDG PET-CT after the first course of NAC.

hormonotherapy to chemotherapy [44], changing drug regimen [45],
or leading to mastectomy without waiting for the end of the 6 courses of
NAC.

5. Conclusions

For patients with Luminal/ HER2 negative breast cancer, the ima-
ging features of both the tumor and the mammary gland, obtained with
a '8F-FDG PET-CT at baseline and after the first cycle of NAC, may
enable the physician to evaluate the probability of final conserving
surgery, if confirmed by prospective studies. Imaging data resulting
from these techniques could thus help clinicians and breast cancer
patients to optimize clinical decision-making. It is likely that the in-
tegration of imaging parameters such as BVy,, and AMTV in future
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will improve the accuracy of nomograms in this setting.
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