
Citation: Najid, S.; Seban, R.-D.;

Champion, L.; De Moura, A.; Sebbag,

C.; Salaün, H.; Cabel, L.; Bonneau, C.

Clinical Utility of Pre-Therapeutic

[18F]FDG PET/CT Imaging for

Predicting Outcomes in Breast

Cancer. J. Clin. Med. 2023, 12, 5487.

https://doi.org/10.3390/

jcm12175487

Academic Editor: Yves Harder

Received: 26 June 2023

Revised: 17 August 2023

Accepted: 22 August 2023

Published: 24 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Clinical Utility of Pre-Therapeutic [18F]FDG PET/CT Imaging
for Predicting Outcomes in Breast Cancer
Sophia Najid 1,*, Romain-David Seban 2,* , Laurence Champion 2, Alexandre De Moura 3,4, Clara Sebbag 3,4,
Hélène Salaün 3,4 , Luc Cabel 3,4 and Claire Bonneau 5,*

1 Institut Curie, Inserm U900, 92210 Saint-Cloud, France
2 Department of Nuclear Medicine, Institut Curie, 92210 Saint-Cloud, France; laurence.champion@curie.fr
3 Department of Medical Oncology, Institut Curie, PSL Research University, 75005 Paris, France;

alexandre.demoura@curie.fr (A.D.M.); clara.sebbag@curie.fr (C.S.); helene.salaun@curie.fr (H.S.);
luc.cabel@curie.fr (L.C.)

4 UVSQ, Paris Saclay University, 92210 Saint-Cloud, France
5 Department of Surgery, Institut Curie, 92210 Saint-Cloud, France
* Correspondence: sophianajid@icloud.com (S.N.); romaindavid.seban@curie.fr (R.-D.S.);

claire.bonneau@curie.fr (C.B.)

Abstract: Background: [18F]FDG PET/CT is used for staging and could also provide information
associated with clinical outcomes. The objective of this study was to determine the clinical utility
of biomarkers measured using [18F]FDG PET/CT to predict the absence of pathological complete
response (no-pCR) and recurrence. Methods: In this retrospective study, we included patients
with non-special-type breast carcinoma who underwent [18F]FDG PET/CT before neoadjuvant
chemotherapy between 2011 and 2019. Clinicopathological data were collected. Tumor SUVmax and
total metabolic tumor volume (TMTV) were measured from PET images. The association between
biomarkers and no-pCR was studied using logistic regression. The cut-off value was determined
using the area under the ROC Curve. To predict 3-year recurrence-free survival (RFS), we used a
multivariable Cox model, and the cut-off value was determined using time-dependent ROC and
predictiveness curves. Results: Two hundred and eighty-six patients were included in the analysis.
One hundred and twelve patients had a pCR (39.2%). The pCR rate was significantly higher in
patients with a high nuclear grade (p < 0.01), HER2+ and TNBC subtypes (p < 0.01), high Ki67
(p < 0.01), and low TMTV (p < 0.01). A high TMTV value (>9.0 cm3) was significantly associated with
no-pCR in the whole cohort (OR = 2.4, 95% CI: 1.3–4.2, p < 0.01). After a median follow-up of 4.5 years,
65 patients experienced recurrence and 39 patients died. High TMTV (>13.5 cm3) was associated
with shorter RFS (HR = 4.0, 95% CI: 1.9–8.4, p < 0.01). Conclusion: High TMTV in pre-therapeutic
imaging is associated with no-pCR and recurrence. It can help in identifying high-risk patients and
be considered as an intensified or alternative adjuvant therapy for closely monitoring patients.

Keywords: breast cancer; neoadjuvant chemotherapy; pathological complete response; PET/CT
imaging; total metabolic tumor volume

1. Introduction

Breast cancer is the most prevalent cancer in women worldwide in terms of incidence
and mortality [1]. Neoadjuvant chemotherapy (NACT) was described for the first time in
the 1970s with the objective of down-staging primary tumors before surgery [2]. NACT has
been shown to increase the chance of breast conservation and potential survival gains [3].
More recently, the combination of neoadjuvant immunotherapy with chemotherapy in
triple-negative breast cancer (TNBC) cases has shown a benefit in terms of the rate of
the pathological complete response (pCR) [4] and relapse-free survival (RFS) [4]. The
major prognostic factor after treatment for patients receiving NACT is the achievement
of pCR [5]. Tumor size and histological grade are identified as predictive factors of pCR;
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however, there is no known radiological predictive factor [5,6]. The identification of more
precise predictive factors is thus an area of intensive investigation that would allow the
individualization of therapies and avoid some toxicities.

Pre-therapeutic fluorine-18-fluorodeoxyglucose positron emission tomography/computed
tomography ([18F]FDG PET/CT) is routinely used to rule out early metastatic disease [7,8].
The National Comprehensive Cancer Network (NCCN) guidelines currently endorse the
use of [18F]FDG PET/CT for disease staging for stages IIA or IIB with N1 (1–3 axillary
lymph nodes), stage IIIA with T3 or N1-N2 (1–9 axillary lymph nodes), stage IIIB, or stage
IIIC. Since FDG uptake reflects tumor characteristics such as metabolic activity, [18F]FDG
PET/CT could provide features associated with pCR [9–11] and survival [12–14]. Glucose
metabolism has been assessed by using the maximum standard uptake value (SUVmax) as
a marker of tumor aggressiveness [13]. Diao et al., in a recent meta-analysis, demonstrated
its impact on recurrence-free survival (RFS) in non-metastatic breast cancer (HR = 1.96, 95%
CI = 1.40–2.73) [15]. However, the value of SUVmax is only an approximate indicator of
the tumor’s metabolic activity, and its measurement may be affected by the Partial Volume
Effect, depending on various parameters such as size, shape, and surrounding tissue [16].
There are other imaging biomarkers on [18F]FDG PET/CT, including metabolic tumor
volume (MTV) and total lesion glycolysis (TLG). Recent studies have focused on these
parameters and their association with the survival and assessment of pCR [17–21]. These
markers remain inconsistent in predicting RFS and suffer from weak reproducibility, as
the thresholds identified for markers vary from one study to another depending on the
chosen methodology (receiver operating characteristics (ROC) curve [18,19], predictiveness
curve [17]). Similarly, both the injection protocol and the PET device used can impact the
markers extracted from [18F]FDG PET/CT imaging [18,20]. Validation and standardiza-
tion are essential to ensure the reproducibility and reliability of the extracted features in
clinical practice.

In this study, we first investigated the ability of biomarkers by measuring pretreatment
[18F]FDG PET/CT to predict the absence of pCR (no-pCR) and recurrence in comparison
to standard clinicopathological variables.

2. Materials and Methods
2.1. Patients

We conducted a retrospective, single-center study at Institut Curie Hospital, Saint-
Cloud, France. Patients with histologically proven, non-special-type breast carcinoma
treated with NACT (+/− HER2-targeted therapy) followed by surgery between January
2011 and December 2019 and who had a pre-therapeutic [18F]FDG PET/CT were selected.
Patients were excluded due to the following criteria: (i) Patients with no measurable disease
or no FDG-avid tumor, (ii) patients with another primary malignancy, (iii) patients express-
ing opposition to participate in medical research. This study adhered to the regulations of
our Institutional Review Board (IRB DATA 230006), and we obtained a waiver of informed
consent through the "no objection rule." The study was conducted in accordance with the
principles outlined in the Declaration of Helsinki.

2.2. Clinicopathological Data

The disease’s stage was determined after a pre-therapeutic [18F]FDG PET/CT accord-
ing to the 8th edition of the American Joint Committee of Cancer (AJCC) manual [22].
Characteristics of the primary tumor were obtained from the initial biopsy, including
hormone receptor status (estrogen receptor (ER) and progesterone receptor (PR)), hu-
man epidermal growth factor receptor status (HER2), Ki67 proliferation index, mitotic
index, histological grade, presence of vascular invasion or necrosis. Plasma levels of
tumor markers (cancer antigen (CA15-3) and carcinoembryonic antigen (CEA)) were
measured before treatment. Molecular subtypes were classified as follows: Luminal A
(ER+/PR+/HER2−/Ki67 low), Luminal B (ER+/PR+/HER2−/Ki67 high), HER2 pro-
tein overexpression (HER2+/ER−/PR−), and Basal-like (Triple Negative Breast Cancer
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(TNBC): ER−/PR−/HER2−) [23]. We considered Ki67 to be high when values exceeded
20%. Hormone receptor status was considered positive for values above 10% [24].

2.3. Treatment, Pathological Complete Response, and Surveillance

Treatment decisions were made after a multidisciplinary meeting and in accordance
with European guidelines [24]. All patients were treated with NACT +/− HER2-targeted
therapy followed by breast conservation or total surgery and axillary exploration (axillary
dissection or sentinel lymph node) when indicated. The pathological complete response
(pCR) was defined on the surgical tissue as the absence of residual tumor in the breast and
lymph nodes ypT0/ypN0 (Residual Cancer Burden = 0) [25,26]. The pCR rate (ypT0/ypN0)
was defined as the percentage of participants without residual invasive and in situ can-
cer upon evaluation of the complete resected breast specimen and all sampled regional
lymph nodes. Patients received adjuvant therapy (chemotherapy, hormonal therapy, HER2-
targeted therapy, radiotherapy) if it was recommended. After treatment, patients were
followed regularly (clinical examination, annual mammography, tumor markers) according
to international recommendations. In cases of suspected recurrence, a biopsy of the lesion
was recommended, and a thorough imaging assessment was requested, including a CT scan
or MRI. An [18F]FDG PET/CT scan was only performed for restaging (when recurrence
was confirmed).

2.4. PET/CT Imaging

[18F]FDG PET/CT scans were performed according to EANM guidelines [27]. Patients
fasted for at least 6 hours before the examination to ensure that their plasma glucose level
was below 10 mmol/L. Scanning was performed from the skull base to the proximal
femur using two different devices: an analog PET (n = 201), General Electric Discovery-
690, and a digital PET (n = 85), Philips Vereos. PET images were reconstructed using the
following iterative algorithms: Vue Point FX algorithm, time of flight –TOF reconstruction,
matrix 256 × 256, 2 iterations, 24 subsets, post-filter 6.4mm (GE Discovery-690) and OSEM
algorithm, time of flight –TOF reconstruction, matrix 288 × 288, 3 iterations, 5 subsets,
post-filter 2mm (Philips Vereos). Given the heterogeneity induced by the two PET devices,
we decided to perform an analysis with two distinct subgroups (cohort 1 = analog PET
versus cohort 2 = digital PET). PET images were converted to standard uptake value
(SUV) by normalizing with the patient’s body weight. Two nuclear medicine physicians
performed the analysis of the images without any information about the patient’s history,
pathology, imaging characteristics, or clinical outcomes. Lesions were segmented using the
PET tumor segmentation tool in Philips IntelliSpace Portal 9.0. Primary tumor and regional
lymph nodes were delineated on images, following EANM guidelines [27]. SUVmax was
defined as the highest SUV among all detected lesions, including the primary tumor and
any metastatic lymph nodes. Total metabolic tumor volume (TMTV) was calculated as the
sum of the metabolic tumor volume of all lesions.

2.5. Outcomes Measures

Endpoints were the association between imaging biomarkers and no-pCR (defined
above) and survival using recurrence-free survival (RFS), determined by measuring the
duration from the initial treatment received to the occurrence of disease relapse or death
from any cause. In addition, the censoring date was set as the last recorded instance when
the patient was known to be alive. We considered RFS at 3 years, consistent with the median
follow-up of the cohort. Follow-up time was calculated as the time from pre-therapeutic
[18F]FDG PET/CT to the last visit.

2.6. Statistical Analysis

Means, minima, and maxima were used for descriptive analysis. Differences between
the imaging biomarkers and clinico-pathological markers between cohort 1 (analog PET)
and cohort 2 (digital PET) were evaluated using Fisher’s exact test in cases of qualitative
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variables and Student’s test in cases of quantitative variables. The distribution of imaging
biomarkers between patients who achieved pCR and those who did not (no-pCR) was
compared using the Mann–Whitney–Wilcoxon test.

If a significant relationship existed between imaging biomarkers (SUVmax and TMTV)
and pCR, they were then dichotomized for further analysis. The cut-off value was deter-
mined by the area under the ROC Curve. Factors associated with no-pCR were tested using
a logistic regression model. The final multivariate model was obtained after a step-by-step
selection procedure. The model was initially run on the whole cohort; then, the same
process was carried out on cohort 1 and cohort 2.

The prognostic impact of all factors measured at diagnosis was studied using Cox pro-
portional hazards models for survival in the whole cohort. We used two different methods
to determine the relevant cut-off value (considering a 3-year time horizon): (i) predictive-
ness curves and (ii) time-dependent ROC curves. Found thresholds were used to binarize
continuous variables to produce Kaplan–Meier survival curves. The p values obtained are
those of the log rank test. The final prognostic model for 3-year survival was constructed
using a step-by-step selection procedure. The likelihood ratio test (LRT) for the added
prognostic value of imaging biomarkers was obtained by comparing the log-likelihoods of
the multivariable prognostic models with and without those markers (chi-square test).

Finally, given the evolving therapeutic landscape, we performed a subgroup analysis
on the TNBC subtype using the thresholds obtained in the whole cohort.

The alpha risk was fixed at 5%, and a difference was considered significant if the
p-value was lower than 0.05. Statistical analysis was carried out using R software (version
4.2.2, R Core Team (2022), R Foundation for Statistical Computing, Vienna, Austria)

3. Results
3.1. Patients’ Characteristics

Between January 2011 and December 2019, 320 patients had their breast cancer man-
aged using NACT followed by surgery, as well as receiving an [18F]FDG PET/CT before
treatment. Thirty-two patients were excluded for failing to meet the inclusion criteria:
11 patients expressed opposition to participating in the medical research, 6 had another
primary malignancy, and 15 had no measurable disease on imaging (Figure 1). In the whole
cohort (N = 286), 201 patients were staged with an analog [18F]FDG PET/CT, these patients
constituted cohort 1 and 85 with a digital [18F]FDG PET/CT (cohort 2).
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 Figure 1. Flow Chart.

Overall, pathological complete response (pCR) after NACT was obtained in 112 breast
cancers (39.2%). The mean age of the patients was 49 years (±12.4). More than one-half of
patients had histologically proven regional lymph node metastasis (58%). On histopatho-
logical assessment, 9.8% (n = 28) of tumors were classified as Luminal A, 24.8% (n = 71),
Luminal B HER2-, 23.8% (68) HER2+ (Luminal B HER2 + (n = 39), HER2 enriched (n = 29)),
and 41.6% (n = 119) Basal-like (TNBC) (Supplemental Figure S1). All patients with HER2+
breast cancer received HER2-targeted therapy in combination with NACT and 53.5%
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received endocrine therapy. Most patients (96.5%) received external radiotherapy after
surgery and only 23.9% received adjuvant chemotherapy. Clinicopathological characteris-
tics were similarly distributed in both cohorts. However, the mean maximum standardized
uptake value (SUVmax) was higher in cohort 2, and there were significantly more patients
who received chemotherapy and HER2-targeted therapy as adjuvant therapy (Table 1). The
TNBC subtype appeared to have a higher SUVmax than the luminal and HER2+ subtypes.
However, TMTV appeared to be similar for the subtypes studied (Supplemental Table S1).

Table 1. Description of baseline characteristics and comparison between the two cohorts.

All Patients
N = 286

Overall
N = 286

Cohort 1
N = 201

Cohort 2
N = 85

Mean (±SD), n (%) p Value

Clinicopathological characteristics

Age (years) 49.1 (±12.4) 48.7 (±12.65) 50.0 (±11.8) 0.39
pCR 112 (39.2) 77 (38.3) 35 (41.2) 0.65

TNM
T stage 0.14

1 26 (9.1) 15 (7.5) 11 (12.9)
2 162 (56.6) 113 (56.2) 49 (57.6)
3 75 (26.2) 59 (29.4) 16 (18.8)
4 23 (8.0) 14 (7.0) 9 (10.6)

N+ 166 (58.0) 124 (61.7) 42 (49.4) 0.07
Subtype 0.43

Luminal A 28 (9.8) 43 (21.4) 25 (29.4)
Luminal B HER2- 71 (24.8) 20 (10.0) 8 (9.4)

HER2+ * 68 (23.8) 54 (26.9) 17 (20.0)
TNBC 119 (41.6) 84 (41.8) 35 (41.2)

Histologic parameters

Ki67 49.8 (±24.2) 49.7 (±24.1) 50.1 (±24.6) 0.21
Vascular invasion 25 (8.7) 20 (10.0) 8 (9.4) 0.27

Grade 0.79
I/II 95 (33.2) 68 (33.8) 27 (31.8)
III 191 (66.8) 133 (66.2) 58 (68.2)

Mitotic index 0.64
1 62 (22.2) 44 (22.7) 18 (21.2)
2 97 (34.8) 64 (33.0) 33 (38.8)
3 120 (43.0) 86 (44.3) 34 (40.0)

Tumor markers (ng/mL)

CEA 2.76 (±6.0) 2.89 (±6.6) 2.1 (±1.6) 0.53
CA 15-3 24.4 (±43.2) 26.2 (±42.8) 22.8 (±22.5) 0.35

PET imaging characteristics

SUVmax 11.7 (±6.4) 11.1 (±6.2) 13.14 (±6.7) 0.01
TMTV 24.4 (±43.2) 27.4 (±42.8) 17.3 (±43.6) 0.07

Treatment

Neoadjuvant

HER2-targeted therapy 68 (23.8) 43 (21.4) 25 (29.4) 0.19

Adjuvant

Radiotherapy 276 (96.5) 193 (96) 83 (97.6) 0.74
Chemotherapy 68 (23.8) 30 (14.19) 38 (45.2) <0.01

HER2-targeted therapy 32 (11.2) 16 (7.69) 16 (18.82) 0.01
Endocrine therapy 153 (53.5) 104 (51.7) 49 (57.6) 0.43

Abbreviations: tumor (T), node involvement (N), triple negative breast cancer (TNBC), cancer antigen 15-3
(CA15-3), carcinoembryonic antigen (CEA), maximum standardized uptake value (SUVmax), total metabolic
tumor volume (TMTV), HER2+ *: Enriched and Luminal B HER2+.
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3.2. Association with Pathological Complete Response
3.2.1. Relationship between Biomarkers and pCR

The pCR rate was significantly higher in patients with a high nuclear grade (p < 0.01),
HER2+ and TNBC subtypes (p < 0.01), high Ki67 (p < 0.01), and low TMTV (p < 0.01). No
relationship with SUVmax was demonstrated (Supplemental Table S2).

3.2.2. Determination of Cut-Off Value of TMTV to Predict pCR

The cut-off value of TMTV for pCR was determined using the receiver operating ROC
curve calculated using the Youden index for the areas under the curve (AUC) (Supplemental
Figure S2). The best cut-off value was 9.0 cm3 (AUC = 0.64, Sensitivity (Se) = 0.59, Specificity
(Sp) = 0.66).

3.2.3. Univariate and Multivariate Analyses of pCR Including TMTV (High versus Low)

In the univariate analysis (Table 2), grades 1–2, T stages 3–4, Ki67 < 20%, Luminal
subtype, and lymph node involvement, as well as TMTV higher than 9.0 cm3, were signifi-
cantly associated with no-pCR, whereas this relationship was not observed for age (<40
years vs. ≥40 years) and vascular invasion. In the multivariate regression analysis, high
TMTV (OR = 2.4 95% CI: 1.3–4.2 p value < 0.01) remained an independent and statistically
significant predictive factor for no-pCR.

Table 2. Logistic regression analysis of biomarkers associated with no pathological complete response
in the whole cohort.

Factor Associated with No-pCR after NACT

N = 286 Univariate Multivariate
Events = 112 OR (95% CI) p Value OR (95% CI) p Value

Age < 40 years (vs. ≥40) 0.6 (0.4–1.1) 0.09 0.7 (0.4–1.2) 0.16
T stage 3–4 (vs. 1–2) 2.1 (1.2–3.5) <0.01 1.6 (0.9–3.1) 0.13

N+ (vs. N−) 2.19 (1.3–3.6) <0.01 - -
Subtype - <0.01
Luminal 1.0 (Reference) - - -
HER2+ 0.3 (0.1–0.5) <0.01 0.3 (0.1–0.6) -
TNBC 0.3 (0.2—0.5) <0.01 0.4 (0.2–0.7) -

Vascular invasion (yes vs. no) 1.7 (0.7–4.6) 0.20 - -
Histologic grade 3 (vs. 1–2) 0.4 (0.2–0.7) <0.01 - -

Ki67 ≥ 20% (vs. <20%) 0.3 (0.1–0.6) <0.01 0.3 (0.1–0.7) <0.01
TMTV > 9.0 cm3 (vs. ≤9.0 cm3) 2.9 (1.8–4.9) <0.01 2.4 (1.3–4.2) <0.01

Abbreviations: odd ratio (OR), confidence interval (CI), pathological complete response (pCR), neoadjuvant
chemotherapy (NACT), tumor (T), node involvement (N), triple negative breast cancer (TNBC), total metabolic
tumor volume (TMTV).

By performing the same analysis on cohort 1 (analog PET) and cohort 2 (digital PET),
we observed similar results with different cut-off values depending on the machine used
(Supplemental Figures S3 and S4). The optimal cut-off value for cohort 1 was equal to
6.3 cm3 (AUC = 0.61, Se = 0.45, Sp = 0.78), while, for cohort 2, it was 2.7 cm3 (AUC = 0.63,
Se = 0.39, Sp = 0.86). A high TMTV remained an independent and statistically significant
prognostic factor for no-pCR in both cohorts (cohort 1: OR = 2.5, 95% CI: 1.2–5.3; cohort 2:
OR = 3.6, 95% CI: 1.1–12.3) (Supplemental Tables S3 and S4).

3.3. Association with Recurrence-Free Survival
3.3.1. Determination of the Best Cut-Off Value of TMTV to Predict 3-Year RFS

The best TMTV cut-off value predicting 3-year RFS according to the time-dependent
ROC curve was 13.5 cm3 (Supplemental Figure S5). When applying this value, 118 (41%)
patients had a high TMTV.

According to the predictiveness curve, the best cut-off value was 28.1 cm3 (Supple-
mental Figure S6). When applying this value, only 65 (23%) had a high TMTV.
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3.3.2. Survival Analysis

During a median follow-up of 4.5 years (95% CI: 3.7–7.8), 65 patients experienced
recurrence (Luminal: 24.2%, HER2+: 1.2%, TNBC: 25.2%) and 39 patients died (Luminal:
15.1%, HER2+: 5.9%, TNBC: 16.8%). The median RFS was 4.3 years (95% CI: 3.5–7.1). In
the univariate analysis, lymph node involvement (N+), no-pCR, and high TMTV were
significantly associated with a higher 3-year risk of recurrence. RFS decreased when
TMTV was high regardless of the threshold used (Figure 2). In multivariate analysis,
only high TMTV (HR = 4.0 95% CI: 1.9–8.4) remained an independent and statistically
significant prognostic factor for 3-year RFS (Table 3). These results were also significant
when applying the threshold obtained using the predictiveness curve (HR = 2.6 95% CI:
1.3–5.0) (Supplemental Table S5). Finally, TMTV added significant prognostic values to the
multivariable model obtained when the cut-off value was 13.5 cm3 but not when the cut-off
was 28.1 cm3 (p < 0.01 and p = 0.1 respectively, Supplemental Table S6).
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Table 3. Prognostic significance of biomarkers for 3-year RFS in univariate and multivariate analyses
(Cox models) with threshold values of TMTV equal to 13.5 cm3.

3-Year Recurrence-Free Survival

n = 286 Univariate Multivariate
Events = 65 HR (95% CI) p Value HR (95% CI) p Value

Age < 40 years (vs. ≥40) 1.1 (0.5–2.3) 0.78 - -
pCR 0.5 (0.2–0.9) 0.04 0.6 (0.3–1.2) 0.14

T stage 3–4 (vs. 1–2) 1.51(0.8–2.9) 0.21 - -
N+ (vs. N−) 2.4 (1.1–5.1) 0.02 - -

Molecular subtype
Luminal 1.0 (Reference) - - -
HER2+ 0.3 (0.1–1.2) 0.09 - -
TNBC 1.6 (0.8–3.2) 0.20 - -

Vascular invasion (yes vs. no) 1.7 (0.6–4.4) 0.26 - -
Histologic grade 3 (vs. 1–2) 0.8 (0.4–1.6) 0.55 - -

Ki67 ≥ 20% (vs. <20%) 2.4 (0.7–7.7) 0.15 2.8 (0.8–9.0) 0.09
TMTV > 13.5 cm3 (vs. ≤13.5 cm3) 4.4 (2.1–9.1) <0.01 4.0 (1.9–8.4) <0.01

Abbreviations: hazard ratio (HR), confidence interval (CI), pathological complete response (pCR), tumor (T), node
involvement (N), triple negative breast cancer (TNBC), total metabolic tumor volume (TMTV).

3.4. Subgroup Analysis: Triple Negative Breast Cancer

Overall, 119 patients in the cohort had a TNBC molecular subtype (41.6%). Among
the 119 patients, the rate of pCR was 48% (57/119).

3.4.1. Association with Pathological Complete Response

To identify the ability of TMTV to predict pCR for TNBC breast cancer, we used
thresholds identified in the whole cohort (e.g., 3.2.2. TMTV > 9.0 cm3 vs. ≤ 9.0 cm3). In
the univariate analysis, tumor size and TMTV were significantly associated with no-pCR.
In multivariate analysis, only a high TMTV remained an independent prognostic factor
(OR = 3.6 95% CI: 1.5–8.6) (Table 4).

Table 4. Logistic regression analysis of biomarkers associated with no-pCR for TNBC.

Factor Associated with no-pCR after NACT

n = 119 Univariate Multivariate
Events = 57 OR (95% CI) p Value OR (95% CI) p Value

Age < 40 years (vs. ≥40) 1.0 (0.5–2.3) 0.99 - -
T stage 3–4 (vs. 1–2) 4.1 (1.8–10.3) <0.01 2.2 (0.8–6.0) 0.12

N+ (vs. N−) 1.9 (0.9–4.1) 0.07 - -
Vascular invasion (yes vs. no) 1.7 (0.5–6.7) 0.40 - -

Histologic grade 3 (vs. 1–2) 0.5 (0.2–1.5) 0.30 - -
Ki67 ≥ 25% (vs. <25%) 0.3 (0.02–2.8) 0.40 - -

TMTV > 9.0 cm3 (vs. ≤9.0 cm3) 4.9 (2.3–11.0) <0.01 3.6 (1.5–8.6) <0.01
Abbreviations: odd ratio (OR), confidence interval (CI), pathological complete response (pCR), neoadjuvant
chemotherapy (NACT), tumor (T), node involvement (N)), total metabolic tumor volume (TMTV).

3.4.2. Association with Recurrence-Free Survival

The median follow-up was 4.3 years (95% CI: 3.5–6.8). During this period, 20 (16,8%)
patients with TNBC breast cancer died, and 30 patients (25,2%) experienced recurrence.
The median RFS was 4.2 years (95% CI: 3.5–6.7). To study the ability of TMTV to predict
3-year, recurrence-free survival, we used thresholds identified using the time-dependent
ROC curve conducted on the whole cohort (e.g., 3.3.1 TMTV > 13.5 cm3 vs. ≤ 13.5 cm3). In
the multivariate Cox model, a high TMTV was significantly associated with RFS (HR = 3.1
95% CI: 1.2–7.9) (Table 5, Supplemental Figure S7).
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Table 5. Prognostic significance of biomarkers for 3-year RFS in univariate and multivariate analyses
(Cox models) with a threshold value of TMTV equal to 13.5 cm3 for TNBC.

3-Year Recurrence-Free Survival

n = 119 Univariate Multivariate
Events = 30 HR (95% CI) p Value HR (95% CI) p Value

Age < 40 years (vs. ≥40) 1.5 (0.5–4.1) 0.42 - -
pCR 0.3 (0.1–0.8) 0.01 0.4 (0.1–1.1) 0.07

T stage 3–4 (vs. 1–2) 1.4 (0.6–3.4) 0.41 - -
N+ (vs. N−) 2.9 (1.2–7.3) 0.02 - -

Vascular invasion (yes vs. no) 1.8 (0.5–6.0) 0.36 - -
Histologic grade 3 (vs. 1–2) 0.5 (0.2–1.5) 0.22 - -

Ki67 ≥ 25% (vs. <25%) 0.7 (0.1–5.5) 0.77 - -
TMTV > 13.5 cm3 (vs. ≤13.5 cm3) 4.0 (1.6–9.8) < 0.01 3.1 (1.2–7.9) 0.01

Abbreviations: hazard ratio (HR), confidence interval (CI), pathological complete response (pCR), tumor (T), node
involvement (N)), total metabolic tumor volume (TMTV).

4. Discussion

In the present study, we demonstrated the clinical utility of pre-therapeutic [18F]FDG
PET/CT imaging for predicting clinical outcomes after NACT in breast cancer patients. We
have shown that a high total metabolic tumor volume (TMTV) before NACT is a critical
biomarker associated with no-pCR (Figure 3) and recurrence (3-RFS) in this retrospective
cohort of 286 patients. Given the evolving therapeutic landscape with the pivotal Keynote-
552 trial [4], we focused on TNBC patients and confirmed its clinical utility for the early
identification of patients with a high risk of no-pCR and recurrence at 3 years.
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The total metabolic tumor volume reflects the tumor burden along with a metabolically
active lesion within the breast +/− regional lymph node(s). Our study demonstrated a
strong association between TMTV and no-pCR. Few studies have previously examined this
relationship. Le Marignier et al. [12], in their cohort of 171 ER+ HER2- breast cancers, found
that none of the biomarkers used were predictive of pCR. In contrast, Higushi et al. [21]
showed in their study that a low metabolic tumor volume (MTV) in pre-therapeutic imaging
within the tumor was associated with pCR (OR = 0.30, 95% CI: 0.11–0.84, p = 0.02). However,
the authors only focused on MTV within the tumor and not TMTV. Similarly, Urso et al. [18]
showed that non-responding patients with Luminal B tumors had a higher median MTV
within the tumor compared to responders (7.3 ± 4.2 cm3 versus 3.5 ± 2.5 cm3). The optimal
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TMTV cut-off value for predicting pCR highlighted by the authors was higher than that in
our study (17.7 cm3, AUC = 0.73 versus 9.0 cm3, AUC = 0.64).

Our results confirm the prognostic value of TMTV on pre-therapeutic [18F]FDG
PET/CT. Our team previously showed a significant association between a high pre-
therapeutic TMTV and recurrence at 5 years in a cohort of 303 patients with treated
early-stage breast cancer, including 51% of patients who received NACT [17]. Similar
results have been demonstrated in a cohort of 40 patients treated with NACT but with a
different TMTV cut-off than that calculated in our study (19.3 cm3 versus 13.5 cm3) [19].
Regardless of the threshold used, a high TMTV is a prognostic marker for recurrence, and
it is nevertheless interesting to consider this marker to decide on therapeutic management
after NACT, especially when pCR is not achieved, while waiting for a validated threshold
on a larger scale.

Regarding TNBC, various studies have shown that they are more sensitive to NACT
than luminal-type tumors [3,28]. Identifying biomarkers that can reliably select high- and
low-risk subsets of patients at the time of surgery is crucial for making treatment decisions.
Through our subgroup analysis, we were able to highlight the prognostic value of the TMTV
biomarker for TNBC. This is in line with the findings of Urso et al. [18]. In their study,
TMTV in responders who died during follow-up was significantly higher than in living
patients (12.8 cm3 ± 15.2 cm3 versus 43.2 cm3 ± 26.7 cm3, p = 0.01). However, in their study,
no threshold value was found to predict pCR, maybe due to the small number of TNBC
patients in their group (32 versus 119 in our cohort). Recently, it has been recommended
to combine immunotherapy (anti-PD1) with NACT in TNBC cases [4]. In the future, it
would be interesting to explore if TMTV on pre-therapeutic [18F]-FDG PET/CT could
predict pCR in the specific population of TNBC patients undergoing NACT associated
with immunotherapy. It would be interesting to define risk groups of patients in order to
identify those who would benefit from combined treatment.

PET imaging could provide prognostic biomarkers in oncology but their specific im-
pact is assessed using diverse methodologies. First, the method of determining optimal
threshold values for survival analysis is very heterogeneous and, subsequently, leads to
a lack of reproducibility/external validity. For instance, there are two basic statistical
approaches commonly used to determine optimal threshold values for survival analysis.
The first is to evaluate the biomarker effect on risk and disease outcomes (logistic regres-
sion, Cox models, Kaplan–Meier analysis). The second is to determine the biomarker
performance using classification measures (sensitivity, specificity, predictive values, and
time-dependent AUC within ROC curves). Results may vary depending on the approach
chosen, and there is currently no consensus regarding which should be preferred. This is
why we chose to test the prognostic value of TMTV with the two approaches. On one hand,
we used ROC curves, which are used to study the discriminative and predictive power of
TMTV without taking into account risks [29]. On the other hand, we used predictiveness
curves, which provide information about risks and classification performance [30]. In
our study, TMTV was significantly associated with 3-year RFS regardless of the method
used for determining thresholds (time-dependent AUC/ROC and predictiveness curves).
Second, previous papers have suggested a prognostic impact of PET biomarkers; however,
the acquisition of PET images may have certainly impacted the reproducibility/external
validity of such results. We have thus performed our analysis using two distinct cohorts
based on the PET device (analog/cohort 1 vs. digital/cohort 2). Again, TMTV was sig-
nificantly associated with clinical outcomes regardless of the nature of the PET device.
These findings strengthen the predictive and prognostic value of TMTV on pre-therapeutic
[18F]FDG PET/CT for early-stage breast cancer.

The main strength of our study is the sample size. Some limitations should be empha-
sized, particularly those inherent to the retrospective and monocentric nature of the study.
From a statistical point of view, we have tested a limited number of variables compared to
the number of events in our data to avoid overfitting (pCR analysis with logistic regression:
14 events/variable and recurrence analysis with Cox regression: 7 events/variable). Al-
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though the final results are conclusive, a prospective study with a larger sample size should
be conducted to better demonstrate these results. Finally, we have included patients over
a period of 7 years; it is plausible that advancements in surgical, radiation, and medical
oncology may lead to better patient outcomes.

5. Conclusions

The evaluation of metabolic tumor burden using TMTV on [18F]FDG PET/CT before
NACT could help identify high-risk patients who are more likely to experience no-pCR
and/or recurrence. While larger prospective studies are warranted to validate these
findings, this imaging feature should be taken into account to guide clinical decision-
making, especially in the specific population with TNBC undergoing neoadjuvant therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12175487/s1, Supplemental Figure S1: Distribution of the different
molecular subtypes. Supplemental Table S1: Distribution of PET imaging biomarkers. Supplemental
Table S2: Comparison of clinicopathological characteristics and PET imaging characteristics between
patients with a pathological complete response and no pathological complete response. Supplemental
Figure S2: ROC curve to determine the best cut-off value of TMTV to predict pCR in the whole cohort.
Supplemental Figure S3: ROC curve to determine the best cut-off value of TMTV to predict pCR in
cohort 1. Supplemental Table S3: Logistic regression analysis of biomarkers associated with no-pCR
in cohort 1. Supplemental Figure S4: ROC curve to determine the best cut-off value for TMTV to
predict pCR in cohort 2. Supplemental Table S4: Logistic regression analysis of biomarkers associated
with no-pCR in cohort 2. Supplemental Figure S5: Time-dependent ROC curve for TMTV to predict
3-year RFS. Supplemental Figure S6: Predictiveness curve for TMTV for 3-year RFS. Supplemental
Table S5: Prognostic significance of biomarkers for 3-year RFS in univariate and multivariate analyses
(Cox models) with threshold values of TMTV equal to 28.1 cm3. Supplemental Table S6: Test for
additional prognostic value of TMTV. Supplemental Figure S7: Kaplan–Meier curves according to
molecular subtype.
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