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A B S T R A C T

Purpose: This study evaluates the clinical impact of routine FDG-PET/CT on locoregional treatment in a large 
cohort of breast cancer patients scheduled for preoperative systemic therapy (PST).
Methods: Patients scheduled for PST were identified from a retrospective database between 2011 and 2020 at our 
hospital. All patients underwent staging by FDG-PET/CT prior to PST. The rate of regional upstaging by FDG- 
PET/CT compared to initial locoregional staging was assessed, as well as its implications on surgical and radi
otherapeutic management. Logistic regression analysis was used to evaluate the correlation between clinical 
characteristics and regional upstaging by FDG-PET/CT.
Results: Among 1228 eligible patients, FDG-PET/CT detected additional regional lymph node involvement in 145 
patients (12 %). This resulted in treatment modifications for 140 patients (11 %), including changes to the 
axillary surgical approach in 27 patients (2 %), and adjustments to the postoperative radiation therapy plans in 
115 patients (9 %). The majority of these modifications occurred in patients initially staged as cN1(1–3) (92/ 
140). Clinical T stage was significantly associated with regional upstaging by FDG-PET/CT.
Conclusion: FDG-PET/CT staging before PST frequently identifies additional regional lymph node involvement, 
significantly altering locoregional treatment strategies in the majority.

1. Introduction

Locoregional lymph node involvement is a key prognostic factor in 
breast cancer, with 5-year survival rates decreasing from 99 % in node- 
negative to 86 % in node-positive disease, worsening with more exten
sive axillary or extra-axillary involvement [1–4]. In patients undergoing 
preoperative systemic therapy (PST), both clinical and pathologic lymph 
node status are independent predictors of locoregional recurrence (LRR) 
and overall survival [5–10].

Axillary staging before PST provides the baseline for optimizing both 
surgical and radiotherapeutic management. FDG-PET/CT is currently 
recommended for the detection of distant metastases in patients with 
stage IIB or higher [11]. However, FDG-PET/CT is also an effective 
non-invasive modality for axillary staging, with a high positive predic
tive value ranging between 85 % and 98 % [12–14]. Additionally, it 

provides the ability to quantify FDG-avid lymph nodes, offering valuable 
insights for treatment decisions [15].

Postoperative regional radiation therapy (RT) is recommended for 
patients at high risk for LRR, such as those with ≥4 positive axillary 
lymph nodes (ALNs), internal mammary lymph node (IMN) or peri
clavicular lymph node involvement, or T4 tumors [16–20]. These pa
tients benefit from RT regardless of their pathologic response to PST, 
making it important to adequately identify these patients pre-PST [9]. 
Additionally, a risk assessment based on the number of involved ALNs 
can help guide the surgical approach. At our institute, the MARI 
(marking axillary lymph nodes with radioactive iodine seeds) procedure 
is used to pathologically stage the axilla after PST in cN+ patients [21]. 
Combining baseline FDG-PET/CT with MARI has led to an 82 % 
reduction in axillary lymph node dissections (ALND) [22,23].

All patients scheduled for PST at our institution undergo FDG-PET/ 
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CT as part of their pre-PST work-up, providing the opportunity to assess 
its clinical impact in an extensive cohort. This study aims to evaluate the 
implications of FDG-PET/CT on locoregional treatment decisions in 
breast cancer patients scheduled for PST.

2. Materials and methods

2.1. Study design and patient selection

This retrospective study was conducted at the Netherlands Cancer 
Institute-Antoni van Leeuwenhoek. Breast cancer patients scheduled for 
PST between January 2011 and December 2020 were identified from 
electronic medical records. Eligibility for the study required the avail
ability of an FDG-PET/CT report. Patients with recurrent breast cancer 
or who had received treatment prior to FDG-PET/CT were excluded. The 
indication for PST was determined based on national guidelines [24], 
considering factors such as age, clinical stage, tumor size and histolog
ical type. For the current analysis, patients with distant metastases 
detected with FDG-PET/CT were excluded.

This study was approved by the Institutional Review Board of the 
Netherlands Cancer Institute-Antoni van Leeuwenhoek.

2.2. Initial locoregional staging

Initial clinical stage was based on physical examination, mammog
raphy, axillary ultrasound (AUS) and breast magnetic resonance imag
ing (MRI) for all patients. Lymph node status was evaluated using AUS, 
with fine needle aspiration cytology (FNAC) for pathologic lymph nodes. 
Breast MRI was used to assess tumor size at diagnosis.

2.3. 18F-FDG-PET/CT

Prior to the FDG-PET/CT scan, patients were required to fast for 6 h 
and to have a blood glucose level below 10 mmol/L. A weight-adjusted 
dose of 180–240 MBq 18F-FDG was administered intravenously. 
Approximately 1 h later, FDG-PET/CT scanning (Philips Gemini TF Big 
Bore, Cleveland, OH, USA) was performed from the base of the skull to 
the groin, including a low-dose CT scan without contrast for attenuation 
correction and anatomical localization. Additional PET/CT images of 
the breast only were obtained in prone position to assess uptake in the 
primary tumor and locoregional lymph nodes.

2.4. Image interpretation

According to standard protocol at our institute, FDG-PET/CT scans 
were interpreted by an experienced nuclear medicine physician who had 
access to other imaging studies and relevant clinical data. We analyzed 
the data based on these interpretations.

Focally increased FDG-uptake observed exclusively on FDG-PET/CT, 
which did not correspond to physiologic patterns or pre-existing lesions, 
was classified as an additional lesion.

2.5. Regional upstaging

If necessary and feasible, additional lymph node lesions were further 
evaluated using targeting imaging procedures and, preferably, histo
pathologic confirmation. All cases were thoroughly reviewed and dis
cussed in multidisciplinary meetings, where histological, radiological 
and clinical context were carefully considered before establishing final 
staging.

2.6. Data collection

At our institute, a modified clinical N stage is applied, differing from 
the American Joint Committee on Cancer (AJCC) TNM Staging. Spe
cifically, patients with 1–3 positive ALNs on imaging are classified as 

cN1, in the current study denoted as cN1(1–3). Similarly, patients with 
≥4 positive ALNs are classified as cN2a, denoted as cN2(4+). The 
remaining N stages align with the AJCC Staging system [25]. Definitions 
used in this study are summarized in Supplementary Table S1.

2.7. Standard axillary radiation therapy plans

In accordance with national guidelines [24], for cN0 patients axillary 
RT is indicated in case of ypN1 disease. For ypN1mi without the pres
ence of risk factors (grade 3 tumors, lymphovascular invasion, tumors 
>3 cm), axillary levels I-II are included in the RT fields, whereas ypN1mi 
with risk factors or ypN1 involves axillary level I-IV. For cN1(1–3) pa
tients, axillary RT to levels I-IV is indicated in case of ypN+ disease. In 
cN2(4+), and cN3 patients, axillary RT to levels I-IV is indicated 
regardless of response to PST. For cN2b patients, RT includes axillary 
levels III-IV and the IMN chain if ypN0, while levels I-II are added if 
ypN+. In case of stage cN3b, RT to axillary levels I-IV and the IMN chain 
is provided regardless of treatment response. A summary can be found in 
Supplementary Table S2. Lastly, for patients with tumors with direct 
extension to the chest wall and/or skin (cT4), all patients receive axillary 
level I-IV RT regardless of the clinical nodal status.

2.8. Standard axillary surgical treatment

Patients with cN0 or cN2b breast cancer undergo surgical axillary 
staging with sentinel lymph node biopsy (SLNB) following PST. For the 
remaining cN+ patients, a MARI procedure is performed [26]. In short, 
in case of cN1(1–3) disease, only a marked ALN is removed, and RT is 
administered if residual tumor is present. For patients with ≥4 ALNs 
before PST, the marked lymph node is removed; an ALND is performed 
only if residual tumor is found in the marked lymph node at frozen 
section.

2.9. Statistical analysis

Descriptive and explorative analyses were performed with the use of 
statistical software R version 4.3.3. Overall upstaging frequencies and 
proportions were estimated and reported as percentages. Associations 
between clinical characteristics and regional upstaging were assessed 
with univariable logistic regression analysis, with reference levels 
requiring a minimum of five events. The threshold for statistical sig
nificance was set at p < 0.05.

3. Results

3.1. Patient characteristics

Between January 2011 and December 2020, FDG-PET/CT data were 
available for 1471 breast cancer patients undergoing PST. Among these, 
134 patients were excluded for reasons including recurrent breast can
cer, prior surgical treatment or incomplete data. An additional 109 pa
tients were excluded due to the detection of distant metastases on FDG- 
PET/CT (Supplementary Figure 1). Baseline characteristics are sum
marized in Table 1.

3.2. Initial locoregional staging

Based on initial clinical staging, 638 (52 %) of 1228 patients were 
categorized as cN0. A total of 429 patients (35 %) were classified as cN1 
(1–3), 83 patients (7 %) as cN2(4+), 1 patient (<1 %) as cN2b, 44 (4 %) 
as cN3a, 18 (1 %) as cN3b and 15 patients (1 %) as cN3c.

3.3. Locoregional staging with FDG-PET/CT

Following FDG-PET/CT, 145 patients (12 %) were found to have 
additional regional lymph node metastases. Histopathologic 
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confirmation was performed in 22/145 patients (15 %), while additional 
targeted imaging was conducted in 4 patients (3 %). In the remaining 
119 patients (82 %), FDG-PET/CT findings were considered sufficiently 
suspicious to confirm diagnosis without additional imaging and/or 
histopathologic confirmation. No patients were downstaged as a 
consequence of FDG-PET/CT. Axillary staging in prone compared to 
supine position did not result in concordant up- or downstaging [27].

3.4. Clinical implications of FDG-PET/CT

3.4.1. Initial cN0 patients
In our cohort, 638 patients were initially staged as cN0. FDG-PET/CT 

upstaged 37 patients (6 %), with 19 patients (3 %) restaged as cN1(1–3), 
2 patients (<1 %) as cN2(4+), 10 patients (2 %) as cN2b, 2 patients (<1 

%) as cN3a, and 4 patients (1 %) as cN3b. Consequently, 27 of the 37 (73 
%) upstaged patients became eligible for a MARI procedure instead of 
SLNB. Additionally, 18 patients (49 %) required regional RT regardless 
of their response to PST, with the IMN chain included in 14 patients (38 
%). Notably, among the 8 patients upstaged to cN2(4+) or cN3, a pos
itive MARI node could necessitate an ALND rather than RT alone.

Table 2 provides a detailed overview of upstaging rates by FDG-PET/ 
CT, categorized by cN stage from initial locoregional staging.

3.4.2. Initial cN1(1–3) patients
Of the 429 patients initially classified as cN1(1–3), FDG-PET/CT 

upstaged 92 patients (21 %). Specifically, 58 patients (14 %) were 
restaged as cN2(4+), 8 patients (2 %) as cN3a, and 26 patients (6 %) as 
cN3b. Among these upstaged patients were 6 patients with cT4 tumors, 
for whom regional RT was already indicated before FDG-PET/CT. For 
the remaining 86/92 patients (93 %), FDG-PET/CT determined the need 
for regional RT irrespective of treatment response, with 26 (28 %) of 
these patients also requiring inclusion of the IMN chain. In all 92 
upstaged patients, a positive MARI node could mandate ALND instead of 
regional RT alone.

3.4.3. Initial cN2 patients
Among 84 patients initially classified as cN2, FDG-PET/CT upstaged 

9 patients (11 %) with previously undetected involvement of the infra
clavicular lymph nodes (cN3a) in 5 patients and of the IMN chain (cN3b) 
in 4 patients. While all these upstaged patients already required regional 
RT including the periclavicular region, the 4 patients with IMN 
involvement required irradiation of the IMN chain as well.

3.4.4. Initial cN3 patients
Within the 77 patients initially classified as cN3, 7 (9 %) were 

reclassified from cN3a to cN3b, necessitating adjustments to the RT 
plans to include the IMN chain.

3.4.5. All patients
Of the 1228 patients, 140 patients (11 %) required treatment mod

ifications following FDG-PET/CT. RT plans were adjusted in 115 pa
tients (9 %), including 51 patients (4 %) who required inclusion of the 
IMN chain. As for surgical consequences, a total of 27 patients (2 %) 
required a MARI procedure instead of a SLNB. A total of 100 patients (8 
%) were upstaged from initial cN0 or cN1(1–3) stage to either cN2(4+) 
or cN3. In case of a positive MARI node, these patients are candidates for 
ALND rather than receiving only RT to the regional lymph nodes.

3.5. Characteristics of upstaged patients

3.5.1. cT stage
In the total cohort, the majority of patients had cT2 tumors (n =

758), with 13 % upstaged by FDG-PET/CT (Fig. 1A). Upstaging rates 
were 7 % for cT1 and 13 % for cT3 patients. A small number of patients 
had cT0/is or cT4 tumors, with upstaging observed in 1/7 and 6/26 
patients, respectively. In univariable analysis, a higher cT stage was 

Table 1 
Clinical and pathological baseline characteristics of all patients.

All patients (n = 1228)

Age, mean (SD), years 50 12
Unilateral tumor
Yes 1182 96 %
No 46 4 %
Unifocal tumor
Yes 854 70 %
No 372 30 %
Not applicable 2 <1 %
cT stage prior to FDG-PET/CT
T0/is 7 1 %
T1 245 20 %
T2 757 62 %
T3 193 16 %
T4 26 2 %
cN stage prior to FDG-PET/CT
N0 638 52 %
N1 429 35 %
N2 84 7 %
N3 77 6 %
Histology
IDC 1056 86 %
ILC 138 11 %
Other 32 3 %
Missing 2 <1 %
Subtype
HR+/HER2- 575 47 %
HER2+ 312 25 %
HR-/HER2- 341 28 %
Grade
1 53 4 %
2 597 49 %
3 541 44 %
Missing 37 3 %
FDG-avid
Yes 1178 96 %
No 49 4 %
Missing 1 <1 %

Abbreviations: IDC invasive ductal carcinoma, ILC invasive lobular carcinoma, 
HR hormone receptor.

Table 2 
Summary of patients upstaged by FDG-PET/CT, categorized by clinical N stage based on initial locoregional staging. Percentages of upstaged patients are displayed 
alongside the absolute numbers, with the final column indicating the total number of patients upstaged per initial cN stage.

Initial imaging Clinical N stage after FDG-PET/CT Total(n) N+(n)

N0 N1(1–3) N2(4+) N2b N3a N3b N3c

N0 601 19 (3 %) 2 (0 %) 10 (2 %) 2 (0 %) 4 (1 %) 0 638 37 (6 %)
N1(1–3) 0 337 58 (14 %) 0 8 (2 %) 26 (6 %) 0 429 92 (21 %)
N2(4þ) 0 0 74 0 5 (6 %) 4 (5 %) 0 83 9 (11 %)
N2b 0 0 0 1 0 0 0 1 0
N3a 0 0 0 0 37 7 (16 %) 0 44 7 (16 %)
N3b 0 0 0 0 0 18 0 18 0
N3c 0 0 0 0 0 0 15 15 0

Total 603 354 134 11 52 59 15 1228 145
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significantly correlated with an increased risk of regional upstaging by 
FDG-PET/CT (Table 3).

3.5.2. Tumor subtype
Of the 575 HR+/HER2-patients in the cohort, 61 patients (11 %) 

were upstaged by FDG-PET/CT (Fig. 1B). Furthermore, upstaging 
occurred in 15 % of the 312 HER2+ patients and 11 % of the 341 HR-/ 
HER2-patients. No significant association was demonstrated between 
tumor subtype and the risk of regional upstaging by FDG-PET/CT 
(Table 3).

3.5.3. Other characteristics
The mean age of upstaged patients (51 ± 11 years) was similar to 

that of the rest of the cohort (50 ± 12 years). Upstaging rates for patients 
with grade 2 and grade 3 tumors were 12 % and 11 % respectively, 
compared to 9 % in grade 1 tumors. The cohort predominantly consisted 
of invasive ductal carcinoma (IDC) (n = 1056), followed by invasive 
lobular carcinoma (ILC) (n = 138) and other types (n = 32), with 
upstaging rates of 12 % for IDC, 8 % for ILC and 16 % for other types. No 
significant associations between the risk of regional upstaging and age, 
histological type and grade were found in univariable analysis (Table 3).

4. Discussion

This cohort study of 1228 breast cancer patients undergoing PST 
demonstrated that baseline FDG-PET/CT imaging led to the detection of 
additional regional lymph node metastases in 12 %, with treatment 
modifications in 11 %. Particularly in patients initially staged as cN1 
(1–3) by conventional locoregional imaging, FDG-PET/CT frequently 
identified more extensive lymph node involvement with considerable 
treatment modifications.

The application of systemic therapy in the preoperative rather than 
the postoperative setting is becoming standard practice for breast cancer 
patients requiring systemic treatment, enabling a reduction in the extent 
of both breast and ALN surgery [28–33]. Aside from the importance of 
pathologic tumor response in guiding treatment, accurate radiologic 
staging of nodal involvement prior to PST is critical and serves as the 
baseline for regional lymph node management. Before the introduction 
of PST, regional RT strategies were primarily based on pathologic 
staging obtained from upfront surgery [19]. In the setting of PST, 
treatment effects obscure pathologic staging, complicating regional RT 
decision-making. Without regional RT, high-risk patients – those with 
≥4 positive ALNs, IMN or periclavicular involvement, and tumors 
invading the chest wall and/or skin – remain at high-risk for LRR even 
after achieving a pathologic complete response [9]. Accurate pre-PST 
regional lymph node staging, particularly distinguishing N1(1–3) from 
N2(4+) or N3 disease, is therefore important for guiding RT decisions. 
Moreover, reliably identifying cN1(1–3) patients can reduce the need for 
ALND in these patients.

Axillary ultrasound (AUS), combined with fine needle aspiration 
cytology (FNAC) or core needle biopsy in case of suspicious nodes, is 
commonly used in the preoperative evaluation of breast cancer [34,35]. 
AUS is associated with low morbidity, high cost-effectiveness, and good 
accuracy in detecting ALN involvement [36,37]. However, it has its 
limitations. With a negative AUS, the likelihood of detecting advanced 
nodal disease (≥4 ALNs) is low, with a negative predictive value (NPV) 
of 95.5 % [38]. However, when the AUS is positive, its ability to exclude 
more advanced nodal involvement is limited, with a reported NPV of 
58.5 % [38]. Breast MRI is primarily used to assess tumor size and extent 
for local treatment planning. As it typically includes a view of the axil
lary region, breast MRI may also offer the opportunity to evaluate 
regional lymph node involvement. However, previous studies have 
shown that preoperative AUS and standard breast MRI have comparable 
low diagnostic performance in differentiating between limited and 
advanced nodal disease, and both were deemed insufficient to accu
rately distinguish between these stages [39]. FDG-PET/CT outperforms 
AUS and MRI for locoregional staging [12], but its role in excluding 
advanced nodal disease in clinically node-positive patients has not been 
described in previous studies. However, with FDG-avid nodes strongly 
indicative for axillary metastases (PPV 96–98 %) and the ability to 
accurately quantify these nodes on FDG-PET/CT reconstruction images, 
it offers significant advantages in assessing the extent of regional lymph 
node involvement compared to AUS or breast MRI [12,40]. Previous 
research showed that FDG-PET/CT resulted in regional upstaging in 
43/191 (23 %) PST patients compared to conventional methods, with 
therapeutic implications for all patients [15]. Similarly, Ng et al. re
ported that FDG-PET/CT led to upstaging and changes in regional RT 

Fig. 1. Distribution of upstaging by FDG-PET/CT in the overall cohort, strati
fied by A) initial cT stage and B) tumor subtype. The green bars represent the 
absolute number of patients with no change in cN stage following FDG-PET/CT, 
while the orange bars depict the absolute number of patients with 
regional upstaging.

Table 3 
Univariable logistic regression analysis. Statistically significant values are dis
played in bold formatting (p < 0.05).

Univariable analysis

OR 95 % CI p value

Age 1.00 0.99–1.02 0.710
cT stage
0/is 2.22 0.25–19.48 0.471
1 ref – –
2 1.93 1.13–3.31 0.016
3 1.99 1.04–3.80 0.037
4 3.99 1.42–11.30 0.009
Subtype
HR+/HER2- ref – –
HER2+ 1.46 0.97–2.20 0.072
HR-/HER2- 1.06 0.69–1.62 0.801
Histology
IDC ref – –
ILC 0.62 0.32–1.19 0.154
Other 1.34 0.51–3.54 0.555
Grade
1 ref – –
2 1.32 0.51–3.42 0.572
3 1.24 0.48–3.24 0.657

Abbreviations: HR hormone receptor, IDC invasive ductal carcinoma, ILC 
invasive lobular carcinoma.
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plans in 15/139 (11 %) PST patients [41]. Both studies were conducted 
when PST was primarily used for locally advanced breast cancer in 
clinical trials. In our study, which includes a significant larger cohort of 
stage I to III PST patients, FDG-PET/CT consistently identified more 
extensive regional lymph node involvement, with notable clinical and 
prognostic implications in nearly all of them.

The majority of treatment modifications in our cohort occurred in 
patients initially staged as cN1(1–3). This aligns with previous findings 
that, while AUS and MRI can detect ALN involvement, they often fail to 
accurately determine its extent. Upstaging from limited nodal involve
ment (1–3 ALNs) to advanced nodal involvement (≥4 ALNs, peri
clavicular involvement) carries significant prognostic and therapeutic 
implications. It not only indicates the need for regional RT regardless of 
PST response, but may also necessitate ALND in case of a positive MARI 
node. Therefore, these patients are at risk of undertreatment without 
FDG-PET/CT. While current clinical guidelines recommend FDG-PET/ 
CT for patients with AJCC stage 2b or higher – primarily for detecting 
distant metastases – our findings suggest that FDG-PET/CT also provides 
substantial benefits for stage 2a patients by influencing locoregional 
treatment decisions [11].

IMN metastases are particularly common in medial breast tumors 
and are associated with a poor prognosis, independent of the ALN status. 
FDG-avid nodes in the IMN chain are highly suggestive for metastases, 
with a PPV of 87.1 % [42]. In our cohort, 51 patients (4 %) had IMN 
metastases undetected by conventional imaging. Previous studies, 
involving smaller and more advanced breast cancer cohorts, reported 
unsuspected detection rates of 8–10 % [12,41,43].

To our knowledge, this retrospective study represents the largest 
cohort to date assessing the locoregional treatment implications of FDG- 
PET/CT in the PST work-up. However, this study has some limitations. 
The retrospective design and single-institution setting may introduce 
both selection and information bias, potentially affecting the general
izability of the results. Moreover, our analysis relied on standard clinical 
reads of FDG-PET/CT scans, interpreted by the treating nuclear medi
cine physician, introducing potential inter-reader variability. Even 
though all patients were thoroughly reviewed and discussed in multi
disciplinary meetings before establishing a final diagnosis, histopatho
logic confirmation of lymph node metastases was limited in our cohort, 
and the possibility of false-positives should be considered. Furthermore, 
follow-up data were not included, preventing us from assessing whether 
these clinical implications translated into improved survival outcomes. 
To address this, future research should explore the long-term oncolog
ical impact of FDG-PET/CT in PST patients. Additionally, given the high 
costs of FDG-PET/CT and rising healthcare expenditures, the cost- 
effectiveness should also be a key consideration. Although a previous 
study indicated comparable costs between FDG-PET/CT and conven
tional imaging [44], the potential for incidental findings – often asso
ciated with full-body scans – may lead to additional follow-up 
investigations and increased costs [45]. Therefore, a comprehensive 
evaluation of the economic implications of FDG-PET/CT in breast cancer 
patients is warranted.

In conclusion, FDG-PET/CT had a significant impact on locoregional 
treatment for a substantial number of patients undergoing PST. As 
treatment paradigms are shifting with the growing use of PST, our study 
suggests that broadening the use of FDG-PET/CT to include stage 2a 
patients should be considered, given the high rate of regional upstaging 
and the resulting clinical implications in these patients.

CRediT authorship contribution statement

Jetske L.B. Gunster: Writing – review & editing, Writing – original 
draft, Visualization, Methodology, Formal analysis, Data curation, 
Conceptualization. A. Marjolein Schrijver: Writing – review & editing, 
Data curation, Conceptualization. Frederieke H. van Duijnhoven: 
Writing – review & editing, Supervision, Resources, Methodology, 
Conceptualization. Marcel P.M. Stokkel: Writing – review & editing, 

Conceptualization. Corrie A.M. Marijnen: Writing – review & editing, 
Supervision. Astrid N. Scholten: Writing – review & editing, Supervi
sion, Resources, Methodology, Conceptualization.

Funding

We did not receive any grants from funding agencies in the public, 
commercial, or not-for-profit sectors.

Declaration of competing interest

All authors have no relevant financial or non-financial interests to 
declare.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.breast.2025.104475.

References

[1] American Cancer Society. Cancer facts & figures 2024. https://www.cancer.org/r 
esearch/cancer-facts-statistics/all-cancer-facts-figures/2024-cancer-facts-figures.ht 
ml. [Accessed 5 September 2024].

[2] Arriagada R, Le MG, Dunant A, Tubiana M, Contesso G. Twenty-five years of 
follow-up in patients with operable breast carcinoma: correlation between 
clinicopathologic factors and the risk of death in each 5-year period. Cancer 2006; 
106(4):743–50. https://doi.org/10.1002/cncr.21659.

[3] Soerjomataram I, Louwman MW, Ribot JG, Roukema JA, Coebergh JW. An 
overview of prognostic factors for long-term survivors of breast cancer. Breast 
Cancer Res Treat 2008;107(3):309–30. https://doi.org/10.1007/s10549-007- 
9556-1.

[4] Yao MS, Kurland BF, Smith AH, Schubert EK, Dunnwald LK, Byrd DR, Mankoff DA. 
Internal mammary nodal chain drainage is a prognostic indicator in axillary node- 
positive breast cancer. Ann Surg Oncol 2007;14(10):2985–93. https://doi.org/ 
10.1245/s10434-007-9473-x.

[5] Cortazar P, Zhang L, Untch M, Mehta K, Costantino JP, Wolmark N, et al. 
Pathological complete response and long-term clinical benefit in breast cancer: the 
CTNeoBC pooled analysis. Lancet 2014;384(9938):164–72. https://doi.org/ 
10.1016/S0140-6736(13)62422-8.

[6] Mougalian SS, Hernandez M, Lei X, Lynch S, Kuerer HM, Symmans WF, et al. Ten- 
year outcomes of patients with breast cancer with Cytologically confirmed axillary 
lymph node metastases and pathologic complete response after primary systemic 
chemotherapy. JAMA Oncol 2016;2(4):508–16. https://doi.org/10.1001/ 
jamaoncol.2015.4935.

[7] Jeruss JS, Mittendorf EA, Tucker SL, Gonzalez-Angulo AM, Buchholz TA, Sahin AA, 
et al. Combined use of clinical and pathologic staging variables to define outcomes 
for breast cancer patients treated with neoadjuvant therapy. J Clin Oncol 2008;26 
(2):246–52. https://doi.org/10.1200/JCO.2007.11.5352.

[8] Gillon P, Touati N, Breton-Callu C, Slaets L, Cameron D, Bonnefoi H. Factors 
predictive of locoregional recurrence following neoadjuvant chemotherapy in 
patients with large operable or locally advanced breast cancer: an analysis of the 
EORTC 10994/BIG 1-00 study. Eur J Cancer 2017;79:226–34. https://doi.org/ 
10.1016/j.ejca.2017.04.012.

[9] Mamounas EP, Anderson SJ, Dignam JJ, Bear HD, Julian TB, Geyer Jr CE, et al. 
Predictors of locoregional recurrence after neoadjuvant chemotherapy: results 
from combined analysis of National Surgical Adjuvant Breast and Bowel Project B- 
18 and B-27. J Clin Oncol 2012;30(32):3960–6. https://doi.org/10.1200/ 
JCO.2011.40.8369.

[10] de Wild SR, Koppert LB, de Munck L, Vrancken Peeters M, Siesling S, Smidt ML, 
Simons JM. Prognostic effect of nodal status before and after neoadjuvant 
chemotherapy in breast cancer: a Dutch population-based study. Breast Cancer Res 
Treat 2024;204(2):277–88. https://doi.org/10.1007/s10549-023-07178-6.

[11] Vaz SC, Woll JPP, Cardoso F, Groheux D, Cook GJR, Ulaner GA, et al. Joint EANM- 
SNMMI guideline on the role of 2-[(18)F]FDG PET/CT in no special type breast 
cancer : (endorsed by the ACR, ESSO, ESTRO, EUSOBI/ESR, and EUSOMA). Eur J 
Nucl Med Mol Imag 2024;51(9):2706–32. https://doi.org/10.1007/s00259-024- 
06696-9.

[12] Koolen BB, Valdes Olmos RA, Elkhuizen PH, Vogel WV, Vrancken Peeters MJ, 
Rodenhuis S, Rutgers EJ. Locoregional lymph node involvement on 18F-FDG PET/ 
CT in breast cancer patients scheduled for neoadjuvant chemotherapy. Breast 
Cancer Res Treat 2012;135(1):231–40. https://doi.org/10.1007/s10549-012- 
2179-1.

[13] Veronesi U, De Cicco C, Galimberti VE, Fernandez JR, Rotmensz N, Viale G, et al. 
A comparative study on the value of FDG-PET and sentinel node biopsy to identify 
occult axillary metastases. Ann Oncol 2007;18(3):473–8. https://doi.org/10.1093/ 
annonc/mdl425.

[14] Ueda S, Tsuda H, Asakawa H, Omata J, Fukatsu K, Kondo N, et al. Utility of 18F- 
fluoro-deoxyglucose emission tomography/computed tomography fusion imaging 
(18F-FDG PET/CT) in combination with ultrasonography for axillary staging in 

J.L.B. Gunster et al.                                                                                                                                                                                                                            The Breast 81 (2025) 104475 

5 

https://doi.org/10.1016/j.breast.2025.104475
https://doi.org/10.1016/j.breast.2025.104475
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2024-cancer-facts-figures.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2024-cancer-facts-figures.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2024-cancer-facts-figures.html
https://doi.org/10.1002/cncr.21659
https://doi.org/10.1007/s10549-007-9556-1
https://doi.org/10.1007/s10549-007-9556-1
https://doi.org/10.1245/s10434-007-9473-x
https://doi.org/10.1245/s10434-007-9473-x
https://doi.org/10.1016/S0140-6736(13)62422-8
https://doi.org/10.1016/S0140-6736(13)62422-8
https://doi.org/10.1001/jamaoncol.2015.4935
https://doi.org/10.1001/jamaoncol.2015.4935
https://doi.org/10.1200/JCO.2007.11.5352
https://doi.org/10.1016/j.ejca.2017.04.012
https://doi.org/10.1016/j.ejca.2017.04.012
https://doi.org/10.1200/JCO.2011.40.8369
https://doi.org/10.1200/JCO.2011.40.8369
https://doi.org/10.1007/s10549-023-07178-6
https://doi.org/10.1007/s00259-024-06696-9
https://doi.org/10.1007/s00259-024-06696-9
https://doi.org/10.1007/s10549-012-2179-1
https://doi.org/10.1007/s10549-012-2179-1
https://doi.org/10.1093/annonc/mdl425
https://doi.org/10.1093/annonc/mdl425


primary breast cancer. BMC Cancer 2008;8:165. https://doi.org/10.1186/1471- 
2407-8-165.

[15] Koolen BB, Valdes Olmos RA, Vogel WV, Vrancken Peeters MJ, Rodenhuis S, 
Rutgers EJ, Elkhuizen PH. Pre-chemotherapy 18F-FDG PET/CT upstages nodal 
stage in stage II-III breast cancer patients treated with neoadjuvant chemotherapy. 
Breast Cancer Res Treat 2013;141(2):249–54. https://doi.org/10.1007/s10549- 
013-2678-8.

[16] Abdel-Wahab M, Wolfson A, Raub W, Mies C, Brandon A, Morrell L, et al. The 
importance of postoperative radiation therapy in multimodality management of 
locally advanced breast cancer: a phase II trial of neoadjuvant MVAC, surgery, and 
radiation. Int J Radiat Oncol Biol Phys 1998;40(4):875–80. https://doi.org/ 
10.1016/s0360-3016(97)00897-3.

[17] Huang EH, Tucker SL, Strom EA, McNeese MD, Kuerer HM, Buzdar AU, et al. 
Postmastectomy radiation improves local-regional control and survival for selected 
patients with locally advanced breast cancer treated with neoadjuvant 
chemotherapy and mastectomy. J Clin Oncol 2004;22(23):4691–9. https://doi. 
org/10.1200/JCO.2004.11.129.

[18] McGuire SE, Gonzalez-Angulo AM, Huang EH, Tucker SL, Kau SW, Yu TK, et al. 
Postmastectomy radiation improves the outcome of patients with locally advanced 
breast cancer who achieve a pathologic complete response to neoadjuvant 
chemotherapy. Int J Radiat Oncol Biol Phys 2007;68(4):1004–9. https://doi.org/ 
10.1016/j.ijrobp.2007.01.023.

[19] Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans V, et al. Effects of 
radiotherapy and of differences in the extent of surgery for early breast cancer on 
local recurrence and 15-year survival: an overview of the randomised trials. Lancet 
2005;366(9503):2087–106. https://doi.org/10.1016/S0140-6736(05)67887-7.

[20] Braunstein LZ, Galland-Girodet S, Goldberg S, Warren LE, Sadek BT, Shenouda MN, 
et al. Long-term outcomes among breast cancer patients with extensive regional 
lymph node involvement: implications for locoregional management. Breast 
Cancer Res Treat 2015;154(3):633–9. https://doi.org/10.1007/s10549-015-3642- 
6.

[21] Straver ME, Loo CE, Alderliesten T, Rutgers EJ, Vrancken Peeters MT. Marking the 
axilla with radioactive iodine seeds (MARI procedure) may reduce the need for 
axillary dissection after neoadjuvant chemotherapy for breast cancer. Br J Surg 
2010;97(8):1226–31. https://doi.org/10.1002/bjs.7073.

[22] van der Noordaa MEM, van Duijnhoven FH, Straver ME, Groen EJ, Stokkel M, 
Loo CE, et al. Major reduction in axillary lymph node dissections after neoadjuvant 
systemic therapy for node-positive breast cancer by combining PET/CT and the 
MARI procedure. Ann Surg Oncol 2018;25(6):1512–20. https://doi.org/10.1245/ 
s10434-018-6404-y.

[23] Koolen BB, Donker M, Straver ME, van der Noordaa MEM, Rutgers EJT, Valdes 
Olmos RA, Vrancken Peeters M. Combined PET-CT and axillary lymph node 
marking with radioactive iodine seeds (MARI procedure) for tailored axillary 
treatment in node-positive breast cancer after neoadjuvant therapy. Br J Surg 
2017;104(9):1188–96. https://doi.org/10.1002/bjs.10555.

[24] Dutch breast cancer guidelines. https://richtlijnendatabase.nl/richtlijn/borstka 
nker/startpagina_-_borstkanker.html. [Accessed 11 March 2025].

[25] Giuliano AE, Edge SB, Hortobagyi GN. Eighth edition of the AJCC cancer staging 
manual: breast cancer. Ann Surg Oncol 2018;25(7):1783–5. https://doi.org/ 
10.1245/s10434-018-6486-6.

[26] Donker M, Straver ME, Wesseling J, Loo CE, Schot M, Drukker CA, et al. Marking 
axillary lymph nodes with radioactive iodine seeds for axillary staging after 
neoadjuvant systemic treatment in breast cancer patients: the MARI procedure. 
Ann Surg 2015;261(2):378–82. https://doi.org/10.1097/ 
SLA.0000000000000558.

[27] van Loevezijn AA, Stokkel MPM, Donswijk ML, van Werkhoven ED, van der 
Noordaa MEM, van Duijnhoven FH, Vrancken Peeters M. [(18)F]FDG-PET/CT in 
prone compared to supine position for optimal axillary staging and treatment in 
clinically node-positive breast cancer patients with neoadjuvant systemic therapy. 
EJNMMI Res 2021;11(1):78. https://doi.org/10.1186/s13550-021-00824-4.

[28] Montagna G, Mamtani A, Knezevic A, Brogi E, Barrio AV, Morrow M. Selecting 
node-positive patients for axillary downstaging with neoadjuvant chemotherapy. 
Ann Surg Oncol 2020;27(11):4515–22. https://doi.org/10.1245/s10434-020- 
08650-z.

[29] Fisher CS, Margenthaler JA, Hunt KK, Schwartz T. The landmark series: axillary 
management in breast cancer. Ann Surg Oncol 2020;27(3):724–9. https://doi.org/ 
10.1245/s10434-019-08154-5.

[30] Fisher B, Brown A, Mamounas E, Wieand S, Robidoux A, Margolese RG, et al. Effect 
of preoperative chemotherapy on local-regional disease in women with operable 

breast cancer: findings from National Surgical Adjuvant Breast and Bowel Project 
B-18. J Clin Oncol 1997;15(7):2483–93. https://doi.org/10.1200/ 
JCO.1997.15.7.2483.

[31] Golshan M, Cirrincione CT, Sikov WM, Berry DA, Jasinski S, Weisberg TF, et al. 
Impact of neoadjuvant chemotherapy in stage II-III triple negative breast cancer on 
eligibility for breast-conserving surgery and breast conservation rates: surgical 
results from CALGB 40603 (Alliance). Ann Surg 2015;262(3):434–9. https://doi. 
org/10.1097/SLA.0000000000001417. ; discussion 8-9.

[32] Golshan M, Cirrincione CT, Sikov WM, Carey LA, Berry DA, Overmoyer B, et al. 
Impact of neoadjuvant therapy on eligibility for and frequency of breast 
conservation in stage II-III HER2-positive breast cancer: surgical results of CALGB 
40601 (Alliance). Breast Cancer Res Treat 2016;160(2):297–304. https://doi.org/ 
10.1007/s10549-016-4006-6.

[33] Samiei S, Simons JM, Engelen SME, Beets-Tan RGH, Classe JM, Smidt ML, Group E. 
Axillary pathologic complete response after neoadjuvant systemic therapy by 
breast cancer subtype in patients with initially clinically node-positive disease: a 
systematic review and meta-analysis. JAMA Surg 2021;156(6):e210891. https:// 
doi.org/10.1001/jamasurg.2021.0891.

[34] Loibl S, Andre F, Bachelot T, Barrios CH, Bergh J, Burstein HJ, et al. Early breast 
cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. 
Ann Oncol 2024;35(2):159–82. https://doi.org/10.1016/j.annonc.2023.11.016.

[35] Perry N, Broeders M, de Wolf C, Tornberg S, Holland R, von Karsa L. European 
guidelines for quality assurance in breast cancer screening and diagnosis. Ann 
Oncol 2008;19(4):614–22. https://doi.org/10.1093/annonc/mdm481. Fourth 
edition–summary document.

[36] Abe H, Schmidt RA, Kulkarni K, Sennett CA, Mueller JS, Newstead GM. Axillary 
lymph nodes suspicious for breast cancer metastasis: sampling with US-guided 14- 
gauge core-needle biopsy–clinical experience in 100 patients. Radiology 2009;250 
(1):41–9. https://doi.org/10.1148/radiol.2493071483.

[37] Neal CH, Daly CP, Nees AV, Helvie MA. Can preoperative axillary US help exclude 
N2 and N3 metastatic breast cancer? Radiology 2010;257(2):335–41. https://doi. 
org/10.1148/radiol.10100296.

[38] Schipper RJ, van Roozendaal LM, de Vries B, Pijnappel RM, Beets-Tan RG, 
Lobbes MB, Smidt ML. Axillary ultrasound for preoperative nodal staging in breast 
cancer patients: is it of added value? Breast 2013;22(6):1108–13. https://doi.org/ 
10.1016/j.breast.2013.09.002.

[39] van Nijnatten TJA, Ploumen EH, Schipper RJ, Goorts B, Andriessen EH, 
Vanwetswinkel S, et al. Routine use of standard breast MRI compared to axillary 
ultrasound for differentiating between no, limited and advanced axillary nodal 
disease in newly diagnosed breast cancer patients. Eur J Radiol 2016;85(12): 
2288–94. https://doi.org/10.1016/j.ejrad.2016.10.030.

[40] Pritchard KI, Julian JA, Holloway CM, McCready D, Gulenchyn KY, George R, et al. 
Prospective study of 2-[(1)(8)F]fluorodeoxyglucose positron emission tomography 
in the assessment of regional nodal spread of disease in patients with breast cancer: 
an Ontario clinical oncology group study. J Clin Oncol 2012;30(12):1274–9. 
https://doi.org/10.1200/JCO.2011.38.1103.

[41] Ng SP, David S, Alamgeer M, Ganju V. Impact of pretreatment combined (18)F- 
fluorodeoxyglucose positron emission tomography/computed tomography staging 
on radiation therapy treatment decisions in locally advanced breast cancer. Int J 
Radiat Oncol Biol Phys 2015;93(1):111–7. https://doi.org/10.1016/j. 
ijrobp.2015.05.012.

[42] Seo MJ, Lee JJ, Kim HO, Chae SY, Park SH, Ryu JS, et al. Detection of internal 
mammary lymph node metastasis with (18)F-fluorodeoxyglucose positron 
emission tomography/computed tomography in patients with stage III breast 
cancer. Eur J Nucl Med Mol Imag 2014;41(3):438–45. https://doi.org/10.1007/ 
s00259-013-2600-y.

[43] Aukema TS, Straver ME, Peeters MJ, Russell NS, Gilhuijs KG, Vogel WV, et al. 
Detection of extra-axillary lymph node involvement with FDG PET/CT in patients 
with stage II-III breast cancer. Eur J Cancer 2010;46(18):3205–10. https://doi.org/ 
10.1016/j.ejca.2010.07.034.

[44] Ko H, Baghdadi Y, Love C, Sparano JA. Clinical utility of 18F-fdg PET/CT in staging 
localized breast cancer before initiating preoperative systemic therapy. J Natl 
Compr Cancer Netw 2020;18(9):1240–6. https://doi.org/10.6004/ 
jnccn.2020.7592.

[45] Adams SJ, Rakheja R, Bryce R, Babyn PS. Incidence and economic impact of 
incidental findings on (18)F-fdg PET/CT imaging. Can Assoc Radiol J 2018;69(1): 
63–70. https://doi.org/10.1016/j.carj.2017.08.001.

J.L.B. Gunster et al.                                                                                                                                                                                                                            The Breast 81 (2025) 104475 

6 

https://doi.org/10.1186/1471-2407-8-165
https://doi.org/10.1186/1471-2407-8-165
https://doi.org/10.1007/s10549-013-2678-8
https://doi.org/10.1007/s10549-013-2678-8
https://doi.org/10.1016/s0360-3016(97)00897-3
https://doi.org/10.1016/s0360-3016(97)00897-3
https://doi.org/10.1200/JCO.2004.11.129
https://doi.org/10.1200/JCO.2004.11.129
https://doi.org/10.1016/j.ijrobp.2007.01.023
https://doi.org/10.1016/j.ijrobp.2007.01.023
https://doi.org/10.1016/S0140-6736(05)67887-7
https://doi.org/10.1007/s10549-015-3642-6
https://doi.org/10.1007/s10549-015-3642-6
https://doi.org/10.1002/bjs.7073
https://doi.org/10.1245/s10434-018-6404-y
https://doi.org/10.1245/s10434-018-6404-y
https://doi.org/10.1002/bjs.10555
https://richtlijnendatabase.nl/richtlijn/borstkanker/startpagina_-_borstkanker.html
https://richtlijnendatabase.nl/richtlijn/borstkanker/startpagina_-_borstkanker.html
https://doi.org/10.1245/s10434-018-6486-6
https://doi.org/10.1245/s10434-018-6486-6
https://doi.org/10.1097/SLA.0000000000000558
https://doi.org/10.1097/SLA.0000000000000558
https://doi.org/10.1186/s13550-021-00824-4
https://doi.org/10.1245/s10434-020-08650-z
https://doi.org/10.1245/s10434-020-08650-z
https://doi.org/10.1245/s10434-019-08154-5
https://doi.org/10.1245/s10434-019-08154-5
https://doi.org/10.1200/JCO.1997.15.7.2483
https://doi.org/10.1200/JCO.1997.15.7.2483
https://doi.org/10.1097/SLA.0000000000001417
https://doi.org/10.1097/SLA.0000000000001417
https://doi.org/10.1007/s10549-016-4006-6
https://doi.org/10.1007/s10549-016-4006-6
https://doi.org/10.1001/jamasurg.2021.0891
https://doi.org/10.1001/jamasurg.2021.0891
https://doi.org/10.1016/j.annonc.2023.11.016
https://doi.org/10.1093/annonc/mdm481
https://doi.org/10.1148/radiol.2493071483
https://doi.org/10.1148/radiol.10100296
https://doi.org/10.1148/radiol.10100296
https://doi.org/10.1016/j.breast.2013.09.002
https://doi.org/10.1016/j.breast.2013.09.002
https://doi.org/10.1016/j.ejrad.2016.10.030
https://doi.org/10.1200/JCO.2011.38.1103
https://doi.org/10.1016/j.ijrobp.2015.05.012
https://doi.org/10.1016/j.ijrobp.2015.05.012
https://doi.org/10.1007/s00259-013-2600-y
https://doi.org/10.1007/s00259-013-2600-y
https://doi.org/10.1016/j.ejca.2010.07.034
https://doi.org/10.1016/j.ejca.2010.07.034
https://doi.org/10.6004/jnccn.2020.7592
https://doi.org/10.6004/jnccn.2020.7592
https://doi.org/10.1016/j.carj.2017.08.001

	Impact of routine FDG-PET/CT on locoregional treatment decisions in breast cancer patients receiving preoperative systemic  ...
	1 Introduction
	2 Materials and methods
	2.1 Study design and patient selection
	2.2 Initial locoregional staging
	2.3 18F-FDG-PET/CT
	2.4 Image interpretation
	2.5 Regional upstaging
	2.6 Data collection
	2.7 Standard axillary radiation therapy plans
	2.8 Standard axillary surgical treatment
	2.9 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 Initial locoregional staging
	3.3 Locoregional staging with FDG-PET/CT
	3.4 Clinical implications of FDG-PET/CT
	3.4.1 Initial cN0 patients
	3.4.2 Initial cN1(1–3) patients
	3.4.3 Initial cN2 patients
	3.4.4 Initial cN3 patients
	3.4.5 All patients

	3.5 Characteristics of upstaged patients
	3.5.1 cT stage
	3.5.2 Tumor subtype
	3.5.3 Other characteristics


	4 Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	References


