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Purpose: Axillary substructures may contribute to the development of breast cancer-related lymphedema (BCRL). This study aimed to
compare dose-volume parameters of various substructures to identify high-risk regions associated with BCRL and to evaluate the clini-
cal applicability of these findings.

Methods and Materials: Cohort-Initial included 336 patients with pT1-3N0-1MO breast cancer who underwent mastectomy or lump-
ectomy with axillary lymph node dissection (ALND) and regional nodal irradiation (RNI) between August 2018 and February 2021.
The Norman questionnaire was used to assess BCRL. Thirteen dose-volume parameters across 8 axillary substructures were assessed for
association with BCRL. Cohort-Recurrence comprised 50 consecutive ALND-treated patients with regional nodal recurrence diagnosed
using positron emission tomography/computed tomography, used to evaluate the recurrence risk in the candidate substructures.
Cohort-Reoptimization involved 20 patients from the Cohort-Initial who received excessive radiation doses in the candidate substruc-
ture. Their treatment plans were reoptimized to assess the feasibility of dose reduction while maintaining target coverage and organ
dose.

Results: The patient-reported cumulative incidence of BCRL was 33.9% during a median follow-up of 60 months. Significant baseline
risk factors included body mass index > 27.18 kg/mz, tumor size > 1.9 cm, premenopausal status, and > 18 lymph nodes removed (all
P < .05). The most significant dosimetric parameter was axillary-lateral thoracic vessel juncture (ALT])-V35¢, > 79.2%. A predictive
nomogram incorporating these clinicopathologic factors and the ALT] parameter was developed with reasonable accuracy, as confirmed
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by self-training (area under the curve value, 0.780) and internal validation (area under the curve value, 0.769). None of the 196 fluoro-
deoxyglucose-avid regional nodes in Cohort-Recurrence were located within the ALT]. Reoptimization of ALT]-V35¢, was feasible

without compromising the radiation therapy plan quality.

Conclusions: ALT]-V35¢, < 79.2% may serve as a reccommended dose constraint for patients undergoing RNI after ALND. Avoiding
excessive radiation to the ALT]J is clinically feasible and safe, potentially mitigating BCRL risk without compromising dose coverage to

high-risk nodal regions.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Breast cancer-related lymphedema (BCRL) remains a
prevalent and challenging complication arising from the
multidisciplinary treatment of breast cancer, especially
following axillary lymph node dissection (ALND) and
regional nodal irradiation (RNI). BCRL affects approxi-
mately 1 in 15 to 1 in 3 breast cancer survivors world-
wide, with incidence rates varying depending on the
therapeutic strategies." Given its significant impact on
quality of life, increasing attention has been paid to it in
recent years.z'

The extent of ALND and the application of RNI are 2
primary contributors to BCRL.” Prior studies have dem-
onstrated that RNI may increase the absolute risk of
BCRL by approximately 3% to 5%,”° consistent with
prior findings.”'" Although RNI poses a lower risk than
ALND, it remains a clinically significant factor, particu-
larly in patients with node-positive (pN+) or high-risk
node-negative (pNO) disease, where RNI is the standard
treatment.''

Several studies have found that specific axillary subre-
gions may correlate with a heightened risk of BCRL when
exposed to high radiation doses."”'* These areas can be
delineated as organs at risk (OARs), allowing for targeted
dose constraints without compromising therapeutic
outcomes.''® With increasing precision of treatment
delivery, including knowledge-based treatment planning
and better image guidance, the avoidance of specific axil-
lary substructures becomes technically possible.

In this study, we aimed first to establish whether
there are specific axillary substructures to which an
increased radiation dose is associated with the risk of
BCRL in operable patients with breast cancer receiving
RNI. Another cohort of regional recurrent patients was
prepared to validate whether the BCRL high-risk struc-
tures are located in the high-risk nodal recurrent area or
not. A novel nomogram that integrates dosimetric
parameters and clinicopathologic factors for predicting
BCRL was then developed. Finally, we assessed the feasi-
bility of replanning RNT cases based on the nomogram-
recommended dose-volume constraints using a state-of-
the-art intensity modulated radiation therapy (IMRT)
technique.

Methods and Materials

Patients

Patients with pT1-3N0-1MO breast cancer (according
to the American Joint Committee on Cancer 8th staging
system) who underwent definitive breast-conserving sur-
gery or mastectomy with ALND, followed by postopera-
tive radiation therapy (RT) (including RNI) between
August 2018 and February 2021, were identified from the
departmental database and included in this study as
Cohort-Initial to investigate the substructure associated
with BCRL. Patients who received neoadjuvant therapy,
developed BCRL before RNI, had distant metastasis, or
had incomplete clinical records were excluded.

Another cohort (Cohort-Recurrence) of consecutive
patients with breast cancer with a prior ALND history,
who underwent positron emission tomography (PET)/
computed tomography (CT) scans between January 2018
and June 2021 and were diagnosed with regional nodal
recurrence, was identified and analyzed for recurrence
risk.

This study was approved by the institutional review
board at Shanghai Ruijin Hospital.

Treatment

All patients in Cohort-Initial started the RT within 2 to
4 weeks after completing adjuvant chemotherapy or
within 4 to 6 weeks after surgery in the absence of chemo-
therapy. All patients underwent CT scan simulation, and
the clinical target volume, as well as OARs, was delineated
according to the in-house guidelines.'” The clinical target
volumes include the ipsilateral whole breast or chest wall,
supraclavicular nodes, and undissected axillary nodes,
with or without the internal mammary chain. IMRT was
used for all patients with either a conventional fraction-
ation regimen (50 Gy in 25 fractions) or a hypofractio-
nated regimen (40.05 Gy in 15 fractions). IMRT was
delivered using multiple fixed fields, with 4 to 6 tangential
beams covering the breast/chest wall and internal mam-
mary region, and 2 to 3 beams for the supraclavicular
area (gantry angles 300°-20°) using fixed posterior jaws.


http://creativecommons.org/licenses/by/4.0/

e92 J.-Q. Huang et al

Practical Radiation Oncology: March/April 2026

RT plans were accepted if the D95 of the target volume
exceeded 95% of the prescribed dose and the OAR con-
straints were met. The mean heart dose was limited to <5
Gy for patients with left-sided breast cancer and <2 Gy
for patients with right-sided breast cancer. The mean
dose was limited to <15 Gy for the ipsilateral lung, <2 Gy
for the contralateral lung, and <3 Gy for the contralateral
breast. Details of the RT plan are outlined in the protocol
of the HARVEST trial (NCT03829553) conducted at our
institution.'®

Axillary substructures contouring

Following the description by Gross et al'” and our
institutional practice,’” the axilla was divided into 8 sub-
structures, as shown in Figs. E1 and E2 and detailed in
Table E1. These substructures include (1) medial supra-
clavicular region; (2) lateral supraclavicular region; (3)
axillary lymph node level III; (4) higher axillary lymph
node level II (higher ALN-II); (5) axillary-lateral thoracic
vessel junction (ALTY); (6) lateral to ALTYJ; (7) medial to
ALT]J; and (8) lower axillary lymph node region, including
ALN-II and ALN-I (lower ALN-II + ALN-I). The follow-
ing dose-volume histogram (DVH) metrics were collected
from the treatment planning system for data analyses:
maximum dose (Dmax), minimum dose (Dmin), and
mean dose (Dmean); V50gy,, V45g,, V40, V35gy,
V306, V2565 V20G, V15g, V10G, and V5g,. For
patients treated with the hypofractionated regimen, DVH
metrics were converted into equivalent doses in 2-Gy
fractions (EQD2) using an «/p ratio of 3 Gy to correct for
differences and facilitate analysis.' ">’

Follow-up and assessment for lymphedema

All patients were assessed weekly during treatment,
then every 3 months for the first 2 years, and subsequently
every 6 months. Patients received health education on
BCRL before initiating RT. The diagnosis, grading, and
incidence of BCRL reported in this study were all based
on patient self-reports using the Norman questionnaire.”'
All patients diagnosed with lymphedema were referred to
the rehabilitation department during routine visits for fur-
ther treatment to ensure effective management.

Statistical analysis

The Kaplan-Meier method was used to estimate the
cumulative incidence of BCRL from the date of surgery to
diagnosis. Univariate and multivariate Cox proportional
hazards models were applied to assess the association of
clinicopathologic factors, axillary substructures, and dose-
volume parameters with the BCRL. P-values were
adjusted for multiple testing using the Benjamini-

Hochberg procedure, and a 2-sided P < 0.05 was consid-
ered statistically significant. Hazard ratios (HRs) and 95%
confidence intervals (CIs) were reported. Baseline charac-
teristics between groups were compared using the chi-
square test, Fisher’s exact test, or Mann—Whitney U test,
as appropriate. Optimal cut-off values for continuous var-
iables were determined using the maximally selected rank
statistics. The Akaike information criterion guided the
selection of the optimal dose metric for the multivariable
modeling and nomogram construction. The receiver
operating characteristic curve was generated using a non-
parametric empirical method and smoothed using a ker-
nel-based density estimation for visualization; the area
under the curve (AUC) values were calculated from the
original unsmoothed curves. Associations between radia-
tion dose and lymphedema severity were evaluated using
Spearman’s rank correlation analysis and ordinal logistic
regression. Paired f tests were performed to compare
DVH metrics between RT plans. All analyses were con-
ducted using R version 4.2.2 and GraphPad Prism version
94.1.

Results

Patient characteristics

A total of 336 patients with breast cancer were enrolled
in Cohort-Initial to identify the risk factors associated
with BCRL, of whom 289 patients were previously
reported in a prior publication and were followed up in
this update.” The median age was 53 years (interquartile
range [IQR], 44-64 years), and the median body mass
index (BMI) was 23.0 kg/m® (IQR, 21.2-25.1 kg/m?).
Most patients underwent mastectomy (n = 282, 83.9%),
and all patients received ALND, including 9 pNO patients
who failed sentinel biopsies and underwent RNI because
of adverse pathologic features. The median number of
lymph nodes removed was 19 (IQR, 14-22). Among the
enrolled patients, 73.2% were treated with conventional
fractionated RT. The detailed characteristics of Cohort-
Initial are summarized in Table 1. The study scheme is
illustrated in Fig. 1.

Clinicopathologic factors associated with
lymphedema

During a median follow-up of 60 months (95% CI, 59-
62 months), 114 patients in Cohort-Initial (33.9%)
reported developing BCRL. The 2-year cumulative inci-
dence of BCRL was 25.0%. Among the Cohort-Initial,
mild, moderate, and severe lymphedema occurred in
25.0%, 6.0%, and 3.0% of patients, respectively. All factors
with P < .05 in univariate Cox regression analysis were
included in multivariate analysis (Table E2), and the
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Table 1 Patient, tumor, and treatment characteristics of the cohort (n = 336)

Clinical features Total (n = 336) Training set (n = 236) Test set (n = 100)
Age (median [IQR]), y 53 (44-64) P=.9570
51 (44-61) 53 (45-63)
BMI (median [IQR]), kg/m2 23.0 (21.2-25.3) P =.3664
232 (21.2-25.3) 22.6 (21.1-24.8)
Menopausal status, n (%) P=.1505
Premenopausal 138 (41.1) 91 (38.6) 47 (47.0)
Postmenopausal 198 (58.9) 145 (61.4) 53 (53.0)
Surgery type, n (%) P=.7278
Mastectomy 282 (83.9) 197 (83.5) 85 (85.0)
Lumpectomy 54 (16.9) 39 (16.5) 15 (15.0)
Tumor laterality, n (%) P = 8155
Left 178 (53.0) 126 (53.4) 52 (52.0)
Right 158 (47.0) 110 (46.6) 48 (48.0)
Tumor location, n (%) P =.9976
Lateral 215 (64.0) 151 (64.0) 64 (64.0)
Median or central 121 (36.0) 85 (36.0) 36 (36.0)
Tumor size (median [IQR]), cm 3.0 (2.0-3.0) P = .4106
2.5 (2.0-3.0) 2.2 (2.0-3.0)
No. of LNs removed (median [IQR]) 19 (14-22) P =.3264
17 (14-22) 17 (12-21)
No. of LNs positive, n (%) P = .4889
0 9(2.7) 7 (3.0) 2(2.0)
1 157 (46.7) 110 (46.6) 47 (47.0)
2 106 (31.5) 79 (33.5) 27 (27.0)
3 64 (19.1) 40 (16.9) 24 (24.0)
Histologic type and grade, n (%) P =.2061
IDC grade I 9(2.7) 6 (2.5) 3 (3.0)
IDC grade I 175 (52.1) 131 (55.5) 44 (44.0)
IDC grade IIT 118 (35.1) 79 (33.5) 39 (39.0)
Others 34 (10.1) 20 (8.5) 14 (14.0)
Biological subtype, n (%) P =.6497
Luminal A 55 (16.4) 41 (17.4) 14 (14.0)
Luminal B (HER2—) 152 (45.2) 110 (46.6) 42 (42.0)
Luminal B (HER2+) 45 (13.4) 28 (11.9) 17 (17.0)
HER?2 enriched 48 (14.3) 33 (14.0) 15 (15.0)
Triple negative 36 (10.7) 24 (10.1) 12 (12.0)
Chemotherapy, n (%) P = 3139
Yes 325 (96.7) 230 (97.5) 95 (95.0)
No 11 (3.3) 6(2.5) 5 (5.0)

(Continued),
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Table 1 (Continued)

Clinical features

Total (n = 336)

Training set (n = 236) Test set (n = 100)

Taxane-based chemotherapy, n (%)

Yes 323 (96.1)

No 13 (3.9)
Hormone therapy, n (%)

Yes 253 (75.3)

No 83 (24.7)
Anit-HER? therapy, n (%)

Yes 91 (27.1)

No 245 (72.9)
Fractionation

CFRT (50 Gy/25 Fx) 246 (73.2)

HERT (40.05 Gy/15 Fx) 90 (26.8)

P= 3139
228 (96.6) 95 (95.0)
8(3.4) 5 (5.0)
P=.9344
178 (75.4) 75 (75.0)
58 (24.6) 25 (25.0)
P = 2930
60 (25.4) 31 (31.0)
176 (74.6) 69 (69.0)
P = 9540
173 (73.3) 73 (73.0)
63 (26.7) 27 (27.0)

No. = number.

Abbreviations: BMI, body mass index; CFRT = conventional fractionation radiation therapy; Fx = fraction; HER2 = human epidermal growth factor
receptor 2; HFRT = hypofractionated radiation therapy; IDC = invasive ductal carcinoma; IQR = interquartile range; LN = lymph node;

following independent risk factors for developing BCRL
were identified: BMI > 27.18 kg/m* (HR, 2.02; 95% CI,
1.22-3.33; P = .006), tumor size > 1.9 cm (HR, 1.75; 95%
CI, 1.17-2.61; P = .006), and the number of lymph nodes
removed > 18 (HR, 1.52; 95% CI, 1.04-2.24; P = .031).
Additionally, postmenopausal status was identified as a
protective factor against BCRL development (HR, 0.59;
95% CI, 0.36-0.96; P = .035) (Fig. E3).

Substructure parameter determination and
establishment of the nomogram

Following the analysis of clinicopathologic risk factors
in the entire population of Cohort-Initial, this cohort was
subsequently randomly divided into a training set
(n = 236, 70%) and a test set (n = 100, 30%) (Table 1).

Each DVH metric for the 8 axillary substructures was
classified into 2 groups based on optimal cut-off values
determined using maximally selected rank statistics.
Except for axillary lymph node level III and higher ALN-
I1, all substructures had DVH metrics that were signifi-
cantly associated with BCRL. A total of 39 DVH metrics,
along with 4 clinicopathologic risk factors, were inte-
grated into the multivariable Cox model developed in the
training set (Table E3). Among these, ALT]-V35¢5, >
79.2% was identified as the optimal parameter for predict-
ing BCRL based on the minimum Akaike information cri-
terion value. A nomogram for BCRL prediction was
developed using Cox regression analysis (Fig. 2). The
model achieved an AUC value of 0.780 in the training set
and 0.769 in the test set, demonstrating good predictive
accuracy (Fig. E4). Both ordinal logistic regression and
Spearman rank correlation analysis in the training set

350 patients treated from 2018.08 to 2021.02
met the inclusion criteria

Excluded 14 patients developed BCRL
before receiving RT

Cohort - Recurrence:
50 patients with prior ALND history

’ Cohort - Initial: 336 patients enrolled |

treated from

Cohort - Re-Optimization:
| 2019.01-2019.12

75 patients received an excessive dose

underwent PET/CT

between Jan 2018 and Jun 2021

Identified clinicopathological factors
related to BCRL in Cohort - Initial

of ALTJ-V35, from Cohort - Initial

’ Identified 196 recurrent nodes ‘

7: 3 randomized

Matched tumor laterality
& fractionation regii

through PET/CT

Training-set: 236 patients
173 with CFRT, 63 with HFRT

Test-set: 100 patients
73 with CFRT, 27 with HFRT

’ Located all recurrent nodes |

in 8 substructures

Analyzed the recurrence risk of
each substructure
in patients with ALND histor:

Identified axillary substructures

& dosimetric parameters related to BCRL

I 20 patients re-optimized the RT-plans

Compared the RT-plan
PTV & OAR dosimetric parameters
before & after re-optimization

Figure 1

Developed a nomogram for predicting BCRL:
clinical risk factors & dosimetric parameter

| Validated the nomogram for BCRL |

The study scheme. The scheme of this retrospective cohort study.
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Figure 2 A nomogram for breast cancer-related lymphedema (BCRL) prediction. Combined nomogram predicting BCRL risk
based on clinicopathologic factors and metric of the axillary substructure axillary-lateral thoracic vessel juncture (ALTY).

demonstrated a significant positive association between
ALTJ-V355, and lymphedema severity. ALT]-V35¢, was
associated with increased odds of higher lymphedema
grades (odds ratio per 1% increase = 1.026; P < .001), and
Spearman correlation supported a moderate monotonic
trend (p = 0.282; P < .001), indicating a dose-response
relationship. These findings were further corroborated in
the test set, observing consistent results (odds ratio per
1% increase = 1.034, P = .002; p = 0.310, P =.002).

Regional nodal recurrence risk in substructures

Overall, 3 patients (0.89%) in Cohort-Initial experi-
enced regional nodal recurrence during the 60-month fol-
low-up. The location of recurrent regional lymph nodes
(rLNs) is detailed as follows: patient 1, located in the
medial and lateral supraclavicular region as well as higher
ALN-II, with only the lateral supraclavicular region show-
ing out-of-field recurrence; patient 2 had 1 in the medial
upper cervical region as out-of-field recurrence and 1 in
the lower ALN-I as marginal recurrence; patient 3 had 1
in the lateral supraclavicular region, which was out-of-
field recurrence. All cases were confirmed using either
core needle biopsy or fine-needle aspiration.

To address the challenge of assessing recurrent risk for
each substructure because of the limited number of rLNs,
we established an additional cohort, Cohort-Recurrence
consisting of 50 consecutive patients who were initially
diagnosed with stage II-III breast cancer and underwent
ALND during their initial treatment and were subse-
quently diagnosed with regional nodal recurrence using

PET/CT scans, of whom 46 had at least 1 nodal recur-
rence confirmed using cytology or histology. This group
of patients had been described in a prior study, with 15
individuals (30%) having a prior history of RNI."” Patient
characteristics are summarized in Table E4. The median
time to regional nodal recurrence in the Cohort-Recur-
rence was 44 months (95% CI, 27-67 months). A total of
196 fluorodeoxyglucose-avid regional lymph nodes were
identified. The majority were located in the supraclavicu-
lar region (n = 126, 64.3%) and the internal mammary
chain region (n = 29, 14.8%). No positive nodes occurred
directly on ALTTJ, except for 2 (1.0%) medial to ALT] and
1 (0.5%) lateral to ALTJ. A visual representation of the
positive nodes and substructures was presented in Fig. 3.
The distribution of rLNs across substructures is summa-
rized in Table 2. For the 15 patients with a previous RNI
history, Table E5 presents the initial RNI target volume
and the recurrent type of the rLNs.

Clinical applicability of optimizing the ALTJ
parameter

To evaluate the clinical applicability of optimizing the
ALT]J-V35¢,, 75 patients who received an excessive dose
of ALT]-V35¢, in the Cohort-Initial between January
2019 and December 2019 were retrospectively identified,
a Cohort-Reoptimization was constructed. After balanc-
ing for tumor laterality and fractionation regimens, 20
patients were selected and stratified into 2 groups: 10
patients with 0-1 clinicopathologic risk factors (clinically
low-risk) and 10 patients with > 2 clinicopathologic risk
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Figure 3

A visual representation of the positive nodes and substructures. A 2-dimensional (A) and 3-dimensional (B) over-

view of the '®F-fluorodeoxyglucose-avid recurrent regional nodes based on the substructure delineation map of a modal case.

factors (clinically high-risk). Medical dosimetrists reopti-
mized the plans to reduce ALT]-V35g, to <79.2%, while
ensuring adequate planning target volume (PTV) cover-
age and adherence to OARS’ constraints. Figure 4 demon-
strates a significant reduction in ALT] dose after
reoptimization in both groups, indicating the feasibility of
reducing the risk of BCRL by optimizing ALT]-V35g, in
the RT plan for all patients, irrespective of their number
of clinicopathologic risk factors. Comparisons of DVH
metrics for PTV and OARs before and after reoptimiza-
tion are detailed in Tables E6 and E7. Although certain
dosimetric parameters showed statistically significant dif-
ferences, these changes consistently maintained or
improved the overall RT plan quality.

Discussion

BCRL significantly impacts the quality of life, physical
appearance, and mental health of breast cancer

ALND, the risk of lymphedema is substantially
elevated.'™'* Therefore, developing practical tools for
BCRL prediction is essential to assist oncologists in opti-
mizing therapeutic strategies. In this study, apart from 3
classical factors, including higher BMI, larger tumor size,
and increasing number of axillary nodes dissected, we
identified a significant association between high radiation
doses to the ALT]—an axillary substructure located supe-
rior to ALN-I—and the development of BCRL. A nomo-
gram for predicting BCRL incorporating ALT] DVH
metrics and clinicopathologic risk factors was developed,
demonstrating strong predictive performance in both the
training set (AUC value, 0.78) and test set (AUC value,
0.77). Regarding the recurrence pattern, we confirmed
that the ALTJ is not a high-risk area for regional nodal
recurrence in patients after ALND with rLNs detected
using PET/CT scans, irrespective of prior RNI history.
Finally, optimizing ALT]-V355, did not compromise the
quality of the RT plan.

Our study shares both similarities and differences in
conclusions with 3 previous studies in this field (summa-

survivors.”>>’ For patients who undergo RNI after rized in Table E8).>'®** Regarding clinicopathologic
Table 2 Distribution of the recurrent lymph nodes in axillary substructures in Cohort-Recurrence

Substructures Recurrent without RNT history (n = 35) recurrent with RNI history (n = 15)

Lower axillary region 3 (rLNn = 6) 3 (rLNn = 5)

ALT] 0 0

Lateral to ALT]J 1 (rLNn=1) 0

Medial to ALT] 0 2 (rLNn =2)

Higher ALN-II 9 (rLNn = 14) 0

ALN-III 6 (rLNn =7) 1 (rLNn=1)

Rotter’s nodes 3 (rLNn = 4) 1 (rLNn=1)

Internal mammary chain region 14 (rLNn = 21) 5 (rLNn = 8)

Medial supraclavicular region 21 (rLNn = 72) 10 (rLNn = 22)

Lateral supraclavicular region 15 (rLNn = 23) 2 (rLNn =9)

Abbreviations: RNI = regional nodal irradiation; rLNn = number of recurrent regional lymph nodes; ALT] = the axillary-lateral thoracic vessel junc-

ture; ALN-II = axillary lymph node level II; ALN-III = axillary lymph node level III.
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Figure 4 Dose comparison before and after plan reoptimization. Comparison of the radiation therapy (RT) plans before and
after optimizing axillary-lateral thoracic vessel juncture (ALT])-V355, metric for patients who underwent different surgeries and
different fractionated RT. Planning target volume (PTV) is delineated in red, and ALTJ in cyan. (A) and (B) present a compari-
son of the plans before and after optimization for a mastectomy patient receiving conventional fractionated RT (CFRT). The
left-side dose line corresponds to 4500 cGy (90% of the prescribed dose). (C) and (D) present a comparison of the plans before
and after optimization for a patient undergoing breast-conserving surgery and receiving hypofractionated RT (HFRT). The left-
side dose line corresponds to 3605 cGy (90% of the prescribed dose).

factors, previous studies have consistently reported a pos-
itive correlation between the number of lymph nodes
removed and the risk of lymphedema.”*® Two studies
also identified higher BMI as a risk factor.'”** Our find-
ings suggest that premenopausal patients might be at a
higher risk of developing BCRL, which is not a traditional
risk factor, probably explained by the fact that younger
patients tend to be more physically active; however, it is
also possibly biased by the questionnaire because they are
more proactive in monitoring their health conditions.
Using a more clinically relevant substructure-dividing
approach, we found that ALT]J is the axillary substructure
most strongly associated with BCRL, which aligns with
the results of Gross et al'” and Park et al'®. By synthesiz-
ing our dosimetric findings with prior studies, we suggest
that a dose range of 35 to 40 Gy may be critical for the
risk of lymphedema. However, the study conducted by
Healy et al** found that there did not exist a substructure
in the axillary region associated with BCRL. It is worth
noting that Healy et al** delineated the lymphatic drain-
age region according to the Radiation Therapy Oncology
Group guidelines, delineating only the ALT] region
among the substructures. This may lead to a substantial
overlap between the axillary PTV and ALT] in most
patients (91.3%). These discrepancies in retrospective
studies likely arise from variations in substructure defini-
tions and the incorporation of clinicopathologic factors.

The delineation of the ALTJ region as a high-risk area
for lymphedema in RNI can be partially explained from
an anatomic perspective. According to the axillary reverse
mapping theory, the lymphatic drainage pathways of the
upper extremity and the breast are distinct but may con-
verge in certain instances.””* Pavlista et al”’ demon-
strated that some lymphatic collectors of the upper
extremity are located cranially and medially to the axillary
vein, while Han et al’’ and Ikeda et al’' reported that 3%
to 17% of patients have lymphatic drainage nodes primar-
ily situated above the axillary vein. Although 63% to 97%
of lymphatic drainage nodes are located between the axil-
lary vein and the second intercostal nerve, most patients
do not develop lymphedema after ALND.”” This suggests
that the lymphatic drainage system cranial to the axillary
vein may play a protective role against lymphedema.”
Therefore, for patients undergoing ALND, protecting the
ALTY] region from high irradiation doses might be helpful
in preserving the upper extremity lymphatic drainage and
reducing the risk of lymphedema.

One of the challenges in identifying BCRL-related sub-
structures during RNI is the uncertainty of oncological
outcomes over long-term follow-up. Referring to large
randomized controlled trials with similar populations, the
5-year regional nodal recurrence rate among patients
undergoing ALND was 0.5% in the SENOMAC study,
while the AMAROS study reported a 10-year cumulative
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axillary recurrence rate of 0.93% in the ALND group.”*”
Given the extremely low recurrence rate and the limited
follow-up duration, evaluating regional control in the 336
patients enrolled in Cohort-Initial remains challenging.
Therefore, another cohort of patients from our previous
study'” who underwent ALND and subsequently devel-
oped regional nodal recurrence diagnosed using PET/CT
scan was analyzed. It is found that no recurrence was
observed directly in the ALT] region (0%) and only a dis-
tinctly low recurrence rate (1.5%) in its accessory regions.
DeSelm et al’® identified 243 rLNs in 153 patients. Most
of the recurrence sites were in the axilla (42% of rLNs),
internal mammary chain (32.5%), and supraclavicular
region (25.5%).

Another challenge lies in the evolving landscape of aux-
iliary management. For patients with ¢NO and 1 to 2 posi-
tive sentinel lymph nodes, ALND is no longer the standard
of care.'”” We acknowledge this as the major limitation of
our study. Nevertheless, our results demonstrated that the
number of positive lymph nodes does not serve as a signifi-
cant clinicopathologic risk factor, suggesting that our
results can be extrapolated to higher-risk patients, such as
those with pN2 or above, in whom ALND remains stan-
dard practice. Importantly, our study supports the use of
dose constraints rather than complete dose exclusion of the
ALT]J region, which provides clinical feasibility for balanc-
ing treatment outcomes and adverse toxicity. In the current
era of axillary surgical de-escalation, the optimal approach
to RNI for patients with 1 to 2 positive sentinel lymph
nodes remains unsettled. Although the Z0011 trial specified
whole-breast irradiation as the intended target, its RT qual-
ity assurance data revealed that a substantial proportion of
patients received high-tangential fields or even RNL™ In
the AMAROS trial, comprehensive RNI encompassing
axillary levels I to ITI was used as an alternative to ALND.”
The RT quality assurance analyses from the SENOMAC
trial showed considerable heterogeneity in the indications
for axillary level I irradiation across Sweden and Denmark;
more than 80% of level I axillae received full-dose radiation
regardless of whether it was the intended target.”” Conse-
quently, the dose to the ALT] region may vary significantly
depending on the defined RNI target volume. In response
to this clinical uncertainty, the prospective trial
NCT06583655 has been conducted to evaluate the inci-
dence of lymphedema, as well as disease-free survival and
overall survival among patients with cNO disease undergo-
ing different surgical and RT strategies; subsequent analy-
ses from that study are expected to help define appropriate
ALTJ dose constraints with various RNI target scenarios.
From retrospective data, among patients receiving RNI—
including 27.8% who underwent sentinel lymph node
biopsy alone—omission of upper axillary level I (where the
ALTJ is anatomically located) irradiation is oncologically
safe."” Although current information does suggest that the
ALTT and its adjacent areas are not at high risk for axillary
recurrence, it is possible that our results can be applied to

patients with sentinel lymph node biopsy only, perhaps
with less strict restrictions, as the general lymphatic drain-
age is preserved in this population. Finally, the technical
transition has markedly improved our ability to sculpt the
doses delivered to axillary substructures. Although all
patients in our study were treated with IMRT, the beam
configurations were relatively straightforward, making our
findings translatable to centers still using 3-dimensional
conformal RT techniques.

Besides the axillary surgical type, there are several limi-
tations to our study. First, accurately defining and assess-
ing BCRL remains a global challenge. In this study, we
used a combined approach of patient self-report and phy-
sician assessment for diagnosis, and only the self-report-
ing results were included in the analysis. Research
conducted by the American Society of Breast Surgeons
highlights that patient self-reporting remains the most
widely adopted screening method,"' and self-reporting
questionnaires can function as an educational tool,
increasing patients’ awareness of BCRL. Although the fea-
sibility and stability of the Norman questionnaire in diag-
nosing BCRL have been validated, and several studies
have found that self-reported symptoms may represent
early indicators of BCRL,*>*’ patient self-report may
overestimate BCRL incidence, potentially resulting in an
overconservative dosimetric recommendation. Second, we
assumed an «/f ratio of 3 Gy for lymphedema in this
study, which was derived from breast cancer control but
not lymphedema as the endpoint. Despite these limita-
tions, our study benefits from a relatively large sample
size and an extended follow-up. We would expect to
reduce the incidence of BCRL by limiting the radiation
dose to the ALT] region to the given threshold without
compromising the plan quality.

Conclusion

We identified the ALTJ region as a risk substructure in
the axilla associated with BCRL in operable breast cancer
patients undergoing ALND and RNI and found that
ALT]J-V35¢, is an independent risk factor for BCRL. By
integrating clinicopathologic risk factors, we developed a
nomogram suggesting that ALT]-V35g, < 79.2% may
serve as a dose constraint to reduce the risk of BCRL. The
ALTJ region is not a high-risk area for regional nodal
recurrence, and limiting ALTJ-V35, would not compro-
mise PTV coverage or conventional OAR dose con-
straints. Prospective studies are warranted to confirm
these findings.
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