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A B S T R A C T   

Background: A relationship between the axillary-lateral thoracic vessel juncture (ALTJ) dose and lymphedema 
rate has been reported in patients with breast cancer. The purpose of this study was to validate this relationship 
and explore whether incorporation of the ALTJ dose-distribution parameters improves the prediction model’s 
accuracy. 
Methods: A total of 1,449 women with breast cancer who were treated with multimodal therapies from two 
institutions were analyzed. We categorized regional nodal irradiation (RNI) as limited RNI, which excluded level 
I/II, vs extensive RNI, which included level I/II. The ALTJ was delineated retrospectively, and dosimetric and 
clinical parameters were analyzed to determine the accuracy of predicting the development of lymphedema. 
Decision tree and random forest algorithms were used to construct the prediction models of the obtained dataset. 
We used Harrell’s C-index to assess discrimination. 
Results: The median follow-up time was 77.3 months, and the 5-year lymphedema rate was 6.8 %. According to 
the decision tree analysis, the lowest lymphedema rate (5-year, 1.2 %) was observed in patients with ≤ six 
removed lymph nodes and ≤ 66 % ALTJ V35Gy. The highest lymphedema rate was observed in patients with > 15 
removed lymph nodes and an ALTJ maximum dose (Dmax) of > 53 Gy (5-year, 71.4 %). Patients with > 15 
removed lymph nodes and an ALTJ Dmax ≤ 53 Gy had the second highest rate (5-year, 21.5 %). All other patients 
had relatively minor differences, with a rate of 9.5 % at 5 years. Random forest analysis revealed that the model’s 
C-index increased from 0.84 to 0.90 if dosimetric parameters were included instead of RNI (P <.001). 
Conclusion: The prognostic value of ALTJ for lymphedema was externally validated. The estimation of lym
phedema risk based on individual dose-distribution parameters of the ALTJ seemed more reliable than that based 
on the conventional RNI field design.   

Abbreviations: ALTJ, axillary-lateral thoracic vessel juncture; BMI, Body mass index; CI, Confidence interval; CTV, Clinical target volume; DVH, Dose volume 
histogram; ESTRO, European Society for Radiotherapy and Oncology; EQD2, Equivalent 2-Gy dose; HR, Hazard ratio; OAR, organs-at risk; RNI, Regional nodal 
irradiation; RT, Radiation therapy; RTOG, Radiation Therapy Oncology Group; 3D, Three-dimensional. 
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1. Introduction 

Regional nodal irradiation (RNI) was established to improve 
locoregional control and decrease the risk of subsequent distant 
metastasis and breast cancer mortality in patients with high-risk node- 
negative or node-positive breast cancer [1,2]. However, RNI is 
reportedly-one of the most important risk factors for lymphedema 
development [3], which causes pain and increased risk of cellulitis and 
can detrimentally affect a woman’s career [4]. 

Meanwhile, the extent of the RNI field can predict lymphedema risk 
[5]. Namely, a more limited field that includes the coracoid process 
while excluding the humeral head laterally has been associated with a 
lower lymphedema risk compared with that for an extended field that 
includes the surgical neck of humerus. However, target volume con
touring based on anatomical definitions is becoming standard beyond 
conventional field-based radiation therapy (RT) techniques [6] to indi
vidualize RT planning and optimize radiation dose distribution while 
minimizing doses to organs-at risk (OARs) [6]. Many recent studies have 
reported wide intra-institutional and inter-institutional variations in 
target volume contouring and RT planning in modern RT for breast 
cancer [7]. In real-world practice, a severe heterogeneity issue was re
ported in terms of RNI administration [7,8]. In patients who undergo 
breast RT using intensity-modulated radiotherapy, lymphedema risk 
estimation based on the lateral border of the RNI field is no longer in 
effect. These factors may partly explain the inconsistent findings 
regarding the extent of RT fields in a previous multi-institutional 

retrospective study [9]. 
In this context, Gross et al. demonstrated the axillary-lateral thoracic 

vessel juncture (ALTJ) as a potential OAR for lymphedema among eight 
distinct subaxillary regions [10], suggesting a possible dose–effect 
relationship with lymphedema. In the present study, we aimed to vali
date the previous results of a larger cohort study and determine whether 
the incorporation of the individual three-dimensional (3D) dose- 
distribution parameters of ALTJ improves the accuracy of multi
parametric models. 

2. Material and methods 

2.1. Patient cohort 

This study was approved by the institutional review boards of 
Severance Hospital and Ewha Womans University Mokdong Hospital, 
and the requirement for informed consent was waived. We identified 
patients diagnosed with non-metastatic breast cancer who underwent 
definitive treatment of the axilla with surgery and/or RT between 2012 
and 2016. Patients with follow-up periods of <1 year, a history of other 
previous or concurrent malignancies, including contralateral breast 
cancer, or a history of lymphedema prior to the initiation of RT were 
excluded. 

2.2. Radiation therapy 

In Hospital A, RNI was generally indicated in patients with mastec
tomy with N2–3 disease, high-risk N1 disease, and/or T3–4 disease, and 
in patients with receiving breast-conservation who had N1–3 or high- 
risk N0 disease (e.g., medial tumors and/or multiple adverse features). 
The regions to which RNI was administered included the internal 
mammary, axillary, and supraclavicular lymph nodes. Prescribed doses 
to the regional nodes consisted of 50.4 Gy in 28 fractions, 40.05 Gy in 15 
fractions, and 42.56 Gy in 16 fractions. Two tangential photons and an 
anterior photon beam with a single isocenter technique (3D-conformal 
radiation therapy) or volumetric modulated arc therapy with two partial 
arcs were used [11]. 

In Hospital B, RNI was generally indicated in patients with N2–3 
disease regardless of surgery type during the study period. The regions 
that were subjected to RNI included the axillary and supraclavicular 
lymph nodes. The prescribed dose to the regional nodal area was 50.4 Gy 
in 28 fractions. The field arrangement generally consisted of two 
tangential photons for the whole breast/chest wall RT and/or anterior- 
posterior opposing photons for RNI. 

Fig. 1. Three-dimensional contour surface areas of 
the axillary-lateral thoracic vessel juncture (ALTJ)10 

in relation to surroundings and CTV of the axillary 
lymph node level I according to ESTRO and RTOG 
guidelines in a patient with right-sided breast cancer. 
The ALTJ is the anatomical junction where the lateral 
thoracic vein and the subscapular vein join the axil
lary vein. To contour the ALTJ, we first identified the 
axillary vein on the planning CT image, which typi
cally begins at the lower border of the Teres major, 
crosses the axilla, and becomes the subclavian vein at 
the outer border of the first rib. We then identified the 
lateral thoracic vein, which runs diagonally along the 
bony thorax from the anterior to the lateral wall and is 
directed upwards into the axillary vein. The ALTJ is 
located superior to the axillary level I node basin and 
typically encompasses the junction of these veins, 
usually 1–3 cm in length. However, in some cases, the 
ALTJ may be overlapped with the CTV of the axillary 

lymph node level I.   

Table 1 
ALTJ dosimetric parameters converted into equivalent 2-Gy doses considering 
an α/β ratio of 3 Gy.   

Mean SD Median IQR 

ALTJ Dmax (Gy) 24  19.2 24.5 2.6–43.8 
ALTJ Dmean (Gy) 12.5  13.3 6.5 1.6–21.8 
ALTJ Dmin (Gy) 3.2  4.9 1.7 0.8–3.3 
ALTJ V5Gy (%) 43.7 %  42.2 % 33 % 0–93 % 
ALTJ V10Gy (%) 37.1 %  39.7 % 18 % 0–81 % 
ALTJ V15Gy (%) 32.1 %  37.4 % 10 % 0–70 % 
ALTJ V20Gy (%) 26.4 %  34.4 % 3 % 0–56 % 
ALTJ V25Gy (%) 20.7 %  31.3 % 0 % 0–37 % 
ALTJ V30Gy (%) 17.1 %  28.9 % 0 % 0–23.5 % 
ALTJ V35Gy (%) 14.2 %  26.5 % 0 % 0–14 % 
ALTJ V40Gy (%) 10.8 %  22.7 % 0 % 0–4.7 % 
ALTJ V45Gy (%) 4.9 %  14.6 % 0 % 0–0.1 % 
ALTJ V50Gy (%) 0.8 %  0.5 % 0 % 0–0 % 

Abbreviations: ALTJ, axillary-lateral thoracic vessel juncture; SD, standard de
viation; IQR: interquartile range; RNI, regional nodal irradiation; RT, radiation 
therapy. 
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2.3. ALTJ contouring 

The ALTJ was delineated retrospectively by one experienced radia
tion oncologist from each participating hospital using the contouring 
suggestions published by Gross et al. in 2019 (Fig. 1) [10]. The ALTJ is 
defined as the region superior to the axillary level I lymph node basin 
and the cranial border below the lowest contour of the humeral head. In 
some patients whose arms were not fully abducted and externally 
rotated at the shoulder due to pain and sequelae from breast cancer 
surgery, we anatomically focused on the surrounding vessels rather than 
the location of the lowest contour of the humeral head. To minimize 
interobserver variability, cross-checks were periodically performed for 
randomly selected cases to ensure that the ALTJ was delineated in 
compliance with the consensus-based guideline. 

According to the European Society for Radiotherapy and Oncology 
(ESTRO) atlas [12], the clinical target volume (CTV) axillary level 1 
(CTVn_L1) should include the axillary vein with a 5-mm cranial margin, 
which leads to a larger target volume than that obtained with the Ra
diation Therapy Oncology Group (RTOG) CTV in the cranial direction. 
Hence, the ALTJ can be overlapped with the upper part of the ESTRO- 
based CTVn_L1 and the surrounding region can be located superior to 
the RTOG-based CTV axilla-level 1 simultaneously [6]. 

2.4. Lymphedema 

The primary endpoint was the cumulative incidence of symptomatic 
lymphedema, which was calculated from the date of initial breast cancer 
diagnosis to the date of lymphedema diagnosis using the Kaplan–Meier 
method. In general, lymphedema diagnoses were in accordance with the 
Clinical Guideline for the Diagnosis and Treatment of Lymphedema after 
Cancer Therapy from the Korean Society of Lymphedema [13]. Briefly, 

the diagnosis of lymphedema was made in consideration of both 
objective (circumference measurement, bioimpedance measurement, 
and/or lymphoscintigraphy) and subjective (symptoms and signs) as
sessments by rehabilitation expert clinicians. 

2.5. Covariates 

Five clinical parameters identified in our previous work [14] were 
collected as follows: body mass index (BMI; ≥ 25 vs < 25 kg/m2), receipt 
of RNI (no vs limited vs extensive RNI), type of surgery (partial vs total 
mastectomy), number of lymph nodes removed (continuous variable), 
and receipt of chemotherapy (yes vs no). RNI volume was categorized as 
limited RNI, which excluded axillary level I/II, and extensive RNI, which 
included axillary level I-II. Thirteen dosimetric parameters of the ALTJ 
were collected using a dose volume histogram (DVH) that was converted 
into an equivalent 2-Gy dose (EQD2) to generalize the biological effec
tiveness related to each dose per fraction considering an α/β ratio of 3 
Gy. The minimum, maximum, and mean doses in the ALTJ and the ratio 
of the volume of the ALTJ receiving more than X Gy (VXGy) were 
considered candidate predictors for lymphedema (X = 5, 10, 15, 20, 25, 
30, 35, 40, 45, and 50). 

2.6. Analysis 

Classification models using decision trees and random forests were 
constructed either by including five or four clinical parameters 
(excluding RNI) plus 13 dosimetric parameters. We used decision tree 
analysis to divide patients into subgroups based on the statistically 
significant cutoff values of variables within five maximum nodes. De
cision trees were implemented to find an optimal prognostic model that 
accounted for interactions among other treatments and patient factors. 

Fig. 2. Distribution of ALTJ Dmax and ALTJ V35 stratified by RNI (no RNI vs limited RNI vs extensive RNI). Abbreviations: ALTJ, axillary-lateral thoracic vessel 
juncture; 3DCRT, 3-dimensional conformal radiation therapy; RT, radiation therapy; VMAT, volumetric modulated arc therapy; EQD2, equivalent 2-Gy dose 
considering an α/β ratio of 3 Gy; RNI, regional nodal irradiation. 
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A random forest model consisting of 500 survival trees was generated to 
assess the importance of each variable for survival without lymphe
dema. Harrell’s C-index was calculated with the bootstrapping method 
in the decision tree and random forest models. Next, we attempted to 
determine whether incorporating dose-volume metrics into the classi
fication model could significantly increase the descriptive power. In 
addition, the cumulative risk of lymphedema for the different groups 
was estimated individually from the one minus Kaplan–Meier curves. 
Statistical analyses were conducted using R (version 4.0.3; R Foundation 
for Statistical Computing, Vienna, Austria) and SAS (version 9.4, SAS 
Institute, Cary, NC, USA). P values < 0.05 were considered statistically 
significant. 

3. Results 

This analysis included a total of 1,449 patients with histologically 
proven breast cancer who received multimodal therapies at two hospi
tals (977 and 472), as shown in Supplementary Table S1. The mean age 
of the patients was 51.9 ± 10.7 years, and the mean BMI was 23.3 ± 3.4 
kg/m2. Of the included patients, 23.9 % had node-positive disease, and 
axillary surgery involved the removal of six or fewer lymph nodes in 
59.5 % of cases. RNI was used in 32.5 % of patients. The median follow- 
up time was 77.3 months (interquartile range, 70–85 months), and the 
cumulative incidence of lymphedema development was 6.8 % at 5 years. 
The median interval to lymphedema development was 17.5 months 
(interquartile range, 10.6–31.5 months). No significant difference was 

Fig. 3. Prediction models constructed using hierarchical classification and a regression tree for predicting 5-year lymphedema risk. (A) Model 1 included five clinical 
parameters as inputs: BMI (≥25 vs < 25 kg/m2), RNI (no vs limited vs extensive RNI), type of surgery (partial vs total mastectomy), number of removed lymph nodes 
(continuous variable), and receipt of chemotherapy (yes vs no). (B) Model 2 included four clinical parameters (excluding RNI) and 13 ALTJ dosimetric parameters as 
inputs. Lymphedema risk was stratified into four risk categories computed from the five nodes from (A) Model 1 or (B) Model 2. (C) (D) Abbreviations: LN, lymph 
node; BMI, body mass index; ALTJ, axillary-lateral thoracic vessel juncture; HR, hazard ratio; CI, confidence interval; Ref, reference; RT, radiation therapy; RNI, 
regional nodal irradiation. 
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observed in 5-year lymphedema rates between the two hospitals (6.9 % 
[A] vs 6.5 % [B], P =.955). Cox proportional hazard analysis was con
ducted to determine the prognostic values of five clinical covariates, 
which were selected from our previous work. Number of removed lymph 
nodes (hazard ratio [HR] 1.05, 95 % confidence interval [CI] 
1.03–1.07); RNI (limited vs no RNI: HR 3.27, 95 % CI 1.90–5.63 and 
extensive vs no RNI: HR 3.27, 95 % CI 1.83–5.86), and prior chemo
therapy (HR 3.12, 95 % CI 1.29–7.53) were independent predictors for 
lymphedema development. 

The mean ALTJ volume was 17.3 ± 6.1 cc. Various dosimetric pa
rameters such as the mean, maximum, and minimum ALTJ doses and 
V5Gy, V10Gy, V15Gy, V20Gy, V25Gy, V30Gy, V35Gy, V40Gy, V45Gy, and V50Gy of 
ALTJ analyzed from the DVH are reported in Table 1. All metrics showed 
positive correlations, and the correlation coefficients decreased with 
increasing dose differences (e.g., V5Gy and V50Gy, Supplementary 
Figure S1). Significant differences were observed in dosimetric values 
according to the extent of RNI and RT techniques (Supplementary 
Table S2). Significant individual differences were also observed, as 
shown in Fig. 2. 

3.1. Decision tree 

Decision tree analysis was implemented to develop two models for 
the prediction of lymphedema development. Model 1, which included 
five clinical variables, comprised two variables (number of removed 
lymph nodes and RNI) with five nodes (Fig. 3A). Model 2, which 
included four clinical variables (excluding RNI) and 13 ALTJ dosimetric 
parameters, was constructed using three variables (number of removed 
lymph nodes, ALTJ V35Gy, and maximum dose to ALTJ) with five nodes 
(Fig. 3B). According to the decision tree analysis, the lowest lymphe
dema rate (5-year, 1.2 %) was observed in patients with ≤ six removed 
lymph nodes with an ALTJ V35Gy of ≤ 66 %. The highest lymphedema 
rate was seen in patients with > 15 lymph nodes removed, with an ALTJ 
maximum dose of > 53 Gy (5-year, 71.4 %). Patients with > 15 removed 
lymph nodes and an ALTJ maximum dose of ≤ 53 Gy had the second 
highest rate (5-year, 21.5 %). Relatively minor differences in lymphe
dema rates were observed in all the other patients, with a rate of 9.5 % at 
5 years. Our dataset was split into four patient groups according to 
lymphedema risk, with significantly different survival curves in both 
models (Fig. 3C, D). No significant difference in discriminative power 
was observed between the two models (Harrell’s C-index model 1: 0.79, 

Fig. 3. (continued). 
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95 % CI [0.76–0.83] vs model 2: 0.78, 95 % CI [0.74–0.82], P =.288). 

3.2. Random forest 

Random survival forest analysis was implemented to develop two 
models for the prediction of lymphedema development. Model 2, which 
included four clinical parameters (excluding RNI) and 13 ALTJ dosi
metric parameters, provided significantly higher C-index scores 
compared with model 1 (0.90, 95 % CI [0.87–0.92] vs 0.84, 95 % CI 
[0.81–0.87], P <.001). Fig. 4 illustrates the order of importance for all 
variables in the model. The number of removed lymph nodes was the 
most important predictor, while multiple parameters had similar levels 
of importance although less than one-third the importance of the extent 
of axillary surgery. 

4. Discussion 

In the present study, we successfully validated the previous finding 
first proposed by Gross et al. in 2019 in a large, multicenter, external 
dataset that the ALTJ is an OAR for lymphedema [10]. Although both 
multiparametric prediction models incorporating either RNI or dosi
metric parameters as covariates showed similarly excellent accuracy, we 
showed that integrating the ALTJ dose-volume information into the 
model significantly increased the model’s performance for predicting 
individual lymphedema risk. According to the decision tree model, an 
ALTJ V35Gy of > 66 % was significantly associated with increased risk of 
lymphedema in patients with ≤ six removed lymph nodes, which could 

represent the population of patients who underwent sentinel lymph 
node biopsy. Our findings are clinically relevant as the findings of 
several recent trials have led to a shift in treatment from axillary node 
dissection to sentinel lymph node biopsy to prevent morbidity and 
improve quality of life while maintaining regional control and treatment 
outcomes in patients with only a few positive lymph nodes [1,15]. 

One of the key findings of the present study is that the multi
parametric predictive model using ALTJ dosimetric parameters out
performed the model incorporating the conventional RNI field design 
(no vs limited vs extensive RNI). This implies that the volume of irra
diated axillary tissue is more accurately reflected by individual 3D dose- 
volume information in the axilla compared with that for either the 
lateral border of the RNI field or intention to treat. In our study, a sig
nificant range of ALTJ dose-volume distributions were observed, 
although a correlation was observed between the RNI extent and ALTJ 
dose parameters. Interestingly, some patients had non-negligible rates of 
ALTJ dose-volume histograms, including patients who were not treated 
with RNI. This can be partly explained by variations in cranial borders of 
the tangential fields, whole breast target volumes, anatomy, and the 
angle of the patients’ arm in the simulation set-up. In addition, the RT 
technique that used an additional posterior beam to cover the axillary 
area was associated with an increased ALTJ dose (Supplementary 
Table S2). 

In the present study, decision tree and random forest analyses indi
cated that the number of removed lymph nodes is the most important 
factor in determining the overall lymphedema risk. This result corrob
orates the findings reported by Naoum et al., in which 1,815 patients 

Fig. 3. (continued). 
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with breast cancer were prospectively and objectively assessed using a 
perometer in a longitudinal manner [16]. In our study, lymphedema risk 
was significantly lower when the ALTJ V35Gy was ≤ 66 % and less than 
six lymph nodes were removed, whereas its risk was significantly higher 
when the ALTJ maximum dose was > 53 Gy and<15 lymph nodes were 
removed. This implies that the interaction between ALTJ dose param
eters and lymphedema risk appears to be influenced by the surgical 
extent. Our V35 value is somewhat similar to that previously reported by 
Gross et al. (Dmin < 36.8 Gy) [10]. However, the difference between 
these values may be due to the fact that only four patients in our cohort 
had an ALTJ Dmin ≥ 36.8 Gy. This finding may suggest that the extent of 
RNI in our cohort is relatively less extensive than in Gross et al.’s study. 
Further validation studies with larger sample sizes from multiple centers 
are necessary to establish optimal cutoff values. 

This study had several limitations. First, the alpha/beta ratio of 
lymphedema was assumed to be 3, despite the uncertainty associated 
with different fractionation schemes [17] that might be associated with 
the development of lymphedema. Regarding this issue, a phase 3 trial, 
HYPOG-01 (NCT03127995), is underway to compare a 3-week versus 5- 
week schedule for locoregional breast RT with the primary endpoint of 
arm lymphedema [18]. Second, owing to the definition of lymphedema 
[19] and the retrospective nature of this study, lymphedema rates can be 
underestimated in cases of asymptomatic lymphedema. Although the 
definition of lymphedema varies across studies, both subjective and 
objective findings in longitudinal prospective evaluations should be 
incorporated in the future [20]. Furthermore, while a recent large 
cohort study of 5900 mastectomy patients showed a protective effect of 

immediate breast reconstruction in the development of lymphedema 
[21], our study cohort, which included only 291 mastectomy patients 
(20 % of the total population), was limited in its ability to evaluate the 
impact of reconstruction. Similarly, our study was limited in its ability to 
analyze the influence of systemic treatment on lymphedema develop
ment. Thus, a separate study including only patients who underwent 
systemic treatment is ongoing. Finally, because this study was con
ducted with a dataset including only young Asians with a relatively low 
BMI, further validation might be needed in patients of another ethnicity. 
Lymphatic drainage in the arm may vary among patients; thus, indi
vidual imaging of the lymphatic system, including lymphatic vessel 
anatomy, might be an ideal approach [22]. Since none of the plans 
provided full-dose coverage to regional nodes in the MA.20, EORTC, 
AMAROS, or Z11 trials [23], we believe sparing the dose to the ALTJ 
could reduce the risk of lymphedema without increasing marginal 
recurrence, and can therefore be the focus of future research. 

In conclusion, ALTJ dose-volume parameters were independently 
associated with lymphedema risk, although the number of lymph nodes 
dissected was the most important factor. Our findings suggest that 
estimation of lymphedema risk based on individual dose-distribution 
parameters of the ALTJ are more reliable than that using the conven
tional method. The model for predicting the probability of normal 
tissue-associated complications was developed and validated in a 
separate study [24]. 

Fig. 3. (continued). 
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