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Abstract

Objective: Upper Limb Lymphedema (ULL) and Shoulder Joint Dysfunction (SJD) are common sequelae following breast
cancer (BC) treatment, though their underlying pathophysiological mechanisms remain incompletely elucidated. This study

aims to develop and validate a reliable nomogram for predicting the risk of ULL and SJD.

Methods: 122 BC patients who underwent surgery and radiotherapy from 2022 to 2024 were analyzed by univariate and
multivariate logistic regression to identify factors affecting ULL and SJD, and to develop a nomogram. Nomograms were de-
veloped and evaluated using ROC curve, calibration curve, and decision curve analysis (DCA). Another 30 patients were

used for validation of nomogram’s accuracy and clinical utility.

© 2025. Chunming Lin, Xuexiang Yan, Xiang Feng, Youjun Wu, Meizhen Shen,. This is an
open access article published by Jscholar Publishers and distributed under the terms of the
Creative Commons Attribution 4.0 International License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are
credited.
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Results: The univariate logistic regression indicated that axillary lymph node dissection (ALND), modified radical mastecto-
my (MRM), total number of lymph dissected nodes(TLN), AJCC 8" TNM stage, chest wall radiation (CW), internal mam-
mary lymph drainage region radiation (IM_region), supra/infraclavicular region radiation (SI_region), minimum dose of ax-
illa level I (I_Dmin), maximum dose of axilla level I (I_Dmax) , maximum dose of axilla levelIIl (ll_Dmax), minimum dose
of axillary cavity (ACDmin) were influencing factors of ULL (P < 0.05). Multivariate logistic regression analysis showed that
I_Dmin, I Dmax, ALND and MRM were independent risk factors for ULL (P < 0.05). A predictive nomogram incorporat-
ing these four variables was developed for ULL. Similarly, ALND, MRM, TLN, AJCC 8" TNM stage, CW, IM_region, SI_re-
gion, I Dmin, I_Dmax, mean dose of axilla level I (I_Dmean), ACDmin were influencing factors of SJD (P < 0.05). Multi-
variate logistic regression analysis showed that I_Dmin, I_Dmax, ALND and MRM were independent risk factors for SJD
(P < 0.05), based on which a SJD nomogram was built. ROC demonstrated that both ULL and SJD nomograms exhibited ro-
bust temporal stability and discriminative efficacy, with area under the curve (AUC) values of 0.891 and 0.910, respectively.
The calibration curves exhibited satisfactory accuracy in both training and validation cohorts, showing excellent concor-
dance between predicted probabilities and actual observations. DCA revealed superior clinical applicability of the nomo-

grams.

Conclusions: The nomogram models—integrating radiation dose parameters (I_Dmin, I_Dmax), surgical factors (ALND,
MRM), and externally validated—enable precise stratification of ULL and S]D risk. Clinically, this facilitates early interven-

tion for high-risk patients and directly guides personalized radiation therapy planning, minimizing toxicity while preserving

shoulder functionality and quality of life.

.
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Introduction

According to current epidemiological data, BC re-
mains the most frequently diagnosed cancer among women
globally and a leading cause of cancer-related mortality [1].
The therapeutic strategies for BC are multimodal, encom-
passing surgery, radiotherapy, chemotherapy, endocrine
therapy, and targeted therapies [2, 3]. Surgery remains the
cornerstone of BC management, while radiotherapy plays a
pivotal role in preventing recurrence, with approximately
70% of patients requiring postoperative adjuvant radiother-
apy [4, 5]. Rapid advancements in diagnostic and therapeu-
tic technologies have contributed to a remarkable 91% 5-
year survival rate for BC patients [6], resulting in a growing
population of long-term survivor. The extended survival pe-
riod has led to an increasing prominence of treatment-in-
duced complications, whose detrimental effects on patients
may outweigh those of the cancer itself. Among these com-
plications, ULL and SJD are the most prevalent and severe,
exerting profound impacts on patients’ physical and psycho-

logical well-being as well as overall quality of life [7-11],
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however, their underlying pathogenic mechanisms remain
poorly elucidated. Acute ULL is characterized by lymphatic
fluid accumulation in the upper limbs, leading to swelling,
heaviness, and paresthesia [12], whereas SJD manifests as re-
stricted range of motion, pain, and function weakness [13].
Despite their high prevalence, the lack of reliable and com-
prehensive tools for predicting the risk of acute ULL and
SJD has hindered the implementation of preventive mea-

sures or early interventions in clinical practice.

Current risk assessment for acute ULL and SJD pri-
marily relies on clinicians’ experience and limited factors
such as age, AJCC 8" TNM stage, surgical approach, and ra-
diation fields. However, these factors alone are insufficient
to accurately predict the risk of these complications. Accu-
mulating evidence indicates that both surgical procedures
and radiotherapy are closely associated with the develop-
ment of acute ULL and SJD. Notably, dosimetric parame-
ters of radiotherapy, particularly the dose to the axillary re-
gion, may play a critical role in the pathogenesis of acute
ULL and SJD [14]. Integrating these parameters into com-

prehensive predictive models could significantly enhance
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risk stratification capabilities and provide a scientific foun-

dation for developing individualized treatment strategies.

As a clinically widely adopted predictive tool, no-
mograms visually integrate key predictors to estimate indivi-
dualized probabilities of disease occurrence. To date, few no-
mograms have been specifically developed and validated for
predicting acute ULL and SJD in BC patients, highlighting
the urgent need for such tools. In this study, we innovative-
ly incorporated surgical and radiotherapy parameters to de-
velop a nomogram predictive model for acute ULL and SJD,
which demonstrated robust predictive performance in an in-
dependent validation cohort, thereby providing a reference
framework for risk-stratified management of BC treatmen-

t-related complications.

Materials and Methods
Study Population

This single-center, retrospective cohort study
consecutively enrolled breast cancer (BC) patients treated at
the People's Hospital of Guangxi Zhuang Autonomous Re-
gion (GXPH). As illustrated in Figure 1, we employed a tem-
poral split-cohort design:

Training cohort: 122 patients treated between June

2020 and December 2023

Validation cohort: 30 patients treated between

June and August 2024

Patient identification occurred through systematic
screening of the hospital's electronic medical records and ra-
diotherapy registry using predefined inclusion/exclusion cri-
teria. All participants underwent surgery followed by adju-

vant radiotherapy at GXPH.
Inclusion Criteria

Patients were included if they met all of the follow-

ing:

(a) Age 18-80 years;

(b) Histopathologically confirmed primary BC;

(c) Received MRM or breast-conserving surgery
JScholar Publishers

(BCS);

(d) Completed full course of adjuvant radiothera-

py (290% planned dose);

(e) Documented Eastern Cooperative Oncology

Group (ECOG) performance status 0-1;
(f) Expected survival >12 months;

(g) Voluntarily participated with intact cognitive

and communication abilities;

(h) Had complete baseline and follow-up clinical

records.
Exclusion Criteria

Patients were excluded if any of the following ap-

plied:

(a) Pre-existing ULL and/or shoulder joint disor-
ders;

(b) Received <90% of planned radiation dose;

(c) Declined research participation;

(d) History of ipsilateral upper limb trauma or
surgery;

(e) Male breast cancer;

(f) Recurrent disease, distant metastases, or concur-

rent malignancies;
(g) Unable to cooperate with the measurement;

(h) Incomplete arm circumference or Neer

Shoulder Scoring System data.
Data Completeness Protocol
Missing data were addressed through:

Primary exclusion of cases with >20% missing

core variables (per exclusion criterion h);

Targeted reconciliation for minor missing values

(<5% of variables) via:
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Re-examination of original clinical notes;
Verification against operative records;

Cross-referencing radiotherapy treatment logs;

4

Complete-case analysis after exhaustive reconcilia-
tion attempts. Participants were stratified into four compli-
cation subgroups: ULL-positive/negative and SJD-posi-
tive/negative. This study was approved by the Ethics Com-
mittee of GXPH (Approval No. KY-KJT-2023-97).

Between January 2022 and December 2024,
754 paticnts

with breast cancer underwent surgery

602 patients were excluded

Tt patients did not receive radiotherapy

155 paticnis unable to tolerate radiotherapy

10% paticnts with upper limb ymphedema and shoulder dysfunction
" hefore surgery
57 patients with recurrence, metastasis, or concurrent malignancies
6 patients with incompletc clinical data

115 patienis a history of upper limb injury or surgery

26 patients unable to cooperate with measurements

[

152 patients enrolled in the study ]

1

January 2022 to Decembser 3‘]2_\}—’

4—‘ January 2024 to December 2024 ‘

| training cohort {n=122}

| validation cohort {n=30) |

{

| Upper Limb Lymphedema | | Shoulder joint dysfunciion | " | validation |

l

| Logistic regression

1

I MNomogram cstablished

I,i

Figure 1: Flowchart

Data Collection

Clinical and pathological data were retrospectively
collected from the study cohorts, including the following

categories:
Demographic Characteristics

Age and menopausal status.
Surgical Parameters

a. Breast surgery type: BCS or MRM

b. Regional lymph node procedures: sentinel
lymph node biopsy (SLNB) or ALND

Pathological Characteristics

a. TNM staging according to the 8th edition of the
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American Joint Committee on Cancer (AJCC) guidelines
b. TLN
¢. Number of positive lymph nodes (PLN).
Radiotherapy

Radiotherapy protocol

Positioning: Supine position with both arms ele-
vated, immobilized using an R612 carbon fiber fixation sys-
tem (Clarity Medical, China) and M383 thermoplastic mask
(ComeBetter, China) under free breathing. Surgical scars

and breast contours were delineated with lead wire markers.

CT simulation: Contrast-enhanced scanning was
performed using a Brilliance Big Bore CT simulator (Philips

Healthcare, Netherlands) with intravenous ioversol injec-
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tion (100 mL: 35 g, Hengrui Pharma, China). Scanning pa-
rameters: coverage from the mandible to the subdiaphrag-

matic region, slice thickness 4 mm.
Target volume delineation

Target volumes were delineated on CT simulation
images using MIM Maestro software (v7.0.4; MIM Software
Inc., USA) based on the ICRU Report 83 and the BC atlas
published by the Radiation Therapy Oncology Group (R-
TOG). The irradiated regions were selected according to tu-

mor stage, including:

Ipsilateral breast; chest wall (CW); internal mam-
mary lymph drainage region (IM_region); supra/infraclavic-
ular region (SI_region). Organs at risk (OARs) including ax-
illa levels I-III, axillary cavity (AC), heart, and lungs were

contoured following institutional protocols [15].

Prescription doses and OAR dose restriction

BCS: 50 Gy in 25 fractions of 2 Gy each, with se-
quential tumor bed boost of 10-16 Gy in 5-8 fractions (2
Gy/fraction)

MRM: 50 Gy in 25 fractions of 2 Gy each. OAR
dose restriction for heart and lungs adhered to the Quantita-
tive Analysis of Normal Tissue Effects in the Clinic (QUAN-
TEC) recommendations. Dosimetric parameters of axillary
regions (levels I-III and AC) were analyzed, including mini-
mum dose (Dmin), maximum dose (Dmax), mean dose (D-
mean), and dose-volume metrics (D/V). The associations be-
tween these parameters and acute ULL and SJD were evalu-

ated.

Radiotherapy planning and delivery

Planning: Intensity-modulated radiation therapy
(IMRT) [4, 5] plans were designed using Pinnacle treatment
planning system (v9.10; Philips Healthcare, Netherlands) by
board-certified medical physicists with over 10 years of BC

radiotherapy experience.

Plan evaluation: All plans were reviewed and ap-
proved by radiation oncologists specializing in BC (210

years of experience, associate professor level or above).

Quality assurance: Dose verification was per-
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5

formed using an ArcCHECK® phantom (Sun Nuclear Cor-
poration, USA) and a 3D water scanning system (BEAMS-
CAN?®; PTW Freiburg, Germany).

Image-guided radiotherapy: Cone-beam CT
(CBCT) with X-ray volume imaging system (v5.0.7.1) was
utilized for daily setup correction (action thresholds: transla-

tional shifts <3 mm and rotational errors <1°).

Treatment delivery: IMRT [16] was administered
via a Synergy® linear accelerator (Elekta, Sweden) using 6
MV X-rays * electrons, with daily fractions (5 fraction-

s/week).

ULL Assessment

Upper limb circumference differences between ip-
silateral and contralateral arms were measured at 1 month
post-radiotherapy to evaluate the impact of surgery and ra-
diotherapy on acute ULL. Following the protocol described
by Gencay et al. [17], standardized tape measurements (pre-
cision: 1 mm) were performed at five anatomical land-
marks: the midpoint of the styloid process and 10 cm, 20
cm, 30 cm, and 40 cm proximal to the styloid process on
both upper limbs. ULL was defined as a circumferential dif-
ference 22 cm between arms, consistent with the Chinese
guidelines for the diagnosis and treatment of breast can-

cer-related lymphedema (2021 version).
SJD Assessment

Shoulder joint function was assessed preoperative-
ly and 1 month post-radiotherapy using the Neer Shoulder
Scoring System, which evaluates four domains: pain (35
points), functional ability (30 points), range of motion (25
points), and anatomical integrity (10 points), with a maxi-
mum total score of 100. Scores were categorized as excellent
(>90), good (80-90), fair (70-79), or poor (<70). SJD was
defined as a decline in score category compared to baseline
[12-13]. The effects of surgical and radiotherapeutic parame-

ters on SJD development were analyzed.

Statistical Analysis

Statistical analyses were performed using R soft-
ware (version 4.2.2; R Foundation for Statistical Comput-

ing, Austria).
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Analytical Methods

Normally distributed continuous variables were ex-
pressed asx+s and compared using independent samples t-
test. Non-normally distributed variables were presented as
median (interquartile range) and analyzed with Mann-Whit-
ney U test. Categorical variables were described as frequen-
cies (%) and compared via Pearson’s chi-square or Fisher’s
exact test. A two-tailed P<0.05 was considered statistically

significant.

Nomogram Development and Validation

Model construction: Variables with statistical sig-
nificance in univariate analysis were incorporated into mul-
tivariable logistic regression models to construct nomo-

grams for acute ULL and S]D.
Performance evaluation:
Discrimination: ROC curves with AUC;

Calibration: Calibration curves and Hos-

mer-Lemeshow test;
Clinical utility: DCA.

Validation: Model generalizability was assessed in

the independent validation cohort.

Results
Group Comparisons

A total of 152 BC patients who underwent adju-
vant radiotherapy with complete clinical records were in-
cluded between June 2020 and August 2024, comprising a
training cohort (n=122) and a validation cohort (n=30).
The mean age was 48.3 + 13.4 years (range: 25-73 years). In
the derivation cohort, the incidence rates of acute upper
limb lymphedema (ULL) and shoulder joint dysfunction
(SJD) were 45.9% (56/122) and 47.5% (58/122), respectively.
Corresponding rates in the validation cohort were 36.7%
(11/30) and 43.3% (13/30).

Comparative analyses between complication-posi-
tive and complication-negative groups are summarized in
Table 1. In the training cohort, significant differences (P<
0.05) were observed between ULL/SJD-positive and nega-
tive groups for the following parameters: PLN, TLN, MRM,
ALND, CW irradiation, SI_region irradiation, and dosimet-
ric parameters including I_Dmin, I_Dmax, I_Dmean,III_D-
max, and ACDmin (Table 1). In the validation cohort, statis-
tically significant variables (P<0.05) included TLN, ALND,
SI_region irradiation, dosimetric parameters (dose, I_D-
min, I_Dmin, [I_Dmean,]II_Dmin,III_Dmean, ACDmin,

ACDmean and ll_D/V) (Table 1).

Table 1: Comparison of clinical factors between the training cohort and validation cohort.

Variables T:tle;lz()n Training cohort (n = 122) Validation cohort (n = 30)
ULL SJD ULL SJD
Absence | Presence | p | Absence | Presence | p | ppence (n=19) | PN | p | absence(ne17) | PRS0 | p
Stage, n
(%)
stage I 29(19) | 19(29) | 7(12) |0.074| 19(30) | 7(12) |0.032 2(11) 1(9) 0.603 2(12) 1(8) 0.387
stage Il 72 (47) 28 (42) 26 (46) 28 (44) 26 (45) 12 (63) 6 (55) 11(65) 7(54)
stagelll 51 (34) 19 (29) 23 (41) 17 (27) 25 (43) 5(26) 4 (36) 4(23) 5(38)
Surgery, n
(%)
Breast
surgery
BCS 80 (53) 47 (71) 13 (23) 0'501 47 (73) 13 (22) 0501 15(79) 5 (46) 0.108 12(71) 8(62) 0.608
MRM 72 (47) 19 (29) 43 (77) 17 (27) 45 (78) 4(21) 6 (54) 5(29) 5(38)
ALND
0 5335 | 3959 | 61D | o0 | 396D | 6(10) | o 5 (26) 3(27) 0.955 7(41) 1(8) 0.043
1 99 (65) 27 (41) 50 (89) 25 (39) 52 (90) 14 (74) 8(73) 10(59) 12(92)
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Pathology
factor
PIN,
Median | 1(0,3) | 2O | 2075 Toa0| 0O o g | S 0(1,3) 200,4) 0.793 100,3) 2(1.54) 0.251
2.75) 4 1.25) 0.001
(Q1,Q3)
TIN, 17
Median 152(;')25’ 5(3,15) 1271(2153) ohol 121(235’) 325, | 22(7,24) 27(1431) | 0211|  20(4,23.5) 25 (22,305) | 0.008
(Q1,Q3) ’ ’ : 21.75) |
Radiation
Radiation
field
CW, n (%)
< <
0 6845 | 40(61) | 7(12) | | 4062 | 702 | o 15 (79) 6 (55) 0.167 12(71) 9(69) 0.937
1 84(55) | 26(39) | 49 (88) 24(38) | 51(88) 4(21) 5 (45) 5(29) 4(31)
SI_region,
n (%)
< <
0 61(40) | 40(61) | 1425) | 5 | 40062 | 1429 |5 5 (26) 2(18) 0.618 7(41) 0(0) 0.009
1 91(60) | 26(39) | 42(75) 24(38) | 44 (76) 14 (74) 9(82) 10(59) 13(100)
IM_region,
n (%)
0 103(68) | 53(80) | 36(64) |0.075| 52(81) | 37(64) | 0.05 10 (53) 4(36) 0.397 10(59) 4(31) 0.133
1 49(32) | 13200 | 20(36) 1219) | 21 36) 9 (47) 7 (64) 7(41) 9(69)
Dosimetry
factor
Dose, 5840 | 5840 | 53.50 5840 | 5175
Median | (50.00, | (50.00, | (50.00, |0.624| (50.00, | (50.00, | 0.42 58.4 58.4 0.605 58.4 58.4 0.037
(Q1,Q3) | 5840) | 59.12) | 59.36) 5036) | 59.36)
(58.40,58.40) | (50.00,58.40) (58.40,58.40) | (50.00,58.40)
| 256892 | 1932.52 | 2804.24 1893.8 | 281691 3195.37 4107.25 2512.28 486023
I_Dmin, < <
Ricts + + + 0.001 + + 0.001 + + 0.033 + + 0.001
1477.17 | 977.59 | 130024 | 96520 | 128074 | % 2103.64 1772.29 2172.36 248.41
I Dmax, | 532690 | 5170 | 5467.25 5168.5 | 5461.75
- 5402.60 5394.50 5338.50 5405.40
Median | (5047.08, | (503432, | (5109.6, | 0.008 | (5033.42, | (5113.1, | 0.006 0.813 0.25
Q103 | 26309) | st2a) | 530252 ad34) | 5889.02) (5010.40,5454.80) | (5294.40,5405.80) (4851.10,5471.60) | (5363.35,5434.25)
I_Dmean, | 4282.05 | 3983.95 | 4386.45 397695 | 44247
- > 5174.40 5181.20 513470 5191.40
Median | (3480.35, | (3453.52, | (3520.85, | 0.04 | (3444.7, | (3549.6, | 0.017 0.237 0.063
Q.0 | 19465 | 3011 | 457018 3764y | 4876.52) (1551.40,5233.20) | (5135.90,5252.80) (1369.95,5233.45) | (5174.70,5248.00)
LD/V, | 15295 | 10255 | 143.55 10255 | 14355
_D/V, 237.22 263.69 22358 241.15
Median | (7480, | (723, | (7185, | 06 | (716, | (7562, |0.535 0.272 0.305
136.94,261.81 162.58,418. .54, . 203.75,278.21
(Q1,Q3) | 259.37) | 230.03) | 233.25) 22547) | 237.65) (136.94,261.81) | (162.58,418.36) (95.54,307.59) | (203.75,278.21)
I Dmin, | 316205 | 29242 | 291175 28872 | 31061
_Dmin, 3723.60 4281.30 3172.30 4286.50
Median | (1056.25, | (1056.25,| (900.7, |0.646 | (10386, | (998.77, | 0.45 0.175 0.016
2.70,4286.50) | (2264.30,4755. 418.70,4019. 42.90,4462.1
(Q1,Q3) | 4240.1) | 3797.1) | 4239.92) 3723.73) | 4190.25) (602.70,4286.50) | (2264.30,4755.60) (418.70,4019.00) | (3842.90,4462.10)
Il Dmax, | 524420 | 5051.8 | 5316.3 5038.85 | 5371.8
_Dmax, 5341.90 5378.90 5341.90 5378.90
Median | (4671.25, | (4630.42, | (4264.65, | 0.311 | (4619.1, | (43105, | 0.205 0.763 0.403
258.50,5486. 4.90,5433.1 142.25,5484, 23.25,5426,
Q103 | 55063 | satr0y | s7465) 5419.48) | 5736.32) (5258.50,5486.30) | (5304.90,5433.10) (5142.25,5484.90) | (5323.25,5426.35)
Il_Dmean, | 4462.10 | 408355 | 4424.95 402535 | 4450.95
- > 4883.90 5052.70 4677.20 5093.10
Median | (3048.95, | (2724.55, | (3021.45, | 0.343 | (2676.43, | (3099.6, | 0.225 0.107 0.009
Q.03 | 50987y | 50671 | 519515 st | s137.12) (3187.60,5100.60) | (4901.10,5180.40) (2741.10,5023.75) | (5014.70,5135.90)
0WD/V, | 26115 | 2622 | 32325 222 | 309.85
_ 186.55 239.94 157.29 24338
Median | (150.30, | (144.27, | (186.02, |0.169 | (141.98, | (185.68, | 0.214 0.401 0.025
QLo | 41770y | s019) | 4694 1605 | 46657 (127.36242.62) | (132.92,319.13) (123.41,21856) | (167.06,287.09)
W _Dmin, | 271735 | 28007 | 29087 2793.75 | 3034.75
_ 2197.60 2864.00 3042.70
Median | (1325.55, | (1283.2, | (1320, |0.742 | (1245.7, | (1422.0, | 0.453 0.061 | (1369.95,5233.45) 0.009
Qo | 39770, | 41568, | 414589 1090.58) | 4224.48) (1322.40,2709.90) | (1935.30,4004.50) (2350.15,3265.10)
Ml Dmax, | 4769.85 | 4823.1 | 3751.55 4769.85 | 3935.55
_Dmax, 5113.00 5179.90 1883.90 5213.60
Median | (3227.15, | (3612.62, | (2280.33, | 0.03 | (34893, | (2310.1, | 0.1 0.78 0.325
Q0 | 33857y | saerey | s1899) 542252, | 5248.02) (4807.10,5387.20) | (4907.90,5390.60) (594.05,2509.00) | (5067.90,5339.95)
Il_Dmean, | 3915.60 | 4091.95 | 3373.65 36009 | 35395
_ 4054.60 4183.20 5030.30 4225.80
Median | (2222.58, | (1812.28, | (22174, |0.581 | (17365, | (22600, | 0.92 0.312 0.047
Q0 | s0td) | 51719 | 501825 516999, | 5039.85) (3711.80,4257.40) | (3975.50,4705.50) (4702.50,5391.40) | (4059.05,4515.10)
JScholar Publishers JJ Oncol Clin Res 2025 | Vol 6: 101




_b/v, 213.40 241 231.7 241 231.7
Median (119.91, | (102.38, | (107.05, | 0.706 | (95.17, | (110.55, | 0.714

(129.44,211.59)

188.15 190.49 137.09 199.42

(123.35,359.89) 0451 (121.52,228.35) (179.76,345.11) 0.069

(Q1,Q3) | 378.10) | 376.8) | 444.7) 388.5) | 442.72)
ACDmin 3364.00 3384.4 4160.65 3364 4160.65
4 1867.40 2664.40 3975.50 2664.40
Median (2304.33, | (2342.73, | (3175.52, | 0.02 | (2319.85, | (3221.6, | 0.01 0.061 0.008
(Q1,Q3) 4474.2) | 4487.1) | 4662.98) 4469.3) | 4667.32) (326.80,2433.90) | (752.80,3789.50) (2918.50,4237.80) | (2084.60,3048.60)
ACD 5441.94 | 5406.03 | 5502.45 5400.82 | 5504.88 5407.92 5408.06 5384.74 5438.35
Mx;nax’ + + + 0.145 + + 0.111 + + 0.88 + + 0.49
s 328.74 302.4 405.17 305.59 398.28 163.97 231.78 247.84 3791
ACDmean, | 4806.05 4857 4818.7 4824.75 4837.9
4676.30 4816.50 4463.90 4848.20
Median (4087.70, | (4039.2, | (4168.7, | 0.961 | (4012.6, | (4205.9, | 0.703 0.149 0.016
(Q1,Q3) 5084.4) 5121.4) | 5096.33) 5110.95) | 5097.38) (2930.40,4878.80) | (4700.00,4993.30) (2307.70,4815.70) | (4743.95,4957.90)
ACD/V, 356.35 563.75 459.8 527.3 486.5
48.94 48.82 39.65 53.33
Median (58.96, (263.17, (97.5, |0.522| (240.82, | (104.58, | 0.684 0.533 0.09
(Q1,Q3) 914.28) 940.08) | 1005.02) 935.22) | 1001.78) (32.18,59.1) (30.86,92.07) (28.94,59.38) (42.69,74.84

Stage: tumor stage; PLN: number of positive
lymph nodes; TLN: total number of dissected lymph nodes;
Dose: prescription dose that patients received; I_Dmin: min-
imum dose of axilla level I; I_Dmax: maximum dose of axil-
lalevel I; I_Dmean: mean dose of axilla level I; I _D/V: mean
dose/volume of axilla level I; I_Dmin: minimum dose of ax-
illa level Il; I_ Dmax: maximum dose of axilla level Il; II_D-
mean: mean dose/volume of axilla level Il; I_D/V: mean
dose/volume of axilla level Il; III_Dmin: minimum dose of
axilla level III; III_Dmax: maximum dose of axilla level III;
III_Dmean: mean dose of axilla level III; III_D/V: mean
dose/volume of axilla level III; ACDmin: minimum dose of
axillary cavity; ACDmax: maximum dose of axillary cavity;
ACDmean: mean dose of axillary cavity; ACD/V: mean

dose/volume of axillary cavity.
Nomogram Development and Validation

ULL Nomogram Development and Validation

Univariate logistic regression analysis identified
ALND, MRM, AJCC 8" TNM stage, CW irradiation, IM_re-
gion irradiation, SI_region irradiation, I_Dmin, I_Dmax, II-
I_Dmax and ACDmin as significant factors of acute ULL
(all P< 0.05; Table 2). Multivariable analysis revealed four in-
dependent risk factors for acute ULL following BC treat-
ment: I_Dmin (OR = 2.20, 95% CI: 1.11-4.38; P = 0.026),
I_Dmax (OR = 1.12, 95% CI: 1.05-1.20; P < 0.001), ALND
(OR = 151.44, 95% CI: 4.22-4544; P < 0.001), and MRM
(OR =67.91, 95% CI: 2.44-1892.49; P = 0.013) (Table 2).

A nomogram incorporating these four predictors
was developed to estimate individualized ULL risk (Figure
2). Calibration curves demonstrated excellent agreement be-

tween predicted and observed results in both cohorts, with

JScholar Publishers

close alignment to the ideal reference line (Figure 3A-B).
The Hosmer-Lemeshow test confirmed good model fit (P =
0.378), indicating no significant deviation between predict-
ed and actual outcomes. ROC analysis yielded AUC values
0f 0.891 (training cohort) and 0.828 (validation cohort) (Fig-
ure 3C-D), indicating robust discriminative ability and mod-
el stability. DCA demonstrated favorable clinical utility
across a wide threshold probability range in both cohorts,

with net benefit gains over default strategies (Figure 3E-F).
SJD Nomogram Development and Validation

Univariate logistic regression identified ALND,
MRM, TLN, AJCC 8" TNM stage, CW irradiation, IM_re-
gion irradiation, SI_region irradiation, I_Dmin, I_Dmax,
I_Dmean and ACDmin as significant factors of SJD (all P <
0.05; Table 3). Multivariable analysis demonstrated four in-
dependent risk factors for SJD: I_Dmin (OR = 1.13, 95% CI:
1.07-1.20; P < 0.001), I_Dmax (OR = 2.61, 95% CI:
1.46-4.68; P = 0.001), ALND (OR = 181.53, 95% CI:
5.79-287.52; P = 0.003) and MRM (OR = 19.88, 95% CI:
1.49-265.28; P = 0.024) (Table 3).

A nomogram incorporating these four variables
was established to stratify SJD risk (Figure 4). Calibration
curves demonstrated excellent agreement between predict-
ed probabilities and observed outcomes in both cohorts (Fig-
ure 5A-B). The Hosmer-Lemeshow test confirmed good
model fit (P = 0.247), indicating no significant miscalibra-
tion. ROC analysis revealed high discriminative perfor-
mance with AUC values of 0.910 (training cohort) and
0.864 (validation cohort) (Figure 5C-D), demonstrating
both stability and generalizability. DCA demonstrated supe-
rior net benefit gains for SJD prediction compared to "treat-

all" or "treat-none" strategies across both cohorts (Figure

JJ Oncol Clin Res 2025 | Vol 6: 101
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dation set in the ULL normogram.
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Table 2: The univariate and multivariate logistic regression of ULL

Characteristics Univariate analysis Multivariate analysis
OR CI p OR CI p
Stage 3.29 1.14-9.47 0.028 1.79 0.08-41.46 0.716
ALND 12.04 4.52-32.03 <0.001 151.44 4.22-4544 <0.001
MRM 8.18 3.61-18.54 <0.001 67.91 2.44-1892.49 0.013
PLN 1.03 0.96-1.1 0.441 NA NA NA
TLN 1.11 1.06-1.16 <0.001 1.05 0.95-1.17 0.344
Ccw 10.77 4.24-27.38 <0.001 5.32 0.27-106.51 0.275
IM_region 2.26 1-5.12 0.05 NA NA NA
SI_region 4.62 2.11-10.08 <0.001 0.05 0-1.14 0.06
Dose 0.96 0.89-1.03 0.273 NA NA NA
I_Dmin 1 0.98-0.99 <0.001 2.20 1.11-4.38 0.026
I_Dmax 1 0.98-0.99 0.005 1.12 1.05-1.20 <0.001
I_Dmean 1 0.99-1.01 0.055 NA NA NA
I_D/V 1 0.93-1.02 0.622 NA NA NA
II_Dmin 1 0.66-2.62 0.666 NA NA NA
IT_Dmax 1 0.82-5.6 0.721 NA NA NA
II_Dmean 1 0.43-2.81 0.335 NA NA NA
II_D/V 1 0.98-1.02 0.157 NA NA NA
III_Dmin 1 0.55-5.2 0.801 NA NA NA
ITII_Dmax 1 0.98-0.99 0.024 NA NA NA
ITI_Dmean 1 0.71-4.36 0.665 NA NA NA
III_D/V 1 0.68-3.23 0.682 NA NA NA
ACDmin 1 0.97-0.99 0.035 NA NA NA
ACDmax 1 0.99-1.02 0.136 NA NA NA
ACDmean 1 0.93-1.06 0.758 NA NA NA
ACD/V 1 0.92-1.03 0.568 NA NA NA

Table 3: The univariate and multivariate logistic regression of SJD

Characteristics Univariate analysis Multivariate analysis
OR CI p OR CI p
Stage 3.99 1.38-11.56 0.011 0.25 0.01-4.11 0.33
ALND 13.52 5.06-36.13 <0.001 181.53 5.79-287.52 0.003
MRM 9.57 4.17-21.94 <0.001 19.88 1.49-265.28 0.024
PLN 1.08 0.99-1.16 0.07 NA NA NA

JScholar Publishers JJ Oncol Clin Res 2025 | Vol 6: 101
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TLN 1.12 1.07-1.18 <0.001 1.06 0.95-1.19 0.307
CwW 12.14 4.75-31.03 <0.001 2.65 0.17-41.79 0.489
IM_region 2.46 1.08-5.61 0.033 5.38 0.8-36 0.083
SI_region 5.24 2.39-11.5 <0.001 0.28 0.04-2.24 0.231
Dose 0.95 0.88-1.02 0.153 NA NA NA
I_Dmin 1 0.98-0.99 <0.001 1.13 1.07-1.20 <0.001
I_Dmax 1 0.98-0.99 0.005 2.61 1.46-4.68 0.001
I_Dmean 1 0.96-0.98 0.025 NA NA NA
I_D/V 1 0.43-2.32 0.595 NA NA NA
II_Dmin 1 0.72-3.86 0.469 NA NA NA
II_Dmax 1 0.76-4.13 0.544 NA NA NA
II_Dmean 1 0.83-2.69 0.212 NA NA NA
II_D/V 1 0.42-2.2 0.206 NA NA NA
III_Dmin 1 0.51-2.95 0.516 NA NA NA
ITII_Dmax 1 0.89-1.71 0.059 NA NA NA
III_Dmean 1 0.82-6.23 0.972 NA NA NA
II1_D/V 1 0.62-5.36 0.735 NA NA NA
ACDmin 1 0.88-0.93 0.019 NA NA NA
ACDmax 1 0.61-8.64 0.108 NA NA NA
ACDmean 1 0.83-6.82 0.547 NA NA NA
ACD/V 1 0.53-10.12 0.735 NA NA NA

Points
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Figure 4: Nomogram of SJD
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Figure 5: Calibration curves of (A) training set and (B) validation set in the ULL normogram. ROC curves and the area under

the curve of (C) Training set and (D) validation set in the ULL normogram. DCA curves of (E) the training set and (F) the vali-

dation set in the ULL normogram.

Discussion

This study developed and validated dual nomo-
grams integrating surgical (ALND, MRM) and dosimetric
(I_Dmin, I_Dmax) predictors for ULL and SJD in BC pa-
tients. Crucially, we identified that both complications
share identical risk factors—surgical extent (ALND/MRM)
and axillary dose distribution (I_Dmin, I_Dmax)—enabling
their consolidation into a single unified predictive frame-
work. This integration streamlines clinical workflows, allow-
ing simultaneous ULL/S]D risk quantification during treat-
ment planning. Our findings confirm established surgical
mechanisms: ALND/MRM drive lymphatic disruption and
biomechanical impairment [14, 18-22], while extending
Gross et al’s [23] anatomical observations by quantifying
dose-dependent relationships at axillary level I. Specifically,
elevated I_Dmin/I_Dmax significantly increased ULL/SJD

risk —transforming qualitative associations into actionable

JScholar Publishers

dosimetric thresholds. The model’s integration of surgery
and radiotherapy parameters reflects the synergistic patho-
physiology of these complications: surgical dissection
primes the axilla for radiation-induced fibrosis, while dose
hotspots (I_Dmax) exacerbate tissue stiffening and fluid
stagnation. By capturing this synergy through shared predic-
tors, our nomogram offers clinicians a practical "one-stop”
risk assessment tool, enhancing efficiency in busy oncology

settings where rapid decision-making is critical.

Mechanistically, these parameters emerged as sig-
nificant predictors because axillary level I basin constitutes
a critical anatomic nexus for both lymphatic drainage and
shoulder biomechanics. Breast surgery and axilla explora-
tion routinely involve level I axillary lymph node basin dis-
section [24], adversely affecting shoulder function. Surgical
dissection via ALND or MRM induces a triple insult: (1) -

lymphovenous disconnection, (2) neurovascular microtrau-
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ma, and (3) fascial destabilization. These create a permissive
environment for radiation damage by compromising intrin-
sic tissue repair capacity. Radiotherapy has also been impli-
cated in ULL/SJD pathogenesis [25]; postoperative radia-
tion can induce tissue edema, muscle contracture, and fibro-
sis, critically compromising fluid transport and mobility in
the affected limb [26]. Since the axilla level I is not a conven-
tional radiation field, dose constraints for this lymphatic

drainage region ise crucial for ULL and shoulder function.

Currently, our risk prediction model comprises a
nomogram, equation, and risk table. Like most existing
models, ours employs a nomogram. Published models re-
port moderate-to-excellent predictive performance (AUC:
0.680-0.908) [27-31], influenced by variations in study pop-
ulations, candidate predictors, and modeling methods.
Most incorporate readily measurable predictors, enhancing

clinical applicability and patient self-management utility.

Previous studies established foundational relation-
ships between surgery/radiotherapy and ULL/SJD, they ex-
hibited critical limitations: (1) oversimplification of radio-
therapy parameters (e.g., dose, radiation exposure (yes/no)
and similar radiation fields), (2) fragmented pathophysiolog-
ical frameworks treating ULL and SJD as isolated end-
points, and (3) Lack of discussion on the dosimetry impor-
tant lymphatic drainage areas (e.g., Gross, Liu, and Yuan et
al.) [32-34]. Few have explored dose effects within regional
lymphatic drainage areas. Our findings identify I_Dmin
and I_Dmax as significant ULL/SJD predictors, suggesting
dose constraints to lymphatic regions may mitigate risk.
The nomogram demonstrated high accuracy (AUC: 0.891
for ULL, 0.910 for S]D), enabling personalized risk stratifica-
tion and early rehabilitation targeting, with decision curve
analysis confirming clinical net benefit. Based on the risk
probability derived from this model, a prophylaxis-driven
decision tree was constructed: low-risk patients (<15% prob-
ability) receive standard care; intermediate-risk (15-35%)
trigger intensified rehabilitation; high-risk (>35%) initiates
active rehabilitation therapy with personalized dosimetric

constraints.

While this study establishes the prognostic value
of integrated surgical-dosimetric modeling, several limita-

tions warrant consideration. The single-center, retrospec-
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tive design inherently restricts participant diversity, with
our cohort drawn from a geographically homogeneous pop-
ulation (85% Han Chinese) treated under uniform institutio-
nal protocols. This limits generalizability to healthcare sys-
tems employing alternative rehabilitation pathways or popu-
lations with divergent body composition profiles. Concur-
rently, the modest sample size (n=122) constrains analytical
granularity in three critical dimensions: (1) precluding
meaningful evaluation of interaction effects between surgi-
cal approach (ALND vs. MRM) and radiation dose gradi-
ents, (2) impeding risk stratification across BMI extremes
(<18.5 or >35 kg/m?) where adipose tissue may modulate fi-
brosis susceptibility, and (3) restricting assessment of recon-
struction-specific morbidity patterns (implant-based vs. au-
tologous). Moreover, the relatively small size of the valida-
tion cohort (n=30) may potentially introduce bias into the
results. Critically, the absence of external validation repre-
sents a fundamental constraint on clinical implementation.
Our high discriminative performance (AUC >0.89) may re-
flect institution-specific treatment practices rather than in-
herent model robustness. This uncertainty is compounded
by unmeasured confounders with established pathophysio-
logical relevance: variations in postoperative rehabilitation
adherence (directly influencing muscle pump efficacy), aero-
bic exercise frequency (modulating inflammatory cytokine
profiles), and undetailed DVH parameters beyond I_D-
min/I_Dmax (e.g., V20 of brachial plexus). These omissions
may partially explain residual outcome variance despite

model optimization.

To advance this nomogram from predictive tool to
clinical adaptive applicability tool, we propose: (1) Dynamic
biomarker integration through prospective serum proteom-
ic profiling (IL-6, VEGF-C, TGF-fB1 at baseline; MM-
P-9/TIMP-1 at post-RT week 4; SSCAM-1/HA at month 3),
enabling machine learning-enhanced risk stratification via
longitudinal cytokine tracking; (2) Closed-loop Al optimiza-
tion through DICOM-RT integrated neural networks that
auto-contour level I basins (DSC >0.90), compute real-time
I_Dmin/I_Dmax, and dynamically adjust dose constraints
during plan optimization using Al algorithms; and (3) Preci-
sion prevention frameworks combining biomarker-refined
risk scores with automated treatment plan modulation, clini-
cally implemented via API-driven TPS plugins (Eclipse/MO-
SAIQ). This pipeline—currently in prototype testing—-
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would translate static predictions into adaptive interven-
tions, where biomarker trends trigger preemptive rehabilita-
tion referrals while Al-driven dosimetric avoidance reduces
biomechanical strain. This holds significant importance for

both social and economic aspects.

This validated tool provides clinically actionable si-
multaneous risk estimation, facilitating: (1) personalized re-
habilitation triage where low-risk patients (<15% probabili-
ty) receive standard surveillance, while high-risk cases
(>35%) initiate early pneumatic compression/physical thera-
py; and (2) radiation dose optimization through real-time
I_Dmin/I_Dmax constraint guidance during treatment
planning. To maximize translational impact, future re-
search should prioritize multicenter validation across home
and abroad populations to establish region-specific calibra-
tion coefficients, DICOM-RT API integration with auto--

contouring of level I basins for instantaneous risk display in
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clinical systems (Eclipse/MOSAIQ), and prospective incor-
poration of fibrosis biomarkers (TGF-B1, HA) to develop
adaptive risk models that dynamically update during treat-
ment. This three-phase roadmap—validation, technical im-
plementation, and biomarker refinement—will transform
the nomogram from static predictor to adaptive prevention
catalyst, ultimately enabling automated dose-painting strate-

gies that selectively spare lymphatic corridors.
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