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Abstract: To evaluate the clinical utility of a preoperative multimodal imaging-based decision tree for axillary risk
stratification in breast cancer and to explore its associations, in a retrospective manner with axillary management
patterns and short-term postoperative outcomes. This retrospective single-center study included 204 women with
primary breast cancer who underwent surgery between January 2023 and December 2024. Preoperative breast
MRI and axillary ultrasound performed within 2 weeks before surgery were reviewed in a blinded manner. Postop-
erative paraffin pathology served as the reference standard for axillary lymph node metastasis (ALNM). Imaging
variables associated with ALNM were identified by multivariable logistic regression, and a CART decision tree was
constructed for preoperative risk stratification. Model discrimination was evaluated in the overall cohort and in
randomly split training and validation sets. Retrospective analyses were further performed to examine the associa-
tions of model-defined risk strata with actual axillary surgical management, postoperative morbidity, and 1-year
disease-free survival (DFS). Five imaging variables were associated with ALNM: lesion margin morphology, RI, lymph
node hilum integrity, lymph node microcalcification, and Adler blood flow grade. The decision tree showed moderate
discriminative ability, with an AUC of 0.829 in the overall cohort and AUCs of 0.835 and 0.803 in the training and
validation sets, respectively. Model-defined risk strata showed a stepwise increase in the observed rate of ALNM
and were retrospectively associated with different patterns of axillary surgery and postoperative morbidity. Explor-
atory survival analyses based on 1-year follow-up did not support definitive conclusions regarding benefit from post-
operative adjuvant therapy. In conclusion, a decision tree derived from routine preoperative breast MRI and axillary
ultrasound features may serve as an interpretable tool for preoperative axillary risk stratification in breast cancer.
Its potential relevance to axillary management should be interpreted as exploratory and hypothesis-generating, and
prospective multicenter validation is required before clinical decision support can be considered.
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Introduction to 40% of newly diagnosed patients have al-
ready developed ALNM at initial consultation

Breast cancer (BC) is the most prevalent ma- [2]. Therefore, a dependable, non-invasive pre-

lignant tumor among women worldwide. In
2023, approximately 409,000 new cases of
BC were diagnosed among Chinese women,
and the annual incidence has increased by
3.1% [1]. Axillary lymph node metastasis
(ALNM) status is a core indicator for BC TNM
staging, prognosis evaluation and individual-
ized treatment strategy formulation, and 30%

operative assessment of ALNM is clinically im-
portant, because it influences surgical plan-
ning, adjuvant treatment decisions, and prog-
nosis estimation. At present, the gold standard
for assessing axillary lymph node status in clini-
cal practice still relies on sentinel lymph node
biopsy (SLNB) or axillary lymph node dissec-
tion (ALND). However, domestic studies have
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shown that more than 40% of patients who
undergo SLNB are pathologically negative after
surgery. These patients are exposed to unnec-
essary surgical trauma and may subsequently
develop upper-extremity lymphedema, sensory
disturbance, and restricted shoulder mobility,
all of which can impair long-term quality of life
[3]. When surgical planning is based mainly
on experience-driven interpretation of imaging
findings, both potentially avoidable invasive
axillary intervention and undertreatment of the
axilla can easily occur. Accordingly, a noninva-
sive, standardized, and quantitative tool for
preoperative axillary evaluation is needed.

Currently, axillary ultrasound and multimodal
breast magnetic resonance imaging (MRI) are
the core imaging modalities for preoperative
ALNM assessment in clinical practice [4]. Pre-
vious studies have shown that conventional
axillary ultrasound has a sensitivity of 50%-
70% for ALNM assessment and remains limit-
ed in detecting micrometastases, deep-seated
lesions, and metastatic foci with atypical mor-
phology [5]. Multimodal breast MRI provides
high soft-tissue contrast and can improve sen-
sitivity; however, reactive lymph node enlarge-
ment and inflammatory hyperplasia may be
difficult to distinguish from metastatic involve-
ment on imaging, which can lead to false-posi-
tive nodal interpretations [6]. In routine report-
ing, ultrasound and MRI are often reviewed in
combination, but the final weighting of findings
across modalities still depends heavily on the
individual reader, and a standardized quantita-
tive scheme for cross-modality integration is
not commonly used. In addition, conventional
statistical modeling is often challenged by high-
dimensional imaging descriptors and non-lin-
ear feature interactions, which limits the repro-
ducible extraction of complementary informa-
tion from the two modalities [7].

Machine learning offers an approach to com-
bine multimodal imaging features within a sin-
gle quantitative model [8]. Decision trees, as
supervised learning classifiers, recursively split
the dataset using feature thresholds, resulting
in a sequence of branching rules and a class
label at each terminal node. Its decision pro-
cess is expressed as explicit if-then rules, whi-
ch makes the basis for classification easier to
review in clinical practice [9]. Decision trees
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can incorporate both continuous and catego-
rical predictors with minimal preprocessing,
and their rule-based structure is consistent
with stepwise discrimination reasoning, sup-
porting their use in clinical discrimination mo-
deling [10]. Although machine learning has
been increasingly used in tumor imaging as-
sessment [11-13], studies that build an inter-
pretable model combining multimodal breast
MRI and axillary ultrasound features specifical-
ly for ALNM assessment in BC remain limited.
Most existing studies in this area have focus-
ed on discrimination performance alone. Few
studies have further examined whether nonin-
vasive imaging models may be relevant to sur-
gical planning, adjuvant treatment decisions,
or prognostic stratification. As a result, such
discrimination models have not been effective-
ly translated into routine clinical practice, and
the practical challenges in individualized BC
management remain insufficiently addressed.

In this study, we integrated routinely available
breast MRI and axillary ultrasound features to
construct an interpretable decision tree for pre-
operative axillary risk stratification in breast
cancer. Rather than positioning the model as a
substitute for pathological staging, we evaluat-
ed whether a rule-based imaging tool could
provide clinically understandable risk stratifica-
tion before surgery. We further explored, in a
retrospective manner, the associations of mo-
del-defined risk strata with actual axillary sur-
gical management, postoperative morbidity,
and short-term outcomes. The purpose of this
study was to provide preliminary evidence for
the potential clinical utility of imaging-based
axillary risk stratification and to inform future
prospective validation.

Materials and methods
Study design

This was a single-center retrospective cohort
study conducted at Cancer Hospital of Shantou
University Medical College. The protocol was
approved by the Medical Ethics Committee of
Cancer Hospital of Shantou University Medi-
cal College and adhered to the principles of
the Declaration of Helsinki. Because only ano-
nymized and de-identified retrospective data
were used, written informed consent was wai-
ved.
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Table 1. Patient screening process

Screening process

Initially screened women with surgically treated breast cancer between January 2023 and December 2024 394

Excluded cases 190
Bilateral breast cancer, recurrent breast cancer, or concomitant primary malignancy in another system 31
Breast MRI or axillary ultrasound not performed within 2 weeks before surgery, missing sequences, 57
severe artifacts, or insufficient imaging quality

Anti-tumor treatment before surgery, including neoadjuvant chemotherapy, endocrine therapy, targeted 38
therapy, or radiotherapy

Coexisting axillary conditions potentially affecting nodal imaging assessment, including lymphadenitis, 17
lymphoma, tuberculosis, or other benign nodal diseases

Axillary nodal status evaluated only by needle biopsy or incomplete pathological nodal confirmation 22
Incomplete key clinical, imaging, pathological, or follow-up records 25
Final included cohort 204
Pathologically confirmed ALNM 82
No pathologically confirmed ALNM 122

Note: ALNM: Axillary lymph node metastasis; MRI: magnetic resonance imaging.

Study subjects

Patients were screened according to the pre-
defined inclusion and exclusion criteria, and
the enrollment process is summarized in Table
1. Eligible patients were required to have pri-
mary unilateral breast cancer confirmed by
postoperative paraffin pathology, preoperative
breast MRI and axillary ultrasound performed
within 2 weeks before surgery, no anti-tumor
treatment before surgery, and complete clini-
cal, imaging, and pathological records. Patients
were excluded if they had bilateral or recurrent
breast cancer, concomitant malignancies, inad-
equate imaging quality, axillary diseases that
could affect nodal imaging assessment, nodal
status evaluated only by needle biopsy, or
incomplete key documentation. We retrospec-
tively enrolled 204 female patients with pri-
mary BC who underwent surgery in the De-
partment of Breast Surgery of Cancer Hospital
of Shantou University Medical College from
January 2023 to December 2024. Postopera-
tive paraffin pathology was used as the refer-
ence standard to determine axillary nodal sta-
tus. Patients were assigned to the Metastatic
group (n=82) or the Non-metastatic group (n=
122). ALNM was defined as tumor infiltration in
axillary lymph nodes confirmed on postopera-
tive paraffin pathology, including micrometas-
tases (maximum diameter 0.2-2 mm) and ma-
crometastases (maximum diameter >2 mm).
Non-ALNM was defined as negative SLNB on
pathology, or no tumor infiltration in any re-
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sected axillary lymph node among patients
who underwent ALND.

Inclusion criteria

(D Primary unilateral BC confirmed by post-
operative paraffin pathology; @ Multimodal
breast MRI and axillary ultrasound complet-
ed in our hospital within 2 weeks before sur-
gery, with imaging quality sufficient for feature
assessment and parameter measurement; 3
No anti-tumor treatment before surgery, includ-
ing neoadjuvant chemotherapy, radiotherapy,
endocrine therapy, or targeted therapy; @
Records complete for clinical, imaging, and
pathological variables, with ALNM status clear-
ly documented and no missing key study va-
riables.

Exclusion criteria

@ Bilateral BC, recurrent BC, or concomitant
primary malignancies in other systems; 2 Mi-
ssing sequences or severe artifacts that pre-
vented imaging assessment or measurement;
(3® Coexisting conditions likely to alter axillary
lymph node imaging, including axillary lymph-
adenitis, lymphoma, or tuberculosis; @ Axillary
nodal status evaluated only by needle biopsy
(without SLNB/ALND), or incomplete clinical/
pathological documentation.

Multimodal breast MRI examination

Multimodal breast MRl was acquired on a
3.0T scanner (Siemens Skyra, Germany) with
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an 8-channel dedicated breast phased-array
coil. Patients were positioned prone with both
breasts naturally suspended in the coil aper-
ture, and scanning commenced after stable
positioning. The sequences and parameters
were as follows: O Axial T1-weighted imaging
(TAWI): TR 500 ms, TE 8.5 ms, slice thickness
3 mm, slice gap 0.3 mm, FOV 340x340 mm,
matrix 320x256; (2) Axial fat-suppressed T2-
weighted imaging (T2WI-FS): TR 3600 ms, TE
85 mes, slice thickness 3 mm, slice gap 0.3
mm, FOV 340x340 mm, matrix 320x256; (3
Diffusion-weighted imaging (DWI): single-shot
echo-planar imaging, TR 4200 ms, TE 72 ms, b
values 0 and 800 s/mm?, slice thickness 4
mm, slice gap 0.4 mm, FOV 320x320 mm,
matrix 128x128; @ Dynamic contrast-en-
hanced MRI (DCE-MRI): 3D volumetric interpo-
lated breath-hold examination sequence, TR
4.5 ms, TE 2.2 ms, flip angle 10°, slice thick-
ness 1.5 mm, no slice gap, FOV 340340 mm,
matrix 384x384. Gadopentetate dimeglumine
was administered via the cubital vein at 0.2
mmol/kg at 2.5 mL/s, followed by a 20 mL
saline flush. Dynamic imaging started immedi-
ately after injection. Eight consecutive phases
were acquired, with a single-phase acquisition
time of 60 s.

Axillary ultrasound examination

Axillary ultrasound was performed using a color
Doppler ultrasound system (GE Logiq E9, USA)
equipped with a 9-15 MHz linear-array trans-
ducer, in accordance with the Guidelines for
Breast Ultrasound Examination (2022 Edition).
Examinations were performed with patients
in the supine position and both arms elevat-
ed and abducted to facilitate access to the
breasts, axillae, and infraclavicular/subclavian
regions. After standard assessment of the pri-
mary breast lesion, the axilla was systemati-
cally scanned in both transverse and longitu-
dinal planes, with evaluation of nodal levels I,
Il, and lll. The scanning range extended from
the subclavian region superiorly to the inferior
edge of the axillary tail, from the parasternal
line medially to the anterior border of the latis-
simus dorsi laterally.

For each detected axillary lymph node, gray-
scale images in long-axis and short-axis planes
were recorded, followed by color Doppler flow
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imaging. Gain and velocity scale were adjusted
to display blood-flow signals clearly while mini-
mizing artifacts. Examinations were completed
by radiologists with >5 years of experience in
breast ultrasound, and images were stored in
the PACS.

Standardization of imaging parameter inter-
pretation

Two radiologists with >5 years of experience
in breast imaging independently reviewed and
measured all imaging data. The readers were
blinded to pathological results and clinical
information, and to each other’s interpreta-
tions. Any discrepancies were resolved by joint
review until consensus was reached. All imag-
ing examinations were performed preoperative-
ly (within 2 weeks before surgery) and stored
in the PACS system before any surgical inter-
vention. The readers were blinded to postop-
erative pathological results, clinical outcomes,
and each other’s interpretations, simulating a
prospective discrimination scenario. Interob-
server agreement was assessed using Cohen’s
kappa coefficient for categorical variables and
intraclass correlation coefficient (ICC) for con-
tinuous variables. The kappa values were 0.87
for lymph node hilum integrity, 0.82 for Adler
blood flow grade, 0.79 for lymph node microcal-
cification, 0.76 for lesion margin morphology,
and 0.78 for TIC curve type. The ICC was 0.91
for ADC value and 0.89 for RI, indicating good
to excellent interobserver agreement.

Interpretation indicators of multimodal breast
MRI: O Quantitative indicator: apparent diffu-
sion coefficient (ADC) value (the region of inter-
est was placed in the solid component of the
lesion on DWI, avoiding cystic change, necrosis,
and hemorrhage; measurements were repeat-
ed three times and averaged); @ Qualitative
indicators: time-signal intensity curve (TIC) type
(type I: persistent enhancement, type Il: pla-
teau, type Ill: washout), lesion margin (smooth,
lobulated, spiculated), enhancement pattern
(homogeneous, heterogeneous, rim enhance-
ment), nipple involvement, and chest wall in-
vasion.

Interpretation indicators of axillary ultrasound:
(D Quantitative indicator: resistance index (RI);
@ Qualitative indicators: hilum integrity (pres-
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ent, partially absent, completely absent), inter-
nal echogenicity (homogeneous, heterogene-
ous), microcalcification (present, absent), and
Adler blood flow grade (grade O: no flow signal;
grade |: minimal flow, 1-2 punctate signals;
grade Il: moderate flow, 3-4 punctate signals
or 1 clear vessel; grade lll: abundant flow, =5
punctate signals or =2 clear vessels).

Observation indicators

(D Baseline clinicopathological characteristics
were compared between the Metastatic group
and Non-metastatic group, including age, me-
nopausal status, BMI, tumor location, patho-
logical type, histological grade, ER, PR, HER2,
Ki-67, and molecular subtype; @ Quantita-
tive and qualitative parameters of multimodal
breast MRI were compared between the two
groups; (@ Quantitative and qualitative para-
meters of axillary ultrasound were compared
between the two groups; @ Associations be-
tween imaging parameters and ALNM were
analyzed; & A decision tree model was con-
structed and evaluated based on imaging vari-
ables; 6 Internal validation of the decision tree
model was performed; (7)) Retrospective indi-
cators related to axillary management pat-
terns: these included the actual axillary proce-
dure performed (omission of sentinel lymph
node biopsy [SLNB], SLNB alone, or axillary
lymph node dissection [ALND]). To describe
the potential mismatch between pathological
nodal status and the extent of axillary inter-
vention in each model-defined risk stratum,
we calculated the proportion of pathologically
node-negative patients who nevertheless un-
derwent SLNB/ALND and the proportion of
patients with pathologically confirmed macro-
metastasis who did not undergo ALND;
Postoperative safety indicators: complications
related to axillary surgery within 1 year after
surgery were recorded, including upper-ex-
tremity lymphedema, sensory disturbance, inci-
sion infection, subcutaneous seroma, restrict-
ed shoulder mobility, and the overall compli-
cation rate; (@ Short-term survival outcome
indicators: 1-year disease-free survival (DFS)
after surgery was used as the primary end-
point and was defined as the time from the
date of surgery to the first occurrence of local
recurrence, distant metastasis, or all-cause
death; for patients without endpoint events,
the date of the last follow-up was taken as the
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censoring time. At the same time, exploratory
associations between postoperative adjuvant
therapy, including chemotherapy, radiotherapy,
endocrine therapy, and targeted therapy, and
1-year DFS were described across different
risk strata.

Statistical analysis

Statistical analyses were conducted using
SPSS 26.0 and R 4.3.1. Two-sided P<0.05 was
considered statistically significant. Continuous
variables with normal distribution are present-
ed as mean * standard deviation and were
compared using the independent-samples t
test (two groups) or one-way analysis of vari-
ance (multiple groups), with the LSD-t test
used for post hoc pairwise comparisons. Ca-
tegorical variables are presented as n (%) and
were compared using the chi-square test;
Fisher's exact test was applied when the
expected frequency was <b.

ALNM status served as the outcome variable.
MRI- and ultrasound-derived parameters were
considered candidate predictors. Variables sig-
nificant in univariate analyses (P<0.05) were
entered into an unconditional multivariable
logistic regression model. Forward stepwise
selection using the likelihood-ratio test was
applied to retain independent predictors; ef-
fect estimates are reported as odds ratios
(ORs) with 95% confidence intervals (Cls). We
built a CART decision tree using the Gini impu-
rity as the split criterion. ROC analysis was
used to evaluate model discrimination, and we
reported the AUC, sensitivity, and specificity.
For internal validation, we used a 7:3 random
split, with 70% of patients going to the training
set and 30% going to the validation set. This
random split was used as an exploratory inter-
nal validation approach rather than as defini-
tive evidence of model generalizability. Given
the retrospective single-center design and mo-
derate sample size, the validation results were
interpreted conservatively and were not used
to claim clinical readiness of the model. To
reduce selection bias, all patients were enroll-
ed in the study period. Because the model was
derived from preoperative imaging findings and
verified against postoperative pathology, its
role in this study was limited to preoperative
risk stratification rather than replacement of
pathological confirmation.
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Table 2. Baseline data of BC patients in metastatic group and non-metastatic group

Indicator Metastatic group (n=82) Non-metastatic group (n=122) t/x? P
Age (years) 51.68+8.64 50.544+9.32 0.866 0.388
Menopausal status 1.063 0.303
Premenopausal 39 (47.56) 67 (54.92)
Postmenopausal 43 (52.44) 55 (45.08)
BMI (kg/m?, mean + SD) 22.26+3.26 23.02+3.15 1.64 0.103
Tumor location 0.107 0.744
Left breast 45 (54.88) 64 (52.46)
Right breast 37 (45.12) 58 (47.54)
Tumor quadrant 0.517 0.972
Upper outer quadrant 48 (58.54) 69 (56.56)
Upper inner quadrant 14 (17.07) 23 (18.85)
Lower outer quadrant 11 (13.41) 18 (14.75)
Lower inner quadrant 5 (6.10) 8 (6.56)
Central region 4 (4.88) 4 (3.28)
Pathological type 0.959 0.619
Invasive ductal carcinoma 76 (92.68) 108 (88.52)
Invasive lobular carcinoma 3(3.66) 7 (5.74)
Other special types of carcinoma 3(3.66) 7 (5.74)
Histological grade 13 0.002
Grade | 8 (9.76) 27 (22.13)
Grade Il 36 (43.90) 66 (54.10)
Grade llI 38 (46.34) 29 (23.77)
ER expression status 5.263 0.022
Positive 51 (62.20) 94 (77.05)
Negative 31 (37.80) 28 (22.95)
PR expression status 5.394 0.02
Positive 47 (57.32) 89 (72.95)
Negative 35 (42.68) 33 (27.05)
HER2 expression status 6.103 0.014
Positive 32(39.02) 28 (22.95)
Negative 50 (60.98) 94 (77.05)
Ki-67 proliferation index 8.825 0.003
Low expression (<20%) 22 (26.83) 58 (47.54)
High expression (=20%) 60 (73.17) 64 (52.46)

Note: BC: Breast cancer; BMI: body mass index; SD: standard deviation; ER: estrogen receptor; PR: progesterone receptor; HER2:
human epidermal growth factor receptor 2; Ki-67: Ki-67 proliferation index.

Kaplan-Meier analysis was used to estimate
the 1-year DFS rate and its 95% confidence
interval, and survival differences between gr-
oups were compared with the log-rank test. A
multivariate Cox proportional hazards regres-
sion model was then applied to evaluate the
effect of postoperative adjuvant therapy on
DFS after adjustment for confounding factors
such as age, tumor T stage, and molecular
subtype. Hazard ratios (HRs) and 95% confi-
dence intervals were calculated, and interac-
tion analysis was further performed to clarify
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the relationship between model-based risk
stratification and exploratory short-term DFS
findings.

Results
Baseline characteristics of study subjects

The two groups were comparable in age, me-
nopausal status, BMI, tumor location, tumor
quadrant, and pathological type (all P>0.05)
(Table 2). Significant between-group differenc-
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Table 3. Comparison of Multimodal breast MRI parameters of patients in the two groups

Indicator Metastatic group (n=82) Non-metastatic group (n=122) t/x2 P
ADC value (x10° mm?/s) 1.04+0.30 1.14+0.26 2559 0.011
TIC curve type 6.811 0.009
Type | (persistent ascending) 24 (29.27) 58 (47.54)
Type I+ Il (platform + washout) 58 (70.73) 64 (52.46)
Lesion margin morphology 9.05 0.003
Smooth/lobulated 51 (62.20) 99 (81.15)
Spiculated 31 (37.80) 23 (18.85)
Lesion enhancement homogeneity 1.478 0.224
Homogeneous enhancement 28 (34.15) 52 (42.62)
Heterogeneous/ring enhancement 54 (65.85) 70 (57.38)
Nipple involvement 2.874 0.09
Absent 69 (84.15) 112 (91.80)
Present 13 (15.85) 10 (8.20)
Chest wall invasion 0.064"
Absent 79 (96.34) 122 (100.00)

Present 3(3.66)

0 (0.00)

“Note: Fisher's exact test was used for chest wall invasion due to theoretical frequency <5. MRI: Magnetic resonance imaging;

ADC: apparent diffusion coefficient; TIC: time-signal intensity curve.

es were observed for histological grade and
ER, PR, HER2, and Ki-67 status (P<0.05) (Table
2).

Comparison of multimodal breast MRI param-
eters between the two groups

Lesion enhancement homogeneity, nipple in-
volvement, and chest wall invasion did not dif-
fer between groups (all P>0.05) (Table 3). The
Metastatic group showed lower ADC values th-
an the Non-metastatic group (P=0.011). TIC ty-
pe distribution differed significantly (P=0.009),
with a higher proportion of type II/Ill patterns in
the Metastatic group (Table 3). Lesion margin
morphology also differed (P=0.003), and spicu-
lated margins were more frequently observed
in the Metastatic group (Table 3).

Comparison of axillary ultrasound parameters
between the two groups

Internal echo homogeneity was similar between
groups (P>0.05). Rl was higher in the Meta-
static group (P<0.001). Compared with the
Non-metastatic group, the Metastatic group
had lower proportions of intact lymph node
hilum (P<0.001), absence of microcalcifica-
tion (P=0.001), and Adler grade O-l (P<0.001)
(Table 4).
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Multivariate analysis of factors associated with
ALNM

Multivariate logistic regression was conduct-
ed with ALNM as the dependent variable and
imaging variables significant in univariate com-
parisons as covariates (Table 5). ADC (P=
0.122) and TIC type (P=0.057) were not re-
tained as independent factors. Lesion margin
morphology (OR=2.511, 95% Cl=1.141-5.529),
RI (OR=5.040, 95% CI=1.080-23.256), lymph
node hilum integrity (OR=6.904, 95% Cl=
3.004-15.867), lymph node microcalcification
(OR=3.900, 95% Cl=1.194-12.736), and Adler
blood flow grade (OR=4.837, 95% Cl=2.340-
10.000) were independently associated with
ALNM (P<0.05) (Table 6).

Development of the imaging-based decision
tree for preoperative axillary risk stratification

A CART decision tree was built using the imag-
ing factors identified in multivariate analysis.
The model was trained with a maximum depth
of 5, a minimum parent-node size of 10, and a
minimum leaf-node size of 5. In the final tree,
lymph node hilum integrity was the primary
split variable and the highest-ranked feature,
followed by Adler blood flow grade, lesion mar-
gin morphology, lymph node microcalcification,
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Table 4. Axillary ultrasound parameters of patients in the two groups

Indicator Metastatic group (n=82) Non-metastatic group (n=122)  t/x? P

RI 0.77+£0.22 0.63+0.27 3.946 <0.001

Lymph node hilum structure integrity 31.482 <0.001
Present 45 (54.88) 109 (89.34)
Partially/completely disappeared 37 (45.12) 13 (10.66)

Internal echo homogeneity 3.595 0.058
Homogeneous 54 (65.85) 95 (77.87)
Heterogeneous 28 (34.15) 27 (22.13)

Lymph node microcalcification 10.864 0.001
Absent 66 (80.49) 116 (95.08)
Present 16 (19.51) 6 (4.92)

Adler blood flow grade 25.053 <0.001
Grade O- 28 (34.15) 85 (69.67)
Grade II-lI 54 (65.85) 37 (30.33)

Note: RI: Resistance index.

Table 5. Variable assignment table

Variable type Variable name Assignment method
Dependent variable ALNM Absent =0, Present =1
Covariate ADC value, RI Original data included in the analysis

TIC curve type Type | =0, Type Il + Il =1

Lesion margin morphology Smooth/lobulated =0, Spiculated =1

Lymph node hilum structure integrity Present =0, Partially/completely disappeared =1
Lymph node microcalcification Absent =0, Present =1

Adler blood flow grade Grade O-1 =0, Grade II-lll =1

Note: ALNM: Axillary lymph node metastasis; ADC: apparent diffusion coefficient; Rl: resistance index; TIC: time-signal intensity
curve.

Table 6. Multivariate Logistic regression analysis results of ALNM in BC patients

Variable B value S.E. Wald x? value P OR 95% ClI
ADC value 1.065 0.689 2.388 0.122 29 0.752 11.192
TIC curve type 0.725 0.38 3.636 0.057 2.066 098 4.354
Lesion margin morphology 0.921 0.403 5.231 0.022 2511 1141 5.529
RI 1.617 0.786 4.235 0.040 5.040 1.080 23.256
Lymph node hilum structure integrity  1.932  0.425 20.71 <0.001 6.904 3.004 15.867
Lymph node microcalcification 1.361 0.604 5.081 0.024 3.9 1.194 12.736
Adler blood flow grade 1.576  0.371 18.102 <0.001 4.837 234 10

Note: ALNM: Axillary lymph node metastasis; BC: breast cancer; S.E.: standard error; OR: odds ratio; Cl: confidence interval; ADC:
apparent diffusion coefficient; TIC: time-signal intensity curve; RI: resistance index.

and Rl (Figure 1). To improve clinical reada-
bility, the CART structure was also summarized
as a simplified stepwise clinical decision path-
way based on the same imaging variables
(Table 7). This pathway was intended to help
clinicians understand the sequence of imag-
ing assessment and does not replace the ori-
ginal model or pathological confirmation.
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Discriminative performance of the decision
tree in axillary risk stratification

ROC analysis showed moderate discrimination
of the decision tree for preoperative axillary
risk stratification, with a sensitivity of 69.51%,
a specificity of 84.43%, and an AUC of 0.829
(95% CI=0.770-0.883; P<0.001) (Figure 2).
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Node 0
Metastatic group 82 (40.20%)
Non-metastasis group 122 (59.80%)

Total: n=204 (100.00%)

°

Partially p

Node 1
Metastatic group 45 (29.22%)
Non-metastasis group 109 (70.78%)
Total: n=154 (100.00%)

Maorphology of lesion margin
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Node 2
Metastatic group 37 (74.00%)
Non-metastasis group 13 (26.00%)
Total: n=50 (100.00%)

MNode 3
Metastatic group 51 (34.00%)
Non-metastasis group 99 (66.00%)
Total: n=150 (100.00%)

MNode 4
Metastatic group 99 (81.15%)
Non-metastasis group 23 (18.85%)
Total: n=122 (100.00%)

Adler blood flow grade

|
Grade 0-1

Y

Grade |I-1I1

Y

Node 5
Metastatic group 28 (24.78%)
Non-metastasis group 85 (75.22%)
Total: n=113 (100.00%)

Node 6
Metastatic group 54 (59.34%)
Non-metastasis group 37 (40.66%)
Total: n=91 (100.00%)

RI
|
| 1
<0.72 20.72
Node 7 Node 8

Metastatic group 51 (49.51%)
Non-metastasis group 52 (50.49%)
Total: n=103 (100.00%)

Metastatic group 31 (30.69%)
Non-metastasis group 70 (69.31%)
Total: n=101 (100.00%)

Microcalcification of lymph nodes

r
None

Figure 1. CART decision tree for preoperative axillary risk stratification in breast cancer. A simplified clinical interpretation of the CART pathway is provided in Table

¢ Yes
Node 9 Node 10

Metastatic group 66 (36.26%)
Non-metastasis group 116 (63.74%)
Total: n=182 (100.00%)

Metastatic group 16 (72.73%)
Non-metastasis group 6 (27.27%)
Total: n=22 (100.00%)

7 to improve readability for clinical users. CART: Classification and regression tree; RI: resistance index.
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Table 7. Simplified clinical decision pathway derived from the CART model

Clinical stratification for axillary management in breast cancer

Step

Imaging feature

Practical interpretation

Suggested clinical use

Step 1

Step 2

Step 3

Step 4

Step 5

Final

Lymph node hilum
integrity on axillary
ultrasound

Adler blood flow grade

Lesion margin morphol-
ogy on breast MRI

Lymph node microcalci-
fication

Ultrasound RI

Integration of CART-de-

interpretation rived imaging features

Preserved hilum generally indicates lower nodal suspicion,
whereas partial or complete hilum loss increases suspicion
of ALNM.

Grade O-l supports lower vascular suspicion; grade II-ll
suggests increased nodal vascularity and higher metastatic
probability.

Smooth or lobulated margins support lower risk; spiculated

margins suggest more aggressive tumor behavior and higher

ALNM probability.

Absence of microcalcification supports lower suspicion; pres-

ence of microcalcification increases suspicion of metastatic
involvement.

A lower RI supports lower vascular resistance, whereas a

higher RI supports increased suspicion of metastatic involve-

ment.

Patients are categorized into low-, intermediate-, or high-risk

groups according to the CART pathway.

Use as the first-line imaging feature for preoperative axil-
lary risk assessment.

Use to further stratify patients when nodal morphology is
abnormal or equivocal.

Incorporate primary-tumor morphology when axillary find-
ings alone are insufficient for risk judgment.

Use as an additional risk-escalating feature in the step-
wise assessment.

Use as a quantitative modifier when final risk stratifica-
tion remains uncertain.

This pathway may assist preoperative risk communica-
tion and multidisciplinary discussion, but it should not
replace SLNB, ALND, or pathological confirmation.

Note: CART: Classification and regression tree; ALNM: axillary lymph node metastasis; MRI: magnetic resonance imaging; Rl: resistance index; SLNB: sentinel lymph node biopsy;
ALND: axillary lymph node dissection.
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Figure 2. ROC curve of the CART decision tree for axil-
lary risk stratification in the overall cohort. ROC: Re-
ceiver operating characteristic; CART: classification
and regression tree; AUC: area under the curve; Cl:
confidence interval.

Internal validation of the decision tree model

For internal validation, the cohort was random-
ly divided into a training set (n=143) and a vali-
dation set (n=61) at a 7:3 ratio. In the training
set, sensitivity was 73.33% and specificity was
83.13% (AUC=0.835, 95% CI=0.767-0.903). In
the validation set, sensitivity was 81.82% and
specificity was 74.36% (AUC=0.803, 95% Cl=
0.678-0.928) (Figure 3). Baseline clinicopatho-
logical and imaging characteristics were gener-
ally comparable between the two sets. However,
because this validation was based on a single
random split, the result should be interpreted
as preliminary internal evidence rather than
proof of stable performance across different
samples or institutions.

Distribution of axillary surgical strategies and
rates of potentially avoidable invasive axillary
intervention/undertreatment across different
model-based risk strata

Among patients classified into low-, intermedi-
ate-, and high-risk groups by the decision tree,
the observed rate of pathologically confirmed
ALNM increased stepwise across strata. The
actual distribution of axillary surgical proce-
dures also differed significantly among the th-
ree groups (x?=42.185, P<0.001). Importantly,
all surgical decisions in this cohort were made
on the basis of routine clinical judgment ra-
ther than model output. In retrospective analy-
ses, SLNB omission was observed only in the
low-risk group. Among pathologically node-
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negative patients, the proportion undergoing
invasive axillary staging or dissection remained
high across strata. By contrast, the proportion
of patients with macrometastatic disease who
did not undergo ALND did not differ signifi-
cantly between groups (x?=0.217, P=0.897)
(Table 8).

Comparison of key perioperative indicators
among patients undergoing different axillary
surgical strategies

In the ALND group, operative time was longer,
intraoperative blood loss was greater, and dra-
inage tube duration was prolonged compared
with both the SLNB-only group and the SLNB-
omission group. These same perioperative in-
dicators were also higher in the SLNB-only
group than in the SLNB-omission group (all
P<0.05). In addition, the incidence of delayed
postoperative wound healing differed signifi-
cantly among the three groups (P<0.001), and
this complication occurred more frequently in
the ALND group than in the other two groups
(Table 9).

Postoperative safety in patients undergoing
different axillary surgical procedures

The 1-year follow-up results showed that no
postoperative complications occurred in the
group exempted from SLNB, whereas the over-
all complication rate was 25.81% in the SLNB-
only group and increased to 79.41% in the
ALND group. Stratified analysis of individual
complications showed significant differences
among the three groups in the incidence of
upper-extremity lymphedema (x?=25.361, P<
0.001), upper-extremity sensory disturbance
(x>=33.105, P<0.001), subcutaneous seroma
(x>=15.026, P<0.001), and restricted shoul-
der mobility (x?=21.485, P<0.001) (Table 10).

Comparison of upper limb function scores at 1
year after surgery among patients undergoing
different axillary surgical strategies

Evaluation of upper limb function at 1 year af-
ter surgery showed significant differences am-
ong the three groups in both the total DASH
score and all dimensional scores (P<0.001).
The SLNB-omission group had the lowest DASH
scores, indicating the best preservation of
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Figure 3. ROC curves of the CART decision tree model in the training set and validation set for internal validation.
ROC: Receiver operating characteristic; CART: classification and regression tree; AUC: area under the curve; Cl:

confidence interval.

upper limb function. In contrast, patients who
underwent ALND showed significantly higher
total and dimensional scores than those in the
SLNB-only group and the SLNB-omission group,
while the SLNB-only group also scored sig-
nificantly higher than the SLNB-omission group
(P<0.001). Overall, greater axillary surgical ex-
tent was associated with worse postoperative
upper-limb function (Table 11).

Comparison of treatment burden indicators
within 1 year after surgery among patients un-
dergoing different axillary surgical strategies

The three groups also differed significantly in
total postoperative length of hospitalization,
total inpatient medical costs, and the number
of rehabilitation follow-up visits within 1 year
after surgery (all P<0.001). Specifically, pa-
tients in the ALND group had longer postope-
rative hospital stays, incurred higher medical
costs, and required more rehabilitation visits
than those in the SLNB-only group and the
SLNB-omission group. The same trend was ob-
served when the SLNB-only group was com-
pared with the SLNB-omission group, with all
three indicators remaining significantly higher
in the former group (all P<0.05) (Table 12).

Distribution of postoperative regional radio-
therapy decisions among patients undergoing
different axillary surgical strategies

No patients in the SLNB-omission group re-
ceived any postoperative regional radiotherapy.
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In the SLNB-only group, treatment was mainly
limited to no radiotherapy or whole-breast irra-
diation alone, and the proportion receiving
regional nodal irradiation was only 4.03%. By
comparison, 64.71% of patients in the ALND
group underwent regional nodal irradiation, a
rate that was significantly higher than that in
both the SLNB-omission group and the SLNB-
only group (P<0.001) (Table 13).

Hypothesis-generating descriptive analysis
of 1-year DFS after postoperative adjuvant
therapy across model-defined risk strata

As a hypothesis-generating descriptive an-
alysis, we explored whether the association
between postoperative adjuvant therapy and
1-year DFS differed across model-defined risk
strata. After adjustment for age, tumor T sta-
ge, molecular subtype, and other confounders,
no statistically significant association between
adjuvant therapy and 1-year DFS was obser-
ved in the low-risk group. In the intermediate-
and high-risk groups, the hazard ratios were
numerically below 1.0, but the confidence in-
tervals were wide and crossed 1.0. In particu-
lar, only two high-risk patients did not receive
postoperative adjuvant therapy, resulting in
highly unstable estimates. Therefore, these
findings should be interpreted as descriptive
and hypothesis-generating only and should not
be used to infer treatment benefit, treatment
selection, or treatment de-escalation (Table
14).
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Table 8. Distribution of axillary surgical strategies and retrospective mismatch rates between pathological nodal status and extent of axillary
intervention across model-defined risk strata

Low-risk Medium-risk High-risk

Group (n=102) Group (n=58) Group (n=44) @ X P

Pathological No Metastasis 94 (92.16) 22 (37.93) 6 (13.64) 122 (59.80) -
Pathological Metastasis 8 (7.84) 36 (62.07) 38 (86.36) 82 (40.20) -
Actual axillary surgery plan SLNB (Sentinel Lymph Node Biopsy) Exempted 12 (11.76) 0 (0.00) 0 (0.00) 12 (5.88) 42.185 <0.001

SLNB (Sentinel Lymph Node Biopsy) Only 78 (76.47) 41 (70.69) 5(11.36) 124 (60.78)

ALND (Axillary Lymph Node Dissection) Performed 12 (11.77) 17 (29.31) 39 (88.64) 68 (33.33)
Over-treatment Rate 78 (82.98) 15 (68.18) 5 (83.33) - 21.364 <0.001
Under-treatment Rate 1(12.50) 2 (5.56) 3(7.89) - 0.217  0.897

Note: potentially avoidable invasive axillary intervention rate was calculated as (number of pathologically node-negative patients who underwent SLNB/ALND)/(total number of patho-
logically node-negative patients in the corresponding risk stratum) x 100%. Undertreatment rate was calculated as (number of patients with pathologically confirmed macrometastasis
who did not undergo standard ALND)/(total number of patients with pathologically confirmed macrometastasis in the corresponding risk stratum) x 100%. SLNB: Sentinel lymph node
biopsy; ALND: axillary lymph node dissection.

Table 9. Comparison of key perioperative indicators among patients undergoing different axillary surgical strategies

Intraoperative blood Postoperative drainage Postoperative incision

Groups n Operation time (min) loss (mL) tube indwelling time (d)  healing was delayed
SLNB (Sentinel Lymph Node Biopsy) Exempted 12 55.17+£12.45 15.25+4.35 - 0 (0.00)
SLNB (Sentinel Lymph Node Biopsy) Only 124 74.43+14.64" 27.59+10.36" 3.94+1.00 4 (3.23)
ALND (Axillary Lymph Node Dissection) Performed 68 121.04+20.33"# 43.10+15.23"# 6.47+2.02 11 (16.18)"*
Statistics F=198.138 F=49.151 t=11.612 x?=11.823

P <0.001 <0.001 <0.001 <0.001

Note: * indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Exempted, # indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Only. SLNB: Sentinel
lymph node biopsy; ALND: axillary lymph node dissection.
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Table 10. One-year postoperative complication rates in patients undergoing different axillary surgical procedures

Groups Upper Extremity Upper Extremity Incisign Subcutapeous Sh.olulde.r J.oin.t .Totgl
Lymphedema Paresthesia Infection Effusion Mobility Limitation Complication Rate

SLNB (Sentinel Lymph Node Biopsy) Exempted 12 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

SLNB (Sentinel Lymph Node Biopsy) Only 124 8 (6.45) 14 (11.29)" 3(2.42) 9 (7.26) 3(2.42) 32 (25.81)"

ALND (Axillary Lymph Node Dissection) Performed 68 16 (23.53)"* 21 (30.88)"* 6(8.82)"* 14 (20.59)"* 11 (16.18)"* 54 (79.41)"*

X2 25.361 33.105 0.118 15.026 21.485 65.294

P <0.001 <0.001 0.118 <0.001 <0.001 <0.001

Note: * indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Exempted, # indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Only. SLNB: Senti-
nel lymph node biopsy; ALND: axillary lymph node dissection.

Table 11. Comparison of upper limb function scores at 1 year after surgery among patients undergoing different axillary surgical strategies

Groups The DASH upper limb Daily gctivity ability Moifor fun.ction Sym.ptom related
function score dimension dimension dimensions

SLNB (Sentinel Lymph Node Biopsy) Exempted 12 6.83+2.52 4.17+0.94 4.50+2.02 4.25+1.71

SLNB (Sentinel Lymph Node Biopsy) Only 124 18.74+4.01" 15.88+5.88" 16.56+5.64" 15.79+5.96"

ALND (Axillary Lymph Node Dissection) Performed 68 31.25+14.81"* 32.97+12.56™# 44.18+9.98"# 37.16+10.28™#

F 59.314 111.104 367.522 211.806

P <0.001 <0.001 <0.001 <0.001

Note: * indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Exempted, # indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Only. SLNB: Sentinel
lymph node biopsy; ALND: axillary lymph node dissection; DASH: Disabilities of the Arm, Shoulder and Hand.

Table 12. Comparison of treatment burden indicators within 1 year after surgery among patients undergoing different axillary surgical strategies

Postoperative hospital Inpatient medical expenses Number of rehabilitation visits

Groups
stay (d) (ten thousand yuan) one year after surgery

SLNB (Sentinel Lymph Node Biopsy) Exempted 12 3.83+1.19 2.13+0.21 2.08+0.67
SLNB (Sentinel Lymph Node Biopsy) Only 124 5.48+1.08" 2.91+0.44 4.03+1.50"
ALND (Axillary Lymph Node Dissection) Performed 68 7.96+1.98"# 4.31+0.80"# 5.62+2.04"*
F 81.527 156.307 32.534
P <0.001 <0.001 <0.001

Note: * indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Exempted, # indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Only. SLNB: Sentinel
lymph node biopsy; ALND: axillary lymph node dissection.
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Table 13. Distribution of postoperative regional radiotherapy decisions among patients undergoing different axillary surgical strategies

No regional radiotherapy ~ Radiotherapy for the entire Whole breast plus axillary/

Groups was received breast only supraclavicular radiotherapy
SLNB (Sentinel Lymph Node Biopsy) Exempted 12 12 (100.00%) 0 (0.00%) 0 (0.00%)

SLNB (Sentinel Lymph Node Biopsy) Only 124 97 (78.23%) 22 (17.74%)" 5 (4.03%)

ALND (Axillary Lymph Node Dissection) Performed 68 16 (23.53%)"* 8 (11.76%)"# 44 (64.71%)"*

Total (n=204) 125 (61.27%) 30 (14.71%) 49 (24.02%)

X2 63.431 3.449 92.623

P <0.001 0.178 <0.001

Note: * indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Exempted, # indicates P<0.05 compared with SLNB (Sentinel Lymph Node Biopsy) Only. SLNB: Sentinel
lymph node biopsy; ALND: axillary lymph node dissection.

Table 14. Hypothesis-generating descriptive analysis of 1-year DFS after postoperative adjuvant therapy across model-defined risk strata

Received Postoperative Adjuvant Therapy = Non-received Postoperative Adjuvant Therapy

Model Risk Stratification ~ n . Lyear DFS (Disease-Free Survival) N 1-year DFS (Disease-Free Survival)  HR Value (95% Cl) In}f\'}gfifn
Rate (95% Cl) Rate (95% Cl)

Low-risk Group 102 76 98.7% (96.0%-100.0%) 26 96.2% (88.9%-100.0%) 0.785 (0.081-7.624) 0.832

Medium-risk Group 58 49 91.8% (84.4%-99.2%) 9 77.8% (50.7%-100.0%) 0.426 (0.090-2.019) 0.281

High-risk Group 44 42 78.6% (66.7%-90.5%) 2 50.0% (0.0%-100.0%) 0.298 (0.032-2.779) 0.280

Total Cohort 204 167 92.2% (88.3%-96.1%) 37 91.9% (83.2%-100.0%) 0.657 (0.237-1.821) 0.420

Note: DFS: Disease-free survival; HR: hazard ratio; Cl: confidence interval. This analysis was exploratory and hypothesis-generating only. Several subgroups contained very small num-
bers of patients, particularly the high-risk group without postoperative adjuvant therapy. Therefore, the HR estimates and confidence intervals are statistically unstable and should not
be used to infer treatment benefit or guide treatment de-escalation.
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Figure 4. Graphical overview of the study design, key imaging features, and retrospective clinical utility analysis
of the multimodal imaging-based decision tree. ALNM: Axillary lymph node metastasis; MRI: magnetic resonance
imaging; US: ultrasound; CART: classification and regression tree; RI: resistance index; AUC: area under the curve.

Discussion

We integrated routinely assessed preoperative
breast MRI and axillary ultrasound features to
construct an interpretable decision tree and
examined its potential clinical utility as a tool
for preoperative axillary risk stratification in
breast cancer. The model provides explicit rule-
based outputs that are readily understandable
in routine imaging review (Figure 4). Rather
than testing the model as a tool that directly
guided treatment in this cohort, we retrospec-
tively evaluated whether model-defined risk
strata were associated with observed axillary
management patterns and short-term postop-
erative outcomes. These findings are intended
to provide preliminary clinical context for future
prospective validation rather than direct evi-
dence of management benefit.

Multivariate analysis identified lymph node
hilum integrity, Adler blood flow grade, MRI
lesion margin morphology, lymph node micro-
calcification, and ultrasound RI as independent
variables associated with ALNM, in line with
previous reports [14-16]. Lymph node hilum
integrity showed the strongest contribution and
served as the primary split node in the deci-
sion tree. Partial or complete loss of the fatty
hilum reflects disruption of nodal architecture
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by metastatic infiltration and has been regard-
ed as a relatively specific ultrasound feature
of nodal metastasis [17, 18]. The present find-
ings support its value as a first-line imaging
marker within a stepwise assessment path-
way.

Adler blood flow grade and RI, which reflect
nodal vascularity and resistance, were also
independently associated with ALNM. This find-
ing is consistent with tumor-driven angiogene-
sis and vascular remodeling in metastatic
nodes, where irregular neovessels and incre-
ased vascular resistance may manifest as
higher vascularity grades and elevated Rl [19-
21]. Doppler-derived indices have often been
treated as ancillary findings in prior work [22,
23]. In our decision tree, both Adler blood flow
grade and Rl were included as split variables,
supporting their clinical utility for sequential
stratification. The slight difference in feature
ranking can be attributed to their distinct cli-
nical decision-making logics: logistic regres-
sion assesses independent statistical effects,
whereas a decision tree prioritizes features
that offer the clearest and most actionable
clinical thresholds. Adler blood flow grade sh-
owed more intuitive clinical discriminative
power in our cohort, so it was selected as an
earlier split.
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For primary-tumor MRI, lesion margin morphol-
ogy remained independently associated with
ALNM, with spiculated margins corresponding
to a higher likelihood of metastatic involve-
ment. Spiculation is typically linked to infiltra-
tive growth and stromal reaction and may be
associated with more aggressive tumor biolo-
gy. Incorporating primary-lesion morphology
into nodal risk estimation is reasonable, par-
ticularly when axillary findings are equivocal.

In routine preoperative evaluation, ALNM as-
sessment still depends largely on single-mo-
dality interpretation or regression-based risk
stratification models [24-26]. Conventional axil-
lary ultrasound may be less sensitive for micro-
metastases and for deep or atypically located
nodes [27], whereas MRI assessment can be
confounded by reactive or inflammatory nodal
changes that increase false-positive calls [28].
In practice, MRI and ultrasound are frequently
interpreted together, but this integration is
commonly heuristic and standardized quanti-
tative fusion remains uncommon [29]. Logis-
tic regression yields an estimated probability;
however, this output does not always map onto
the stepwise decision-making used in clinical
image interpretation, which can limit imple-
mentation.

Recent studies have increasingly used ra-
diomics, deep learning, multimodal data inte-
gration, and SHAP-based interpretability meth-
ods for preoperative ALNM prediction [30-33].
These approaches can extract high-dimension-
al image features and may achieve favorable
discrimination in selected cohorts. However,
the clinical purpose of the present study was
different. We did not aim to maximize predic-
tive performance using raw-image feature ex-
traction. Instead, we sought to transform rou-
tinely reported breast MRI and axillary ultra-
sound findings into a transparent preopera-
tive risk-stratification pathway. The rationale for
selecting CART was therefore not interpretabil-
ity alone. More importantly, the if-then struc-
ture of a decision tree closely resembles the
stepwise reasoning process used by clinicians
during axillary imaging assessment. In the
present model, lymph node hilum integrity is
evaluated first, followed by Adler blood flow
grade, MRI lesion margin morphology, lymph
node microcalcification, and Rl when further
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stratification is needed. Each risk assignment
can therefore be traced back to specific imag-
ing findings. This structure makes the model
easier to review in multidisciplinary discussion
and easier to translate into a clinical pathway
than black-box models or models requiring post
hoc explanation. Thus, the value of this CART
model lies in its transparency, low complexity,
and compatibility with routine clinical workflow
rather than in claiming superiority over deep
learning models.

SLNB remains the reference standard for axil-
lary staging, but it is invasive and can be fol-
lowed by complications such as upper-limb
lymphedema, sensory disturbance, and restric-
ted shoulder mobility. Many patients undergo-
ing SLNB are ultimately node-negative and
therefore receive an invasive procedure with-
out pathological benefit [34, 35]. Because the
model uses preoperative MRI and ultrasound
parameters obtained during routine care, it
enables non-invasive ALNM risk stratification
without additional examinations. External vali-
dation is required to determine whether the
model can support individualized axillary man-
agement and preoperative planning in broader
clinical settings. A prospective multicenter va-
lidation study is planned in three steps. First,
the imaging acquisition protocol, feature defini-
tions, reader training materials, and electronic
case report form will be harmonized across
participating centers. Second, consecutive eli-
gible patients will be prospectively enrolled
before surgery, and MRI and axillary ultrasound
features will be recorded before pathological
confirmation. Third, the model will be externally
assessed for discrimination, calibration, deci-
sion-curve net benefit, interobserver reproduc-
ibility, and clinical workflow feasibility. The pro-
tocol harmonization and reader training phase
is expected to be completed within 6 months
after ethics approval. Prospective patient en-
rollment is planned for months 7-24, followed
by model performance assessment, calibration
analysis, decision-curve analysis, and manu-
script preparation during months 25-30. This
stepwise validation strategy is necessary be-
fore the model can be considered for clinical
decision support.

The retrospective management analyses pro-
vide context for the potential clinical relevance
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of preoperative axillary risk stratification. In
this cohort, a high proportion of patients retro-
spectively categorized as low risk nevertheless
underwent invasive axillary procedures under
routine clinical practice. At the same time, mo-
re extensive axillary surgery was consistently
associated with greater perioperative burden,
higher postoperative morbidity, worse upper-
limb functional outcomes, and increased he-
althcare utilization. These findings should not
be interpreted as evidence that the present
model reduced overtreatment in this cohort,
because surgical decisions were not based on
model output. Rather, they suggest that if a re-
liable preoperative stratification tool can be
validated prospectively, it may help identify clin-
ical scenarios in which the extent of axillary
intervention could be further individualized.
The 1-year DFS analysis was retained only as
a descriptive, hypothesis-generating analysis.
Because the number of endpoint events was
limited and several treatment subgroups were
very small, especially the high-risk patients who
did not receive adjuvant therapy, the Cox esti-
mates were unstable. These findings therefore
cannot support conclusions regarding adjuvant
treatment benefit, treatment selection, or treat-
ment de-escalation.

This study has several limitations. First, this
was a single-center retrospective study with
a moderate sample size; therefore, selection
bias, referral-pattern bias, and information bias
cannot be excluded. Second, validation was
limited to an internal random split, and the
model has not yet been tested in an indepen-
dent external cohort. The reported validation
performance should therefore be regarded as
preliminary. Third, the model was derived from
treatment-naive patients only, and its perfor-
mance in patients receiving neoadjuvant che-
motherapy, endocrine therapy, targeted the-
rapy, or immunotherapy remains unknown.
Fourth, surgical management in this cohort
was determined by routine clinical judgment
rather than model output. Therefore, the as-
sociations between model-defined risk strata
and axillary procedures, postoperative morbid-
ity, or treatment burden should not be interpr-
eted as evidence that the model reduced over-
treatment or improved outcomes. Fifth, the 1-
year DFS analysis was exploratory and under-
powered, with limited endpoint events and very
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small subgroups in some strata. The survival
findings cannot support conclusions regarding
treatment benefit or treatment de-escalation.
Sixth, although interobserver agreement was
good, the model relied on manually interpreted
imaging features, and feature assessment may
vary across institutions and readers. Finally,
the model should be regarded as a preopera-
tive risk-stratification and communication tool
rather than a substitute for SLNB, ALND, or
pathological confirmation. Prospective multi-
center external validation is required before
clinical decision support can be considered.

Conclusion

This study showed that spiculated lesion mar-
gins on breast MRI, abnormal lymph node hilum
structure, nodal microcalcification, higher Adler
blood flow grade, and higher Rl on axillary ultra-
sound were associated with ALNM in breast
cancer. A CART decision tree derived from
these routine imaging features demonstrated
acceptable discriminative ability and provided
an interpretable framework for preoperative
axillary risk stratification. In retrospective anal-
yses, model-defined risk strata were associat-
ed with observed patterns of axillary manage-
ment and short-term postoperative burden.
These findings suggest that imaging-based
axillary risk stratification may be clinically rele-
vant; however, the model remains exploratory
at this stage and requires prospective multi-
center external validation before it can be con-
sidered for clinical decision support.
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