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AIM: Breast cancer-related lymphedema remains a major complication that follows axillary surgery. This prospective study evaluated
the effects of axillary surgical techniques and treatment-related factors on the development of lymphedema in patients undergoing breast
cancer surgery.
METHODS: This prospective observational cohort study included 119 patients who underwent breast and axillary surgery for invasive
breast cancer between June 2020 and April 2022. Arm volume measurements were recorded preoperatively and during follow-up at 10–
15 days, 1–3 months, 6 months, and 1 year postoperatively using a standardized circumferential method. Lymphedema was defined as a
≥10% increase in the volume difference between the operated and contralateral arm relative to the individual baseline inter-arm difference.
Demographic, clinical, and treatment-related variables, including the axillary surgical procedure, radiotherapy, chemotherapy, body mass
index, and number of removed lymph nodes, were analyzed. Univariate and multivariable logistic regression analyses were performed
to identify potential risk factors associated with lymphedema development.
RESULTS: Lymphedema developed in 18 (15.1%) of 119 patients. The incidence of lymphedema was significantly higher in patients
who underwent axillary lymph node dissection (ALND; 24.4%) than in those who underwent sentinel lymph node biopsy (SLNB; 10.3%,
p = 0.040). No significant association was observed between axillary radiotherapy and lymphedema development (p = 0.809). No
variables remained statistically significant after multivariable adjustment. However, ALND showed a trend toward an increased risk of
lymphedema (odds ratio [OR] 6.14, 95% confidence interval [CI] 0.91–41.49, p = 0.063), whereas neoadjuvant chemotherapy (NACT)
showed a trend toward a reduced risk (OR 0.34, 95% CI 0.10–1.19, p = 0.091).
CONCLUSIONS: In univariable analyses, ALND was associated with a higher occurrence of lymphedema following breast cancer
surgery. However, no variable remained statistically significant after multivariable adjustment, likely reflecting the limited number
of lymphedema events and the resulting limited statistical power. In this cohort, NACT was not associated with an increased risk of
lymphedema. Although exploratory subgroup analyses suggested a lower incidence of lymphedema among patients undergoing SLNB
following NACT, these findings should be interpreted cautiously given the limited subgroup size and require confirmation in larger
prospective studies. These findings support ongoing efforts to minimize unnecessary axillary dissection whenever oncologically appro-
priate.
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Introduction
Breast cancer is the most common malignancy among
women and remains a major global health burden. When
both sexes are taken into account, breast cancer is the sec-
ond most common cancer worldwide after lung cancer, ac-
cording to the most recent GLOBOCAN data [1].
Due to the prevalence of this illness, therapeutic strategies
are crucial and constantly evolving. From radical mastec-
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tomy to oncoplastic surgery, breast cancer treatments have
developed over time. The number of surgical procedures
performed has increased in parallel with the rising incidence
of breast cancer. As the frequency of these procedures has
grown, procedure-related complications have becomemore
apparent, prompting efforts to improve preventive and ther-
apeutic strategies.

Arm lymphedema is a major complication associated with
breast cancer surgery. Lymphedema is commonly defined
as a clinically meaningful increase in arm volume relative
to the contralateral extremity or baseline measurements [2],
although definitions vary across studies. Disruption of lym-
phatic circulation and increased protein transfer to the in-
terstitial space following the excision of lymph nodes in
the axillary region are the causes of lymphedema [3]. Pa-
tients with lymphedema can have arm swelling, redness, re-
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stricted movement, and eventual Stewart-Treves syndrome,
an angiosarcoma linked to lymphedema [4].
Understanding the causes of lymphedema is crucial to avoid
its progression. Radiotherapy (RT) and axillary surgery
(e.g., axillary dissection or sentinel lymph node biopsy
[SLNB]) are known risk factors for the development of lym-
phedema. Distinct risk factors other than axillary surgi-
cal operations are yet to be identified because most lym-
phedema investigations are retrospective. The objectives
of this study were to prospectively assess patients who had
breast cancer surgery and investigate the variables that con-
tributed to the development of lymphedema in these indi-
viduals.

Methods
This prospective observational cohort study comprised pa-
tients between ages 20 and 90 years who had axillary and
breast surgery for invasive breast cancer at the Department
of General Surgery of Ege University Hospital between
June 2020 and April 2022. 119 participants who gave their
consent to participate and had complete data were included
in the study. These patients were prospectively followed up
for routine examinations at our clinic: preoperatively and
10–15 days, 1–3 months, 6 months, and 1 year postopera-
tively.
The same nurse at the breast clinic recorded the arm cir-
cumference measurements. Measurements were performed
with patients in a standardized position, with the upper
limbs relaxed and positioned consistently. A flexible mea-
suring tape was used with consistent tension to minimize
measurement variability. Patients were prospectively fol-
lowed up for a minimum of 1 year according to the prede-
fined lymphedema assessment schedule (i.e., 10–15 days,
1–3 months, 6 months, and 1 year postoperatively). In
patients who continued routine clinical follow-up, for pa-
tients who continued routine clinical surveillance, observa-
tion was extended beyond 1 year, with a median follow-
up duration of 3.72 years; lymphedema events identified
during this extended follow-up were included in the cumu-
lative incidence analysis. Lymphedema events occurring
during the available follow-up period were recorded and
included in the cumulative analyses. Patients who had bi-
lateral surgery, did not show up for follow-up, or already
had surgery on the other breast or axilla were excluded. Pa-
tients who had lymphedema during follow-up were treated
with compression sleeves and referred for a physical ther-
apy consultation. This study was approved by the Medi-
cal Research Ethics Committee of Ege University School
of Medicine (approval no: 20-5T/34).

Data Collection and Measurement Methods
Before surgery, arm circumference measurements were
recorded bilaterally at four standardized anatomical land-
marks: the metacarpal level, the wrist, 2 cm below the el-
bow epicondyle, and 2 cm above the elbow epicondyle.

Based on these measurements, each arm was divided into
three segments, and the distance between adjacent measure-
ment points was recorded. Circumferential arm measure-
ments were selected because they represent a standardized,
inexpensive, and widely accepted method for prospective
lymphedema surveillance. This approach was also the most
feasible option within routine clinical practice during the
coronavirus disease 2019 (COVID-19) pandemic. Circum-
ference measurements (c) for each segment were recorded,
and arm volume was calculated using the truncated cone
formula according to the measured distance intervals. The
truncated cone formula:

V = (πh/3)×
(
r21 + r1r2 + r22

)
where r1 and r2 represent the radii of adjacent circumfer-
ence measurements and h represents the distance between
measurement points. Then, the volumes of the three regions
were added to obtain the volume of the arm.
At baseline, the volumes of both the operated-side arm and
the contralateral healthy arm were measured, and the natu-
ral inter-arm volume difference was recorded for each pa-
tient. The relative inter-arm volume difference was calcu-
lated as:
Relative inter-arm difference (%) = ((Operated arm volume
− Contralateral arm volume) / Contralateral arm volume)
× 100.
Lymphedema was defined as a ≥10% increase in this rel-
ative inter-arm volume difference compared with each pa-
tient’s own preoperative baseline measurement. This indi-
vidualized approach accounts for natural baseline asymme-
try between upper extremities and minimizes misclassifica-
tion related to arm dominance or pre-existing differences,
compared with a simple postoperative comparison of raw
arm volumes between the operated and contralateral arms.
The ≥10% threshold was adopted according to previously
published definitions of breast cancer-related lymphedema.
For descriptive analyses, patients were further categorized
according to the magnitude of baseline-adjusted relative
inter-arm volume difference (<10%, 10–39.9%, and≥40%)
[5,6]. These categories were used solely to describe the ex-
tent of relative volume change and do not represent estab-
lished clinical lymphedema severity grades.
All patients were discussed in a multidisciplinary tumor
board meeting involving breast surgery, medical oncol-
ogy, radiation oncology, radiology, pathology, and nuclear
medicine specialists. Decisions regarding adjuvant treat-
ment and axillary radiotherapy were made according to tu-
mor characteristics, pathological findings, and institutional
multidisciplinary consensus.

Statistical Analysis
Statistical analyses were performed using IBMSPSS Statis-
tics for Windows, Version 24.0 (IBM Corp., Armonk, NY,
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USA). The distribution of continuous variables was as-
sessed using the Shapiro–Wilk test. Continuous variables
were presented as mean ± standard deviation (SD) or me-
dian (interquartile range [IQR]) according to data distribu-
tion, whereas categorical variables were expressed as fre-
quencies and percentages.
For intergroup comparisons, the independent samples t-
test was used for normally distributed continuous vari-
ables, while the Mann–Whitney U test was applied for non-
normally distributed variables where appropriate. Categor-
ical variables were compared using the Chi-squared test or
Fisher’s exact test, as appropriate. Fisher’s exact test was
used when expected cell counts were small, including anal-
yses involving postoperative surgical-site infection because
of the limited number of events.
Univariable logistic regression analyses were performed to
identify potential risk factors associated with lymphedema
development. Variables that were considered clinically rel-
evant or showed an association at p < 0.20 in univariable
analysis were included in the multivariable logistic regres-
sion model. Odds ratios (ORs) and 95% confidence inter-
vals (CIs) were reported. A two-sided p-value < 0.05 was
considered statistically significant.

Results
The study comprised a total of 119 patients. The patients’
median age was 57 years (26–86), and their mean age was
56.19 ± 13.98 years. 58 (48.74%) patients had a total mas-
tectomy, while 61 (51.26%) had a partial mastectomy. BMI
categories were distributed as follows: 35.29% of patients
had a BMI of 20–25 kg/m2, 31.93% had a BMI of 26–30
kg/m2, and 32.77% had a BMI ≥31 kg/m2. SLNB was per-
formed on 78 (65.55%) patients, while axillary lymph node
dissection (ALND) was done on 41 (34.45%) patients. Ra-
diotherapywas administered to 63 (52.94%) patients during
the postoperative phase (Table 1). All patients completed
at least 1 year of follow-up. Table 2 presents lymphedema
status at each predefined assessment time point within the
first postoperative year, whereas the 18 lymphedema events
reported in this study represent cumulative cases identified
over the entire available follow-up period (median follow-
up, 3.72 years).
The patients’ preoperative arm volumes were compared to
the arm volumes measured during their follow-up. For
descriptive analyses of postoperative volume changes, pa-
tients were categorized according to the magnitude of
baseline-adjusted relative inter-arm volume difference as
<10%, 10–39.9%, and ≥40% (Table 2).
Table 2 presents baseline-adjusted relative inter-arm vol-
ume difference categories at predefined follow-up time
points during the first postoperative year. These assess-
ments were limited to the scheduled 1-year follow-up vis-
its, whereas lymphedema events were recorded throughout
the entire available follow-up period. Therefore, the 18
cases represent cumulative lymphedema incidence identi-

Table 1. Data on patients’ disease characteristics and
treatments.

Variable Category n %

Dominant hand
Right 116 97.48
Left 3 2.52

Infection
Present 3 2.52
Absent 116 97.48

Operated side
Right 54 45.38
Left 65 54.62

Type of surgery
PM 61 51.26
TM 58 48.74

Axillary procedure
SLNB 78 65.55
ALND 41 34.45

Axillary radiotherapy
Received 63 52.94

Not received 56 47.06

NACT
Yes 51 42.86
No 68 57.14

Adjuvant chemotherapy
Yes 45 37.82
No 74 62.18

Tumor location
UOQ 56 47.06

Non-UOQ 63 52.94

Tumor size
≤2 cm 53 44.54
>2 cm 66 55.46

BMI
20–25 kg/m2 42 35.29
26–30 kg/m2 38 31.93
≥31 kg/m2 39 32.77

Notes: SLNB, sentinel lymph node biopsy; ALND,
axillary lymph node dissection; RT, radiotherapy;
NACT, neoadjuvant chemotherapy; UOQ, upper outer
quadrant; BMI, body mass index; PM, partial mastec-
tomy; TM, total mastectomy.

fied during follow-up beyond the first postoperative year
when applicable. All patients were prospectively followed
up for a minimum of 1 year; however, follow-up was ex-
tended in patients who continued routine clinical surveil-
lance (median follow-up: 3.72 years). Accordingly, the 18
cases reported in this study represent lymphedema events
identified during the available follow-up period, including
events detected beyond the first postoperative year among
patients with extended follow-up, whereas the frequencies
presented in Table 2 reflect lymphedema status at specific
postoperative follow-up visits during the first year. There-
fore, the frequencies shown in Table 2 should not be inter-
preted as cumulative incidence.

Subsequently, treatment-related and surgical factors poten-
tially associated with lymphedema development were eval-
uated.

During the postoperative follow-up period, lymphedema
developed in 10 (15.9%) of 63 patients who received ax-
illary radiotherapy and in 8 (14.3%) of 56 patients who
did not receive radiotherapy. Although the incidence was
slightly higher among patients receiving radiotherapy, the
difference was not significant (p = 0.809; Table 3).
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Table 2. Assessment of postoperative baseline-adjusted relative inter-arm volume difference at predefined follow-up time points
during the first postoperative year.

Follow up time interval (vs preoperative) Relative inter-arm volume change category n (%)

Postoperative day 10–15 vs Preoperative
<10% baseline-adjusted relative inter-arm volume increase 117 (98.32)

10–39.9% baseline-adjusted relative inter-arm volume increase 2 (1.68)
≥40% baseline-adjusted relative inter-arm volume increase 0 (0.00)

1–3 months vs preoperative
<10% baseline-adjusted relative inter-arm volume increase 112 (94.12)

10–39.9% baseline-adjusted relative inter-arm volume increase 7 (5.88)
≥40% baseline-adjusted relative inter-arm volume increase 0 (0.00)

6 months vs preoperative
<10% baseline-adjusted relative inter-arm volume increase 116 (97.48)

10–39.9% baseline-adjusted relative inter-arm volume increase 3 (2.52)
≥40% baseline-adjusted relative inter-arm volume increase 0 (0.00)

1 year vs preoperative
<10% baseline-adjusted relative inter-arm volume increase 110 (92.44)

10–39.9% baseline-adjusted relative inter-arm volume increase 8 (6.72)
≥40% baseline-adjusted relative inter-arm volume increase 1 (0.84)

Table 3. Association between axillary radiotherapy and
lymphedema.

Axillary
radiotherapy

Lymphedema, n
(%)

No lymphedema, n
(%)

p-
value

Yes 10 (15.9) 53 (84.1)
0.809

No 8 (14.3) 48 (85.7)

Percentages were calculated using the total number of patients in each
axillary radiotherapy group as the denominator. The p-value represents
the comparison of lymphedema incidence between the axillary radio-
therapy groups using the Chi-squared test. A p-value < 0.05 was con-
sidered statistically significant.

Postoperative surgical-site infection was documented in
3 patients, one of whom subsequently developed lym-
phedema. The association was evaluated using Fisher’s ex-
act test because of the small number of infection events.

Univariable logistic regression analyses were first per-
formed, followed by multivariable logistic regression as the
primary adjusted analysis to identify factors independently
associated with lymphedema development (Table 4). Vari-
ables entered into the multivariable model included axil-
lary surgery type, axillary radiotherapy, number of removed
lymph nodes, number of metastatic lymph nodes, post-
operative infection, neoadjuvant chemotherapy (NACT),
and BMI. None of the evaluated variables remained sta-
tistically significant after multivariable adjustment. How-
ever, ALND showed a trend toward an increased risk of
lymphedema (OR 6.14, 95% CI 0.91–41.49, p = 0.063),
whereas NACT showed a trend toward a reduced risk (OR
0.34, 95% CI 0.10–1.19, p = 0.091).

Following the primary adjusted analysis, the relation-
ship between axillary surgical approach, neoadjuvant
chemotherapy (NACT) status, and lymphedema develop-
ment was further explored using unadjusted group compar-
isons (Tables 5,6,7). Overall, lymphedema occurred more
frequently in patients who underwent ALND than in those
who underwent SLNB (24.39% vs. 10.25%, p = 0.040).

The subsequent subgroup comparisons according to NACT
status were considered exploratory analyses. No statisti-
cally significant differences were observed according to
NACT status within either surgical group or between the
corresponding primary surgery and post-NACT subgroups,
although numerically lower lymphedema rates were ob-
served in the post-NACT SLNB subgroup.

Discussion
Breast cancer is the most common malignancy among
women and the second most common cancer worldwide
when both sexes are considered [1]. Consequently, sur-
gical treatment for breast cancer is frequently performed,
and surgeons involved in its management are required to
be familiar with potential postoperative complications [7].
Among these complications, lymphedema is of particu-
lar importance, as it can lead to chronic symptoms, such
as arm swelling, redness, discomfort, recurrent cellulitis,
and functional impairment, and in rare cases can progress
to Stewart–Treves syndrome, an angiosarcoma associated
with long-standing lymphedema [8]. Therefore, identify-
ing risk factors associated with lymphedema development
is essential for prevention and early intervention.
There are few prospective studies that evaluate lym-
phedema development and associated risk factors follow-
ing breast cancer surgery. Although many clinicopatho-
logical variables related to lymphedema risk can be retro-
spectively obtained, retrospective studies frequently rely on
symptom-based documentation or non-standardized clini-
cal records, which can underestimate early or subclinical
cases. In contrast, prospective follow-up with predefined
assessment timepoints and standardized arm volume mea-
surements could provide a more objective and longitudinal
evaluation of lymphedema development and improve the
identification of clinically relevant risk factors.
Various methods have been used to assess lymphedema,
including bioimpedance spectroscopy, arm circumference
measurement, patient self-report, and volume change anal-
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Table 4. Univariate and multivariable logistic regression analysis for lymphedema.
Variable Univariate OR (95% CI) p-value Multivariable OR (95% CI) p-value

Axillary surgery (ALND vs SLNB) 2.82 (1.02–7.84) 0.046 6.14 (0.91–41.49) 0.063
Axillary radiotherapy (yes vs no) 1.13 (0.41–3.10) 0.809 1.14 (0.30–4.25) 0.850
Number of removed lymph nodes (≥10 vs <10) 1.41 (0.53–3.73) 0.491 0.47 (0.08–2.72) 0.399
Number of metastatic lymph nodes (≥5 vs <5) 2.47 (0.67–9.10) 0.173 1.04 (0.19–5.78) 0.967
Infection (yes vs no) 2.26 (0.20–26.12) 0.513 2.48 (0.19–31.80) 0.485
NACT (yes vs no) 0.56 (0.21–1.50) 0.250 0.34 (0.10–1.19) 0.091
BMI 26–30 kg/m2 (vs ≤25) 0.34 (0.09–1.22) 0.098 0.52 (0.13–2.10) 0.355
BMI ≥31 kg/m2 (vs ≤25) 2.73 (1.06–7.05) 0.038* 1.66 (0.49–5.63) 0.417

Notes: ALND, axillary lymph node dissection; BMI, body mass index; OR, odds ratio; CI, confidence interval; SLNB, sentinel lymph node biopsy;
NACT, Neoadjuvant chemotherapy. *p < 0.05 was considered statistically significant.

Table 5. Association between the primary axillary surgical approach and lymphedema development.

Variable Category
Lymphedema negative (n = 101) Lymphedema positive (n = 18)

p-value
n % n %

Type of axillary surgery
SLNB 70 89.74 8 10.25

0.040*
ALND 31 75.61 10 24.39

The comparison presented in this table is an unadjusted group comparison evaluating differences in lymphedema incidence between surgical groups.
In contrast, the multivariable logistic regression analysis presented in Table 4 assesses independent associations with lymphedema after adjustment for
potential confounding factors.
*p < 0.05 was considered statistically significant.

Table 6. Subgroup comparisons according to neoadjuvant chemotherapy within each axillary surgical approach.

Comparison Category (n)
Lymphedema negative (n = 101) Lymphedema positive (n = 18)

p-value
n % n %

Primary SLNB vs
NACT-SLNB

Primary SLNB (57) 50 87.72 7 12.28
0.307

NACT-SLNB (21) 20 95.24 1 4.76
Primary ALND vs
NACT-ALND

Primary ALND (11) 7 63.64 4 36.36
0.246

NACT-ALND (30) 24 80.00 6 20.00

Table 7. Comparison of axillary surgical approaches according to neoadjuvant chemotherapy status.

Comparison Category (n)
Lymphedema negative (n = 101) Lymphedema positive (n = 18)

p-value
n % n %

Primary SLNB vs Primary
ALND

Primary SLNB (57) 50 87.72 7 12.28
0.124

Primary ALND (11) 7 63.64 4 36.36

NACT-SLNB vs NACT-ALND
NACT-SLNB (21) 20 95.24 1 4.76

0.125
NACT-ALND (30) 24 80.00 6 20.00

p < 0.05 was considered statistically significant. Subgroup comparisons were performed as exploratory unadjusted analyses. Percentages were calcu-
lated within each comparison group.

ysis. Although arm circumference measurement is a sim-
ple and cost-effective method, it might not always accu-
rately reflect the presence of lymphedema since it can be
influenced by changes in body weight. Among these tech-
niques, volume change analysis is widely accepted as the
most reliable and objective diagnostic method [9]. Recent
reviews have similarly emphasized the importance of objec-
tive and standardized measurement approaches for the di-
agnosis, prevention, and longitudinal monitoring of breast
cancer-related lymphedema [10]. Although the four-point
circumferential measurement method offers advantages in
terms of simplicity, cost-effectiveness, and clinical feasibil-

ity, it may be less sensitive for detecting localized or subtle
early-stage lymphedema changes compared with more ad-
vanced techniques such as perometry, bioimpedance spec-
troscopy, or three-dimensional imaging.
Although our study was initially designed to use more
advanced volume change analysis methods, we were un-
able to perform these assessments due to practical diffi-
culties and incompatibility with hygiene requirements dur-
ing the COVID-19 pandemic [11,12]. Therefore, lym-
phedema assessment was based on changes in inter-arm
volume difference relative to each patient’s preoperative
baseline rather than a single postoperative comparison be-
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tween arms. Because natural asymmetry between domi-
nant and non-dominant upper extremities can exist at base-
line, this approach enabled individualized assessment and
reduced the risk of misclassification. Lymphedema was
therefore defined as a ≥10% increase in the operated-to-
contralateral arm volume difference compared with base-
line measurements [13]. Furthermore, measuring both arms
and expressing the difference as a percentage minimized
the potential effect of bodyweight fluctuation on the results
[14].
ALND is known to be associated with a higher risk of
lymphedema compared with SLNB. Furthermore, previ-
ous studies have shown that a higher number of excised
axillary lymph nodes is associated with a greater risk of
lymphedema [15,16]. Consistent with these findings, our
univariable analyses demonstrated a higher occurrence of
lymphedema among patients who underwent ALND or
had more than ten lymph nodes removed [17,18]. How-
ever, these associations were not retained after multivari-
able adjustment. This may partly reflect the limited number
of lymphedema events and the resulting limited statistical
power. In addition, ALND is inherently associated with a
greater number of harvested lymph nodes; therefore, the si-
multaneous inclusion of axillary surgical approach and the
number of removed lymph nodes in themultivariablemodel
may have introduced collinearity between these related
variables and reduced the precision of their individual effect
estimates. This may also partly explain the wide confidence
interval observed for the adjusted ALND estimate. Accord-
ingly, the adjusted findings should be interpreted cautiously
and should not be considered evidence of the absence of an
association between ALND and lymphedema. Recent con-
temporary evidence has also shown a substantially higher
burden of lymphedema and upper-extremity functional im-
pairment following ALND compared with SLNB, further
supporting ongoing efforts toward axillary de-escalation
strategies [19]. Furthermore, the 2024 Multinational As-
sociation of Supportive Care in Cancer (MASCC) clini-
cal practice guidance identifies axillary lymph node dissec-
tion, a greater number of dissected lymph nodes, postop-
erative radiotherapy, and elevated BMI as important risk
factors for lymphedema development, supporting individu-
alized surveillance and risk-reduction strategies in high-risk
patients [19,20].
To our knowledge, there is scarce evidence directly com-
paring lymphedema development between patients under-
going primary SLNB and those undergoing SLNB follow-
ing NACT. In this context, our study is noteworthy in that
it compares these patient groups and shows no significant
difference in lymphedema incidence. Although previous
studies have suggested that NACT can increase the risk of
lymphedema by inducing axillary fibrosis, our findings did
not support this association. Although a numerically lower
incidence of lymphedema was observed among patients un-
dergoing SLNB following NACT, this subgroup consisted

of only 21 patients with a single lymphedema event. There-
fore, these findings should be interpreted with considerable
caution, regarded as exploratory and hypothesis-generating,
and validated in larger prospective cohorts before any clin-
ical implications can be inferred.
In our study, surgical-site infection was identified in
three (2.52%) patients, all of whom were hospitalized for
non-operative management. Among these patients, lym-
phedema developed in one case during follow-up. Al-
though postoperative surgical-site infection appeared to be
associated with lymphedema development in our cohort,
this finding should be interpreted cautiously given the lim-
ited number of infection events and the resulting statistical
uncertainty. Therefore, these observations should be con-
sidered exploratory rather than conclusive.
The use of adjuvant radiotherapy to the axilla has reduced
the need for ALND, even in patients with axillary metas-
tasis who did not receive NACT. However, Warren et al.
[21] reported that radiotherapy alone might also contribute
to lymphedema development [22]. In contrast to these find-
ings, our study showed no statistically significant associa-
tion between axillary radiotherapy and the development of
lymphedema (p = 0.809). This discrepancy might be at-
tributed to our limited sample size. No significant associa-
tion was observed between the type of surgery (mastectomy
vs partial mastectomy), tumor location, changes in BMI, or
the administration of adjuvant or NACT and the develop-
ment of lymphedema.
First, only 18 patients developed lymphedema, whereas
seven variables were entered into the multivariable logis-
tic regression model. This corresponds to fewer than the
commonly recommended 10 outcome events per predictor
variable, which may have increased the risk of model over-
fitting, reduced the stability of the adjusted estimates, and
resulted in wide confidence intervals. Therefore, the mul-
tivariable analysis should be considered exploratory, and
the observed associations should be interpreted cautiously
as hypothesis-generating rather than definitive. Since this
was a single-center cohort conducted within a specific clin-
ical setting, the generalizability of the findings to broader
breast cancer populations might be limited, and external
validation in larger prospective cohorts is warranted. Be-
cause lymphedema occurrence was analyzed as a binary
outcome using logistic regression, differences in follow-
up duration and potential censoring were not explicitly ac-
counted for, which may have influenced the estimation of
risk factors. Furthermore, several potentially relevant fac-
tors associated with lymphedema development, including
postoperative rehabilitation practices, bodyweight changes
during follow-up, use of prophylactic compression sleeves,
and lymphatic drainage-related interventions, were not sys-
tematically recorded and could not be incorporated into the
analyses. Detailed treatment parameters, including radio-
therapy dose/fractionation and specific chemotherapy regi-
mens, were not systematically analyzed, which may have
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limited assessment of treatment-related effects on lym-
phedema risk. Accordingly, residual confounding can-
not be excluded. Additionally, arm volume calculations
were performed based on total arm volume rather than an-
alyzing regional segments separately. The circumference-
based volume estimation approach may have limited sen-
sitivity for detecting localized proximal upper-arm volume
changes. Furthermore, advanced measurement techniques,
such as surface area calculations or imaging-based as-
sessment methods (e.g., perometry or bioimpedance spec-
troscopy), were not used in addition to volume measure-
ments, which might have restricted the evaluation of differ-
ent dimensions of lymphedema. Lastly, although patients
were followed up prospectively for at least 1 year, the rela-
tively limited follow-up duration might have prevented the
identification of late-onset lymphedema cases.
Despite these limitations, the prospective design of the
study and the use of a standardized measurement approach
allowed our findings to be evaluated within a clinically
meaningful framework. The prospective nature of the
study enabled reliable assessment of the temporal course of
lymphedema development. Serial arm measurements per-
formed during both the preoperative and postoperative peri-
ods allowed individual baseline arm volume differences to
be considered, thereby reducing the risk ofmisclassification
in lymphedema diagnosis. This approach is also aligned
with contemporary expert recommendations emphasizing
prospective surveillance, individualized risk assessment,
and structured follow-up strategies for patients at risk of
breast cancer-related lymphedema [23]. The use of a stan-
dardized and objective volume-based assessment method
further enhanced the reliability of the findings. Moreover,
performing all measurements according to the same proto-
col and by the same investigator minimized inter-observer
variability.
Another important strength of this study is the inclusion of
patients who underwent SLNB following NACT, a group
for which published data are still limited. This inclusion has
enabled the evaluation of the relationship between contem-
porary axillary surgical approaches and lymphedema devel-
opment within the context of current treatment paradigms,
thereby enhancing the originality of the study. Lastly, the
findings of this study provide clinically relevant informa-
tion for axillary surgical planning and can help inform in-
dividualized treatment strategies for patients at risk of lym-
phedema following breast cancer surgery.

Conclusions
This prospective cohort study investigated treatment-
related factors associated with postoperative lymphedema.
Bilateral arm volume measurements before surgery may
improve the accuracy of lymphedema assessment by ac-
counting for potential preoperative asymmetry between the
operated and contralateral extremities. Reliance on unilat-

eral postoperative assessments alone could therefore lead to
misclassification in lymphedema diagnosis.
No independent predictors of lymphedema were identi-
fied after multivariable adjustment. The limited num-
ber of outcome events may have reduced statistical power
and contributed to model instability. Unadjusted analy-
ses suggested a higher occurrence of lymphedema after
ALND, while exploratory subgroup analyses showed nu-
merically lower rates among patients undergoing SLNB
after NACT; however, these observations should be con-
sidered hypothesis-generating and require confirmation in
larger prospective cohorts.
Future adequately powered prospective multicenter stud-
ies are warranted to identify independent predictors of
breast cancer-related lymphedema and to validate these ex-
ploratory findings.
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