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Simple Summary

Breast cancer is the most common cancer in women, and while treatments like radiotherapy
improve survival, they are often associated with severe fatigue that reduces overall quality
of life. Previous studies usually evaluated fatigue by mixing various treatments, making
it difficult to understand the specific role of radiotherapy alone. This study isolated this
relationship by analyzing fatigue levels and overall well-being exclusively in breast cancer
patients receiving adjuvant radiotherapy after surgery. The results showed a severe increase
across all dimensions of fatigue and a sharp decline in quality of life after treatment. Cru-
cially, having a better initial quality of life and engaging in regular physical activity acted as
protective factors, which were associated with a reduced severity of these side effects. These
findings highlight the urgent need for routine fatigue screening and personalized exercise
programs to safeguard the well-being of breast cancer patients during radiotherapy.

Abstract

Background/Objectives: Breast cancer treatments, including adjuvant radiotherapy, signif-
icantly improve survival but are associated with cancer-related fatigue (CRF), a debilitating
symptom that severely impacts quality of life. Previous studies often evaluate fatigue by
combining radiotherapy with systemic therapies, confounding its independent association.

This study aims to isolate the specific relation between exclusive radiotherapy and the
W) Check for updates . . . . . . .
longitudinal progression of fatigue in surgically treated breast cancer patients. Methods:
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with an increase in fatigue. However, better baseline global health status significantly
attenuated the increase in total, behavioral, affective, and sensory fatigue (time x QoL
interaction, p < 0.001). Furthermore, higher physical activity levels were significantly asso-
ciated with lower behavioral fatigue (p = 0.042) and showed a protective trend for sensory
(p = 0.055) and total fatigue (p = 0.092). Conclusions: Radiotherapy is strongly associated
with a significant increase in cancer-related fatigue scores across all dimensions. Better
baseline quality of life acts as a protective factor that is associated with attenuated fatigue
progression, while regular physical activity correlates with a mitigated impact, particularly
within the behavioral domain, although it did not reach statistical significance across all
fatigue dimensions. These findings highlight the critical need for routine clinical moni-
toring of fatigue and strongly support the implementation of structured, exercise-based
interventions during adjuvant treatment.

Keywords: breast cancer; radiotherapy; cancer-related fatigue; quality of life; physical
activity

1. Introduction

Breast cancer (BC) remains the most frequently diagnosed malignancy and a leading
cause of cancer-related mortality among women worldwide [1,2]. Despite the rising
incidence of BC, mortality rates have not increased proportionally, reflecting significant
advancements in early detection and modern multimodal therapies [3,4]. Consequently,
the population of BC survivors is growing, shifting the clinical focus from mere survival
to managing the persistent, long-term side effects associated with cancer treatments. As
patients live longer post-treatment, improving their Health-Related Quality of Life (HRQoL)
by addressing debilitating symptoms has become a major public health priority [5].

Among the most distressing and prevalent symptoms experienced by BC survivors is
Cancer-Related Fatigue (CRF). Unlike ordinary tiredness, CRF is a persistent, subjective
sense of physical, emotional, and cognitive exhaustion that is disproportionate to recent
exertion and is not relieved by adequate rest [6]. CRF significantly impairs daily functioning
and is a powerful predictor of overall life dissatisfaction [7,8]. Furthermore, long-term
studies have even suggested that experiencing severe CRF at the end of treatment may
be associated with poorer overall survival outcomes in women with cancer [9,10]. The
etiology of CRF is multifactorial, yet it is intrinsically linked to the cancer trajectory itself
and the aggressive nature of the required treatments [11].

Adjuvant radiotherapy (RT) is a standard and highly effective modality following
conservative surgery in early-stage BC, significantly improving locoregional control [12,13].
However, RT is a known contributor to the symptom burden. The physiological load of
radiation, combined with potential underlying factors such as localized inflammation,
sleep fragmentation, and psychological distress, can trigger or exacerbate fatigue [14].
Research indicates that fatigue typically peaks during the course of breast irradiation, and
while it often improves weeks or months after completion, a meaningful subset of patients
experiences persistent fatigue [15]. Moreover, certain factors, such as psycholo-gical distress
or the presence of comorbidities, make specific subgroups of patients more vulnerable to
experiencing severe fatigue during RT [16].

While the relationship between multimodal BC treatments and fatigue is recognized,
many studies analyze fatigue without isolating specific treatment modalities (e.g., com-
bining surgery, chemotherapy, and hormonal therapy) [9,10]. There is a critical need to
understand the isolated impact of radiotherapy on CRF and HRQoL. Additionally, evidence
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suggests that physical activity may act as a potent, non-pharmacological intervention to
mitigate CRF by increasing energy levels, managing pain, and improving overall well-
being [17,18]. Therefore, the primary objective of this study was to analyze the relationship
between fatigue and radiotherapy exclusively in surgically treated women receiving RT as
their sole active treatment. Secondary objectives included comparing fatigue levels before
and after RT and evaluating the impact of pre-treatment physical activity and exploring the
protective role of baseline global health status (HRQoL) to improve tailored care.

2. Materials and Methods
2.1. Study Design and Participants

A prospective observational epidemiological study was conducted at the Lymphedema
Unit of Algeciras (Servicio Andaluz de Salud, Cédiz, Spain). The study population consisted
of female patients diagnosed with breast cancer. The inclusion criteria were: (a) age over
18 years; (b) having undergone total or conservative mastectomy; and (c) undergoing
their first course of radiotherapy exclusively, with no prior history of chemotherapy and
with no initiation of endocrine therapy prior to the final post-radiotherapy assessment,
in order to isolate the specific effect of radiation. Exclusion criteria comprised severe
psychological or neurological disorders that could interfere with proper data collection, as
well as involvement in active legal litigation.

All patients underwent standard adjuvant radiotherapy protocols following breast-
conserving surgery. Based on individual clinical criteria and dose constraints, the pre-
scribed treatment primarily consisted of either a moderately hypofractionated scheme
(e.g., 40.05 Gy in 15 daily fractions) or an ultra-hypofractionated schedule (e.g., 26 Gy in
5 fractions) using 3D-Conformal Radiotherapy (3D-CRT) or Volumetric Modulated Arc
Therapy (VMAT). In addition to whole-breast irradiation, a sequential or simultaneous
integrated boost (SIB) was delivered to the surgical tumor bed where clinically indicated.
Furthermore, regional nodal irradiation was not routinely administered; it was strictly
limited to the minority of patients presenting with positive axillary lymph nodes (5.7%),
in accordance with standard oncological guidelines. Adjuvant radiotherapy was initiated
within a strict timeframe of 4 weeks to 3 months following surgical intervention. Finally,
to isolate the specific effect of radiation, it was confirmed that no patients had initiated
endocrine therapy prior to the post-radiotherapy assessment.

2.2. Sample Size Calculation

The priori sample size calculation was focused on the primary outcome of fatigue
severity to ensure sufficient statistical power for longitudinal comparisons. To detect
a minimum difference of 0.87 units in the Piper Fatigue Scale-Revised (PFS-R) scores
between the two assessment time points using a two-sided paired t-test, assuming a
standard deviation of 2.45, both parameters estimated based on the previously published
literature [19,20], an alpha risk of 0.05, and a beta risk of 0.20 (80% statistical power),
an optimal sample size was determined. Anticipating a 10% dropout rate, the target
sample was established at 70 subjects. The calculation was performed using the pwr
package in R software (v.4.2.2). Ultimately, a total of 70 patients were consecutively enrolled
and analyzed, successfully reaching the optimal sample size required to maintain robust
statistical validity.

2.3. Instruments and Variables

To comprehensively assess the clinical and functional impact of fatigue and its rela-
tionship with oncological treatment, data were collected using three validated instruments.
Fatigue severity was evaluated using the Piper Fatigue Scale-Revised (PFS-R) [21]. This
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instrument provides a Total Fatigue score as well as scores across four specific multi-
dimensional domains: behavioral (BEH), affective (AFF), sensory (SEN), and cognitive
(COG). The European Organization for Research and Treatment of Cancer Quality of Life
Questionnaire (EORTC-QLQ-C30) [22] was administered to assess the patients’” perceived
global health status and overall quality of life (QoL) as well as specific symptom scales
and functional domains (including pain, emotional, cognitive, and social interference).
Additionally, self-reported physical activity levels were measured using the International
Physical Activity Questionnaire (IPAQ) [23]. For the regression models, physical activity
was derived from the standardized scoring of the IPAQ), classifying patients into three estab-
lished categories: low, moderate, and high. For baseline demographic reporting purposes
only, this was collapsed into a descriptive binary variable (regular physical activity: Yes
[moderate /high]/No [low]).

For the descriptive analyses and statistical modeling, variables were defined and
categorized as follows. To provide a detailed baseline characterization of the study
sample, specific sociodemographic and clinical variables were collected. Sociodemo-
graphic data included age, marital status, educational level, employment status, smoking
habits, basic anthropometric measures (weight, height, and body mass index [BMI]),
and general engagement in sporting activities. Clinical variables evaluated comprised
the specific histological type of breast cancer (e.g., ductal, infiltrating, in situ, Paget),
TNM staging, time since diagnosis, and the type of surgical treatment received (e.g.,
conservative surgery).

In the context of the regression models, the dependent variables (primary outcomes)
were Total Fatigue and its four constituent domains (behavioral, affective, sensory, and
cognitive), all modeled as continuous variables. The independent variables (primary
predictors) included: (1) treatment time point, defined as a categorical variable evaluating
the moment of assessment (pre-radiotherapy vs. post-radiotherapy); (2) physical activity
level, derived from the IPAQ and defined as a categorical variable with three levels (low,
moderate, and high); and (3) global health status (QoL), modeled as a continuous variable
reflecting the patients” overall perceived health status. While all specific EORTC-QLQ-
C30 symptom subscales were analyzed descriptively to characterize the clinical evolution
(pre- vs. post-radiotherapy), only the Global Health Status/QoL score was selected as an
independent variable in the regression models. This approach was chosen to ensure model
parsimony and avoid statistical over-fitting due to multiple testing.

2.4. Procedure

Eligible patients were recruited consecutively during their initial consultation with
a Physical Medicine and Rehabilitation specialist. This was a strictly observational
study; therefore, the role of the Physical Medicine and Rehabilitation department was
focused entirely on clinical assessment and questionnaire administration, with no phys-
ical interventions applied during the study period. After obtaining written informed
consent, a trained physiotherapist administered the questionnaires either face-to-face or
via telephone. Clinical data were extracted from the patients” electronic medical records.
Longitudinal assessments were performed at two distinct time points: at the initiation
of radiotherapy treatment (T1, conducted within the week prior to the first session) and
upon completion of the radiotherapy sessions (T2, conducted within the week following
the last session).

2.5. Statistical Analysis

Descriptive statistics were calculated to characterize the study sample. Continuous
variables were expressed as means and standard deviations (SD), or medians and interquar-
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tile ranges (IQR) where appropriate. Categorical variables were presented as percentages
along with their 95% confidence intervals (95% CI).

To determine the effect of treatment time point (pre- vs. post-radiotherapy), physical
activity level, and global health status on fatigue, both globally and within its behavioral,
affective, sensory, and cognitive domains, mixed-effects regression models were employed,
following the methodology proposed by Zuur and Ieno [24]. Missing data resulting
from patient dropout were handled implicitly within the mixed-effects framework using
maximum likelihood estimation, which accounts for incomplete longitudinal profiles
without requiring imputation.

Initially, a saturated model including all aforementioned factors and their second-
degree interactions was fitted. Different error distributions (Gaussian with an identity link
function; Gamma with a log link function) were evaluated. The best fit was determined
by selecting the model with the lowest Akaike Information Criterion (AIC) and the best
residual compliance with normality and homoscedasticity assumptions. Subsequently, the
random structure of the model [1 | ID] was optimized using the Ime4 (v.1.1-30) [25] and
ImerTest (v.3.1-3) packages [26].

Finally, the fixed-effects structure was optimized through backward selection by
comparing nested models using the AIC. Model interpretation was performed by inspecting
the coefficients and calculating the ANOVA with the car package (v.3.1-3) [27]. The effects of
fixed factors were further examined by calculating estimated marginal means and applying
Tukey’s post hoc test using the emmeans package (v.1.10.7) [28].

All statistical analyses were conducted using R software (v.4.2.2) [29]. Graphical
representations were generated using the ggplot2 (v.4.0.0) [30] and ggpubr (v.0.6.0) [31]
packages. The statistical significance level for all hypothesis testing was set at p < 0.05.

2.6. Ethical Considerations

The study was conducted in accordance with the ethical principles of the Declaration
of Helsinki and was approved by the Clinical Research Ethics Committee (CEIC) of the
province of Cadiz (Registration Code: PEIBA 138.20/No. 138.28). Strict confidentiality of
patient data was maintained in compliance with the European General Data Protection
Regulation (GDPR 2016/679) and the Spanish Organic Law 3/2018 on the Protection of
Personal Data. Written informed consent was obtained from all participants prior to data
collection. Detailed descriptive statistics and the full statistical report, along with the E-thics
Committee Certificate, are available in the Supplementary Materials (File S1).

3. Results
3.1. Participants Characteristics

A total of 70 women with surgically treated breast cancer receiving adjuvant radio-
therapy were included (Figure 1). All enrolled patients successfully completed both the
baseline (pre-radiotherapy) and post-radiotherapy assessments, resulting in no missing
data or loss to follow-up for the primary outcome. Mean age was 55.8 + 9.4 years. Most
participants were married or living with a partner (77.1%), had completed secondary educa-
tion (42.9%), and were employed (55.7%). Approximately 61.4% reported regular physical
activity, whereas 75.7% were non-smokers.

Mean body mass index was 26.2 £ 7.3 before radiotherapy and 26.7 & 5.7 after
treatment. Invasive ductal carcinoma was the predominant histological subtype (98.6%),
and all patients underwent breast-conserving surgery (Table 1).
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Assessed for eligibility (n=70)

4

Enrolled and received adjuvant radiotherapy (n= 70)

|

Post-radiotherapy assessment (n = 70) |—| Lost to follow-up (n= 0)

Included in final analysis (n = 70

Figure 1. Patient flow diagram illustrating the screening, enrollment, and follow-up phases of the
study participants.

Table 1. Baseline characteristics of the study population.

Variable Overall (n =70)
Age (years) 558 £94
Body mass index (kg/m?) 262473
Marital status
Married /Living with partner 77.1%
Single 11.4%
Divorced/Separated 5.7%
Widowed 5.7%
Educational level
No formal education 5.7%
Primary education 30.0%
Secondary education 42.9%
University education 21.4%
Employment status
Employed 55.7%
Unemployed 11.4%
Homemaker 32.9%
Regular physical activity
Yes 61.4%
No 38.6%
Smoking status
Current smoker 24.3%
Non-smoker 75.7%
Histological subtype
Invasive ductal carcinoma 98.6%
Other histological types 1.4%
Surgical treatment
Breast-conserving surgery 100%
Tumor Stage
Stage II 98.6%
Stage III 1.4%
Laterality
Left breast cancer 58.6%
Right breast cancer 41.4%
Axillary Lymph Node Status
Negative 94.3%
Positive 5.7%

Data are presented as mean =+ standard deviation (SD) or percentage (%).
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3.2. Changes in Fatigue Following Radiotherapy

Comparison of pre- and post-radiotherapy assessments demonstrated a consistent
and clinically significant increase in cancer-related fatigue across all dimensions assessed
by the Piper Fatigue Scale-Revised. As detailed in Table 2, total fatigue and its specific
dimensions (behavioral, affective, sensory, and cognitive) exhibited substantial worsening
following treatment, all presenting large effect sizes (p < 0.001).

Table 2. Changes in fatigue and quality of life before and after radiotherapy.

Effect Size

Variable Pre-Radiotherapy  Post-Radiotherapy  Mean Difference (Cohen’s d) p-Value
Total fatigue (PFS-R) 1.61 £1.16 537 £2.76 3.76 1.78 <0.001 *
Behavioral fatigue 1.56 £1.10 542 + 2093 3.86 1.74 <0.001 *
Affective fatigue 1.67 £ 1.41 5.69 £+ 2.90 4.02 1.76 <0.001 *
Sensory fatigue 1.60 £ 1.22 5.35 £+ 2.82 3.75 1.73 <0.001 *
Cognitive fatigue 1.61 +1.18 5.08 £2.90 3.47 1.57 <0.001 *
Global health status .
(EORTC QLQ-C30) 82.62 £ 20.15 60.12 = 29.18 —22.50 -0.90 <0.001
Global quality of life 596 +1.21 4.60 +1.76 -1.36 —0.90 <0.001 *

Values are expressed as mean £ SD. PFS-R: Piper Fatigue Scale-Revised. Effect sizes represent standard Cohen’s d
(values > 0.8 indicate a large effect).* Statistically significant at p < 0.001.

Likewise, radiotherapy was associated with increased fatigue severity and greater
interference with occupational, social, sexual, and leisure activities, together with higher
levels of weakness, need for rest, and functional limitations.

Parallel to the increase in fatigue, Health-Related Quality of Life (HRQoL), as assessed
by the EORTC QLQ-C30, experienced significant deterioration following radiotherapy. The
global health status/QoL score exhibited a marked decline from baseline to post-treatment
(p < 0.001). This deterioration was also reflected in the specific functional domains of the
questionnaire, where patients reported a noticeable reduction in physical, role, and social
functioning after completing their radiation sessions. Symptom scales correspondingly
worsened, primarily driven by radiation-induced side effects. However, as demonstrated
by our interaction models, patients presenting with a higher baseline global QoL showed a
significant protective effect, effectively buffering the progression and severity of fatigue
across multiple dimensions.

3.3. Association Between Radiotherapy and Fatigue Domains

Generalized linear mixed-effects models identified assessment time (pre- versus post-
radiotherapy) as the factor most strongly associated with the strongest with fatigue across
all evaluated domains (p < 0.001). The original ANOVA summary supporting the omnibus
p-values is available in Supplementary Materials (Table S1). To illustrate the clinical
magnitude of these associations, the model effect estimates and their 95% Confidence
Intervals (ClIs) for all predictors are comprehensively detailed in Table 3.

For behavioral fatigue, significant main effects were observed for physical activity
level and assessment time, alongside a significant interaction between time and global QoL.
Post hoc analyses revealed that higher physical activity levels exerted a protective effect,
being associated with lower behavioral fatigue. Additionally, better baseline global QoL
significantly attenuated the sharp increase in behavioral fatigue following radiotherapy.

Regarding affective and sensory fatigue, significant effects were similarly found for
assessment time, global QoL, and the interaction between both variables. Patients reporting
better global health experienced a significantly smaller increase in these fatigue domains
following radiotherapy. Furthermore, physical activity showed a borderline association
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(p = 0.055) with sensory fatigue, suggesting a trend toward lower sensory fatigue among
more physically active women.

Table 3. Mixed-effects models evaluating factors associated with cancer-related fatigue (Estimates
and 95% CIs).

Factor/Predictor

Behavioral Affective Sensory

Cognitive Total Fatigue

Time (Pre/Post
RT)

Est. 1.79 Est. 1.58 Est. 1.54 Est. 0.83 Est. 1.49
[1.25-2.32]
p < 0.001 p <0.001 p <0.001 p <0.001 p <0.001

[1.03-2.13] [0.99-2.10] [0.66-1.01] [0.96-2.02]

Quality of Life

Est. —0.003
[-0.009-0.003]  [—0.012-—0.000]  [—0.011-0.001]
NS p <0.05 NS p <0.001 p <0.05

Est. —0.01 Est. —0.006
[-0.02-—0.008]  [—0.012-—0.001]

Est. —0.006 Est. —0.005

Physical Activity
Level

Low vs.
Moderate

Est. —0.34
[—0.73-0.06]
NS NS NS NS NS

Est. —0.09
[—0.50-0.31]

Est. —0.20
[—0.59-0.18]

Est. —0.10
[—0.51-0.31]

Est. —0.38
[—0.78-0.03]

Low vs. High

Est. —0.53
[—0.95-—0.10]
p<0.05 p<0.05 p<0.05 p<0.05 p <0.05

Est. —0.49
[—0.90-—0.08]

Est. —0.46
[—0.89-—0.03]

Est. —0.43
[—0.86-—0.002]

Est. —0.48
[—0.92-—0.03]

Time X QoL

Est. —0.01
[—0.02-—0.004]
p <0.01 p <0.05 p <0.05 p <0.05

Est. —0.008
[—0.014-—0.001]

Est. —0.01 Est. —0.01
[—0.02-—0.002]  [—0.02-—0.001] -

Abbreviations: RT, radiotherapy; NS, not statistically significant. Values presented as Model Estimates (Est.) with
95% Confidence Intervals [CI].

For cognitive fatigue, significant main effects were identified for assessment time and
QoL, but no significant interaction was observed. Cognitive fatigue significantly worsened
after radiotherapy, whereas better global health status was independently associated with
lower cognitive impairment.

3.4. Overall Fatigue

The mixed-effects model for total fatigue revealed significant effects of assessment
time, quality of life, and the interaction between time and quality of life (Table 3, Figure 2).
Although physical activity did not reach statistical significance (p = 0.092), a consistent
trend toward lower overall fatigue was observed among women reporting moderate or
high physical activity levels.

Overall, these findings indicate that radiotherapy is associated with a marked increase
in cancer-related fatigue across all evaluated dimensions. Better baseline quality of life, and
to a lesser extent higher physical activity levels, appear to mitigate the magnitude of this
increase (Table 4).

Table 4. Summary of Key Findings and Clinical Implications.

Factor/Domain

Significant
Effects (Mixed Models)

Main Finding Clinical Implication

Radiotherapy (Time)

v All PFS-R domains

Major factor associated with
cancer-related fatigue; highlights
the need for routine monitoring,.

Strongly associated with
increased fatigue across
all PFS-R domains.

Global Quality of Life

v Affective, Sensory,
Cognitive, Total fatigue

Better baseline QoL Acts as a crucial protective factor
attenuated fatigue progression  against treatment-induced
after radiotherapy. fatigue.
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Table 4. Cont.
Factor/Domain Significant Main Findin: Clinical Implication
Effects (Mixed Models) 8 P
. . The protective effect of QoL Maximizing pre-treatment
Time x QoL Interaction v Behavioral, Affective, buffers the specific fatigue well-being is vital to mitigate

Sensory, Total fatigue spike caused by radiotherapy. treatment toxicity.

Higher activity levels were

. . - . . 1 h
. .. v Behavioral fatigue associated with lower fatigue, Strong y supPorts the
Physical Activity . . . implementation of early
(Trend: Sensory and Total) particularly in the behavioral . : .
. exercise-based interventions.
domain.
- . v Time, v QoL Sigﬁificantly wc?rsened after Close.ly related to patients’ .
Cognitive Fatigue (No interaction) radiotherapy without the perceived health status; requires
interaction buffering effect. targeted assessment.
v Significant (p < 0.05).
Time Pre-radiotherapy Post-radiotherapy
4
125
10.0
3
S
] -
P 275
£
&
o
2 5.0
25
1
Pre-radiotherapy Post-radiotherapy 0 25 50 75 10
Time Global health status/QolL
C) (b)

Figure 2. Longitudinal progression and protective factors of cancer-related fatigue. (a) Main effect of
treatment time point on Total Fatigue (Piper Fatigue Scale-Revised), demonstrating a significant in-
crease after exclusive adjuvant radiotherapy. (b) Interaction effect between Global Health Status/QoL
(EORTC QLQ-C30) and treatment time on Total Fatigue, illustrating how a higher baseline quality
of life significantly attenuates the post-radiotherapy fatigue spike. Vertical bars and shaded areas
represent 95% confidence intervals. This figure illustrates Total Fatigue as a representative summary
of the modeled effects; detailed statistical parameters for all individual fatigue domains are provided
in Tables 2 and 3.

4. Discussion

The primary objective of this prospective clinical research was to analyze the rela-
tionship between cancer-related fatigue and radiotherapy exclusively in surgically treated
breast cancer patients, thereby minimizing the independent association of radiation from
the confounding impacts of prior chemotherapy or concurrent hormone therapy. In line
with our secondary objectives, we evaluated the longitudinal progression of fatigue across
two clinical milestones, examined the protective role of regular physical activity, and
explored specific sociodemographic and clinical predictors to facilitate more tailored sup-
portive care.

Unlike previous studies evaluating cancer-related fatigue in heterogeneous breast
cancer populations [32-34], our cohort consisted exclusively of women who underwent
breast-conserving surgery and received adjuvant radiotherapy without prior chemotherapy
or concurrent endocrine therapy. This design minimized treatment-related confounding
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and enabled a more accurate characterization of the independent contribution of radiother-
apy to fatigue development.

Importantly, by strictly isolating the radiotherapy effect prior to the onset of endocrine
therapy, this study establishes a clean clinical baseline of acute toxicity in a real-world set-
ting. This foundational evidence provides the necessary rationale for healthcare institutions
to implement and justify early, targeted prehabilitation and rehabilitation programs [35].

Regarding the longitudinal trajectory of symptoms, our data demonstrated a signifi-
cant, progressive increase in CRF from the initiation of radiotherapy (T1) to its completion
(T2). From a clinical perspective, the transition from a baseline score of approximately
1.6 to 5.4 on the Total Fatigue scale of the PFS-R represents a substantial shift from mild,
manageable fatigue to moderate-to-severe exhaustion [21]. Furthermore, the 22.5-point
drop in global health status on the EORTC QLQ-C30 well exceeds the universally accepted
minimally clinically important difference (MCID) threshold of 10 points [36], highlighting
the severe practical impact of radiation-induced toxicity on patients’ daily lives. This
cumulative advancement of fatigue fits the established dose-effect framework of radia-
tion oncology. Unlike the cyclic and fluctuating peaks characteristically observed during
chemotherapy, radiation observed during fatigue typically intensifies continuously as the
total Gray (Gy) dose builds up over successive weeks [37]. This phenomenon is biologically
driven by localized normal tissue damage and the subsequent systemic upregulation of pro-
inflammatory cytokines (such as IL-13, IL-6, and TNF-«). These peripheral inflammatory
signals are capable of crossing the blood-brain barrier, altering central neural processing
and autonomic regulation, which ultimately manifests as severe somatic fatigue [38].

These findings reinforce the concept that fatigue during exclusive radiotherapy is not
merely a subjective symptom but a progressive biological response to cumulative radiation
exposure [39]. The absence of chemotherapy-related toxicity in our cohort strengthens the
interpretation that radiotherapy itself is substantially associated with fatigue progression.

In exploring the determinants of fatigue, our generalized linear mixed-effects models
revealed that baseline Global Quality of Life acted as a robust protective factor. Patients
reporting better global health status experienced a significantly smaller increase in multidi-
mensional fatigue post-treatment. This suggests that pre-treatment clinical and functional
well-being provides a physiological and emotional buffer, enhancing a patient’s resilience
against the cumulative stress of radiation.

Furthermore, regarding lifestyle habits, our results revealed that regular physical
activity acted as a vital protective factor. Higher activity levels were significantly associated
with lower fatigue, specifically in the behavioral dimension (p = 0.042), while demonstrating
anon-significant protective trend for sensory and overall fatigue. This outcome supports the
clinical consensus surrounding the “exercise paradox” in oncology, where controlled energy
expenditure is associated with mitigated systemic fatigue [35]. As demonstrated by large-
scale meta-analyses [35,40], structured physical exercise modulates systemic inflammation
and preserves skeletal muscle efficiency. Importantly, because physical activity represents
modifiable behavior, this evidence provides additional support for integrating supervised
exercise programs into routine radiotherapy care rather than considering exercise merely
as a general lifestyle recommendation.”

While our findings show a pronounced increase in fatigue, it is important to note that
some previous research presents contrasting results. For instance, a previous study has
reported more stable fatigue trajectories during exclusive radiotherapy, suggesting that
severe exhaustion is predominantly driven by prior systemic treatments (such as chemother-
apy) rather than radiation alone [41]. Similarly, although we observed a protective trend
regarding physical activity, a previous review has found that exercise interventions specifi-
cally during radiotherapy did not significantly improve fatigue compared to standard care,
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highlighting the need for highly personalized and supervised exercise prescriptions rather
than general physical activity recommendations [42].

4.1. Clinical Implications

The findings of this study have several practical implications for the multidisci-
plinary management of women undergoing exclusive adjuvant radiotherapy after breast-
conserving surgery. The identification of lower baseline quality of life and physical inactiv-
ity as predictors of more severe fatigue highlights the importance of early risk stratification
before treatment initiation. Incorporating baseline functional assessments together with
routine evaluation of lifestyle habits may help identify patients at greater risk of developing
clinically significant fatigue, allowing timely implementation of supportive interventions
throughout radiotherapy.

Finally, based on the acute functional decline observed in our cohort, we hypothesize
that integrating structured exercise programs into routine radiotherapy care could be highly
beneficial. Rather than being considered merely an optional lifestyle recommendation,
we suggest that future clinical strategies should explore supervised physical activity as a
targeted supportive intervention to help manage fatigue and preserve functional status
during treatment.

4.2. Strengths and Limitations

A major methodological strength of this study is its rigorous prospective design and
strict selection criteria. By including exclusively women who underwent breast-conserving
surgery receiving radiotherapy as the sole active treatment, we minimized the confounding
effects of prior chemotherapy and concurrent endocrine therapy. While large systematic
reviews, such as the one by Ruiz-Casado et al. [43], note that the independent impact
of specific oncological therapies on long-term fatigue remains inconsistent across the
literature due to heterogeneous populations, our homogeneous cohort successfully isolated
this effect. Consequently, the present data provide precise, clinically relevant evidence
on the independent contribution of radiotherapy to cancer-related fatigue, supporting the
implementation of targeted supportive care strategies in this specific population.

However, several limitations should be acknowledged. First, the single-center design
and modest sample size (1 = 70) may limit the generalizability of our findings. Additionally,
our strict inclusion criteria (excluding patients with prior chemotherapy or concurrent
endocrine therapy) successfully isolated the effects of radiation, but this highly selected
population limits the generalizability of our findings to the broader, more heterogeneous
breast cancer population, who typically undergo multimodal treatments and may present
with more diverse histological subtypes.

Second, our study lacks a longer-term follow-up beyond the completion of the radio-
therapy sessions. This short duration of follow-up is a notable limitation that prevents
assessing long-term fatigue recovery, as evidence suggests that fatigue observed during ra-
diotherapy may naturally improve or resolve in the weeks and months following treatment
completion. In addition, fatigue was assessed at only two discrete time points (before and
immediately after radiotherapy). Because fatigue often evolves and may peak dynamically
during the weeks of treatment, the lack of interim assessments prevents us from mapping
the exact trajectory of symptom exacerbation. Consequently, this short timeframe restricts
our understanding of the chronicity of fatigue and the potential compounding effects of
subsequent treatments, such as endocrine or other systemic therapies. Future longitudinal
studies incorporating follow-ups at 6 and 12 months are necessary to properly evaluate
these long-term dynamics.
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Third, the reliance on self-reported questionnaires to assess quality of life and physical
activity may introduce response and recall biases. Moreover, while we controlled for base-
line quality of life and physical activity, residual confounding from unmeasured variables
remains possible. We did not systematically record other potential confounding variables
such as exact comorbidities, sleep disturbances, psychological distress, or analgesic use.
Future studies should incorporate these variables to better stratify the multifactorial nature
of cancer-related fatigue.

Furthermore, the observational nature of the study and the absence of a non-irradiated
comparison cohort preclude drawing definitive causal inferences regarding the relation-
ships between the identified predictors and fatigue progression. Lastly, the absence of
objective inflammatory biomarkers prevents direct confirmation of the biological mech-
anisms underlying fatigue observed during radiotherapy, although these pathways are
well-supported by the previous literature [38,44].

To address these limitations, future multicenter studies with larger cohorts are war-
ranted. Incorporating objective measures of physical activity (e.g., actigraphy) and analyz-
ing inflammatory biomarkers will be crucial to validate these findings, better stratify the
multifactorial nature of cancer-related fatigue and further elucidate the precise psychobio-
logical mechanisms driving treatment-related exhaustion.

5. Conclusions

In conclusion, this prospective study demonstrates that adjuvant radiotherapy in
women with breast cancer undergoing breast-conserving surgery is strongly associated
with a severe, clinically significant, and multidimensional increase in cancer-related fatigue,
affecting the behavioral, affective, sensory, and cognitive domains. This deterioration
coexists with a marked decline in patients” global health status and overall quality of life.

Nevertheless, the findings identify key clinical modifiers with important practical
implications. A higher baseline quality of life emerged as a robust protective factor, attenuat-
ing both the severity and progression of post-treatment fatigue. Likewise, regular physical
activity was significantly associated with lower fatigue only in the behavioral dimension,
while showing a non-significant protective trend for overall and sensory fatigue.

These results highlight the need to implement routine screening and assessment of
cancer-related fatigue before the initiation of radiotherapy. Furthermore, based on the
functional decline observed in our cohort, we hypothesize that the future integration of
supervised, individualized exercise-based interventions, alongside early multidisciplinary
supportive care, could serve as a valuable clinical strategy to mitigate the adverse effects of
radiotherapy and preserve the overall well-being of breast cancer survivors.
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