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Abstract Fatigue is a common and distressful 
symptom in older people and has been associated 
with adverse health outcomes. Nevertheless, its sex-
specific pathophysiological underpinnings and clini-
cal correlates have been scarcely investigated. We 
aimed to comprehensively explore the clinical and 
neurobiological determinants of fatigue in cognitively 
unimpaired older adults. A sex-stratified analysis 

was conducted to look for differences in the clinical 
expression of fatigue among women and men. Data 
on cognitively normal individuals were gathered from 
the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) 2 study. Fatigue was defined based on self-
report at baseline. For each participant, information 
on sociodemographics, comorbidities, mood, cogni-
tive performance, frailty, and biomarkers of brain 
pathology was collected. Logistic regression models, 
stratified by sex, were conducted to explore the fac-
tors associated with fatigue. Among the 291 partici-
pants selected, 44 subjects (15.1% of the total sample) 
self-reported fatigue at baseline. Subjects reporting 
fatigue were more likely women, had higher frailty 
degrees, and more severe depressive symptoms than 
those without fatigue. Moreover, they tended to have 
lower MRI hippocampus volumes. Among women, 
those reporting fatigue exhibited higher frailty lev-
els, worse depression, and lower MRI hippocampus 
volumes relative to those without fatigue. Higher 
frailty degrees were also observed in men report-
ing vs. non-reporting fatigue. In the adjusted logistic 
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regression model, more severe depression (OR 1.64, 
95% CI 1.18–2.28; p < 0.01) and lower MRI hip-
pocampus volumes (OR 0.41, 95% CI 0.19–0.90; 
p = 0.03) resulted independently associated with 
fatigue in women, while higher frailty degrees (OR 
3.10, 95% CI 1.27–7.54 per 0.1 increase in a 39-item 
Frailty index; p = 0.01) in men. Fatigue is a complex 
symptom with a sex-specific pattern of clinical and 
neurobiological correlates. A better understanding 
of the underlying mechanisms of these associations 
is warranted to develop sex-informed approaches for 
personalized treatments.
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Neurodegeneration
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Introduction

Fatigue is a subjective feeling of “extreme and per-
sistent mental and/or physical tiredness, weakness, or 
exhaustion” [1]. It ranks among the top three reported 
symptoms in the general population [2] and repre-
sents one of the most common complaints among 
older adults [3]. Its prevalence ranges from 5 to 45% 

[4–9] and increases with advancing age [10], affect-
ing women more frequently than men [11]. Fatigue 
can significantly impair an individual’s quality of life 
[12], and it has been associated with a wide range of 
adverse health outcomes, including reduced physical 
activity [13], disability [14], increased risk of hos-
pitalization [15], and mortality [16, 17]. Recently, 
fatigue has also been proposed as a possible attribute 
and indicator of vitality [18], one of the six domains 
constituting the intrinsic capacity of the individual 
under the healthy aging framework proposed by the 
World Health Organization [18].

Given its subjective nature, assessing fatigue 
might be challenging. Despite its clinical rele-
vance among older people, there is a lack of widely 
accepted operational definitions and gold-standard 
assessment tools, so fatigue largely remains over-
looked and neglected [19]. In parallel, the patho-
physiological underpinnings and clinical correlates 
of fatigue are still scarcely characterized. Fatigue 
in older people could represent a normal response 
to stressors or result from a wide array of somatic 
(e.g., heart failure, anemia, cancer); psychological 
(e.g., depression); or iatrogenic (e.g., chemotherapy, 
psychotropic drugs) pathological conditions [20]. 
Available evidence points to multifactorial patho-
genesis, resulting from the complex interplay of 
multiple aging-related mechanisms (i.e., low-grade 
inflammation, mitochondrial dysfunction, impaired 
sleep, autonomic nervous system abnormalities, and 
poor nutritional status) [20]. Identifying a defini-
tive causal explanation of this symptom is often dif-
ficult, especially among frail older adults suffering 
from multiple chronic illnesses [21]. In this regard, 
fatigue has been proposed as a potential sign of the 
age-related accumulation of deficits and vulner-
abilities in maintaining homeostatic reserve (i.e., 
a clinical expression of the frailty syndrome) [20]. 
Moreover, emerging evidence suggests a potential 
relationship between fatigue and neurodegenera-
tion [22]. In particular, fatigue has been associated 
with changes in cerebrospinal fluid (CSF) biomark-
ers of Alzheimer’s disease (AD) neuropathology 
[23], alterations of brain networks in mild cognitive 
impairment (MCI) [24], apolipoprotein E (ApoE) 
genotype [25], and amyloid deposition, functional 
and structural changes in the hippocampus [26–28]. 
Nevertheless, to date, fatigue remains scarcely 
investigated outside the context of specific diseases 
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(e.g., chronic heart failure [29], cancer [30], sys-
temic lupus erythematosus [31], rheumatoid arthri-
tis [31], inflammatory bowel disease [32], multiple 
sclerosis [33], Parkinson’s disease [34].

A multidimensional, comprehensive approach 
is thus essential for understanding, detecting, and 
managing this multifaceted clinical manifestation. 
In this context, a sex-informed framework seems 
necessary considering that (i) fatigue’s prevalence 
is different in the two sexes, with women being 
more commonly affected [11], and (ii) the clini-
cal and biological correlates of fatigue explored to 
date (e.g., social characteristics, genetics, comor-
bidities, brain pathology) are mostly unbalanced by 
sex [35–37]. It may thus be hypothesized that sex 
plays a relevant role in the pathophysiology and 
phenotypic expression of fatigue. Moreover, there 
is a growing demand from the scientific community 
for sex-disaggregation in health research (including 
aging research) to avoid sex biases and improve the 
generalizability of findings to practice [38–41].

In the present study, we aimed to comprehen-
sively explore the clinical and neurobiological 
determinants of fatigue in cognitively unimpaired 
older adults, with a special focus on sociodemo-
graphics, frailty, cognition, mood, structural brain 
changes, and genetic traits. A sex-stratified analysis 
was performed to identify whether sex differences 
in fatigue-related clinical and neurobiological cor-
relates exist.

Methods

Data sources

Data used in the preparation of this study were 
obtained from the Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) database (http:// adni. loni. usc. edu). 
The ADNI was launched in 2003 as a public–private 
partnership, led by Principal Investigator Michael W. 
Weiner, MD. The primary goal of ADNI has been 
to test whether serial magnetic resonance imaging 
(MRI), positron emission tomography (PET), other 
biological markers, and clinical and neuropsychologi-
cal assessment can be combined to measure the pro-
gression of MCI and early AD (for up-to-date infor-
mation, see http:// adni. loni. usc. edu).

Participants and procedures

Data from cognitively normal participants in the 
ADNI 2 study (phase 2 of the ADNI project) were 
considered for the present analysis.

Cognitively normal subjects were defined accord-
ing to the following criteria:

1. Absence of memory complaints, beyond what 
one would expect for age;

2. Normal memory function, documented by scor-
ing above education-adjusted cutoffs on the 
Logical Memory II subscale (Delayed Paragraph 
Recall, Paragraph A only) from the Wechsler 
Memory Scale-Revised [42];

3. Mini-Mental State Examination (MMSE) [43] 
scores between 24 and 30 (inclusive) (exceptions 
could be made for subjects with less than eight 
years of education at the discretion of the project 
director);

4. Clinical Dementia Rating [44] score of 0. Mem-
ory Box score must be 0;

5. Absence of significant impairment in cognitive 
functions or activities of daily living;

6. Absence of any significant neurological disease.

In the ADNI 2 study, participants between 55 and 
90  years old were enrolled. The detailed eligibility 
and diagnostic criteria can be found in the ADNI 2 
protocol (http:// adni. loni. usc. edu/ wp- conte nt/ uploa ds/ 
2008/ 07/ adni2- proce dures- manual. pdf).

Fatigue

At baseline visit, the presence/absence of fatigue was 
explored through a single question: “Do you often 
feel tired, fatigued, or sleepy during the daytime?”. A 
positive response to this question was used to identify 
subjects experiencing fatigue.

Sociodemographic and clinical variables

For each participant, baseline data concerning the fol-
lowing domains were obtained: sociodemographics 
(age, self-reported sex, and education); past medical 
history and comorbidities; general and neurological 
examination; global cognitive performance (MMSE); 
functional independence; mood (15-item Geriatric 
Depression Scale [GDS-15][45]); ApoE genotype.

http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
http://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
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A modified Preclinical Alzheimer’s Cognitive 
Composite was considered to detect subtle cogni-
tive changes at the neuropsychological assessment. 
It comprised the Alzheimer Disease Assessment 
Scale—Cognitive Subscale Delayed Word Recall, 
Logical Memory Delayed Recall, MMSE, and (log-
transformed) Trail-Making Test B Time to Comple-
tion [46].

A 39-item Frailty index (FI) was computed by 
following a standard procedure [47] (the deficits 
included in the FI are listed in the Supplementary 
Material).

Biomarkers of brain pathology

Data on the following biomarkers were obtained from 
the ADNI database: CSF concentrations of amyloid 
beta (Aβ1-42), 181phospho-tau (181P-tau), and total 
tau (T-tau); MRI-based measurement of the hip-
pocampus and white matter hyperintensities volumes 
standardized by intracranial volume; cortical glucose 
metabolism at the fluorodeoxyglucose (18FDG) PET 
imaging; amyloid deposition by means of 18F-AV-
45 (i.e., florbetapir) uptake at the PET imaging. This 
information was referred to the assessments carried 
out during both the screening and baseline visits, with 
a maximum time interval of 28 days. A comprehen-
sive outline of the specific diagnostic processes, pro-
tocols, and measurements can be found in the ADNI 
manual (http:// adni. loni. usc. edu), as well as in prior 
research publications [48, 49, 49, 50]. The selec-
tion of biomarkers of interest was guided by existing 
frameworks proposing a biological definition of Alz-
heimer’s disease [51].

Statistical analysis

Summary statistics were calculated for the analytic 
sample. Categorical variables were reported as abso-
lute values and percentages. Continuous variables 
were reported as means and standard deviations or 
medians and interquartile ranges (IQR), as appropri-
ate. Participants were categorized according to sex 
and the presence or absence of fatigue at baseline. 
The clinical characteristics and biomarker status of 
subjects complaining or not complaining of fatigue 
were compared, both in the overall sample and within 
each sex group, using the χ2 test for categorical vari-
ables and the Mann–Whitney U test for quantitative 

variables. Variables emerging as significantly dif-
ferent or trending towards statistical significance 
(p-value < 0.1) from the univariate analyses on the 
overall sample were then included in a logistic regres-
sion model, stratified by sex, and adjusted by age and 
education, with fatigue as the dichotomized depend-
ent variable. Associations were reported as odds 
ratios (OR) and 95% confidence intervals (95% CI). 
The statistical significance was set at p ≤ 0.05. Sta-
tistical analyses were conducted using the Statistical 
Package for Social Science (SPSS) for Mac (version 
27).

Results

A total of 291 participants (median age 72.5  years, 
IQR 8.7; 54.0% women) were considered for the 
present analysis. Overall, 44 subjects (15.1% of the 
total sample) self-reported fatigue at baseline assess-
ment. They were more frequently women (68.2% vs. 
48.6%; p = 0.04); had higher frailty degrees (median 
FI 0.22, IQR 0.10 vs. 0.16, IQR 0.13; p < 0.001); and 
exhibited higher median GDS-15 scores (median 1.0, 
IQR 1.7 vs. 0.0, IQR 1.0; p < 0.001) relative to those 
without fatigue. Moreover, they tended to have lower 
MRI hippocampus volumes (median 4.9, IQR 0.8 vs. 
5.1 IQR 0.7; p = 0.08). No differences were instead 
found in terms of cognitive functioning, ApoE ε4 car-
rier status, biomarkers of amyloid burden, tau pathol-
ogy, brain metabolism, and severity of white matter 
lesions (all p-values > 0.05).

The sociodemographic, clinical characteristics, 
and biomarkers status of participants according to 
sex and the presence/absence of fatigue are shown 
in Table  1. Women reporting fatigue had higher 
frailty degrees (median FI 0.21, IQR 0.12 vs. 0.18, 
IQR 0.08; p < 0.001), higher median GDS-15 scores 
(2.0, IQR 1.0 vs. 0.0, IQR 1.0; p < 0.001), and lower 
MRI hippocampus volumes (median 4.8, IQR 0.8 vs. 
5.3, IQR 0.8; p = 0.003) relative to women without 
fatigue. Higher FI scores were also observed in men 
reporting vs. not reporting fatigue (median FI 0.23, 
IQR 0.13 vs. 0.15, IQR 0.13; p < 0.001).

In a logistic regression model stratified by sex 
and adjusted by age and education, the variables 
that resulted significantly associated with fatigue 
(dichotomized dependent variable of interest) in 
women were higher GDS-15 scores (OR 1.64, 95% 

http://adni.loni.usc.edu
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CI 1.18–2.28; p < 0.01) and lower MRI hippocam-
pus volumes (OR 0.41, 95% CI 0.18–0.90; p = 0.03). 
Among men, fatigue was significantly associated 
with higher FI scores (OR 3.10, 95% CI 1.27–7.34 

per 0.1 increase; p < 0.01). A trend toward statisti-
cal significance was also found in the association 
between fatigue and GDS-15 scores (OR 1.64, 95% 
CI 0.96–2.80; p = 0.07) (Table 2 and Fig. 1).

Table 1  Sociodemographic 
and clinical characteristics 
of participants according 
to sex and the presence/
absence of fatigue

Aβ1-42, amyloid  beta1-42; 
ApoE, apolipoprotein 
E; CSF, cerebrospinal 
fluid; 18F-AV-45, 
florbetapir; 18FDG, 
18fluorodeoxyglucose; 
GDS, Geriatric Depression 
Scale; IQR, interquartile 
range; mPACC , modified 
Preclinical Alzheimer’s 
Cognitive Composite; 
MRI, magnetic resonance 
imaging; PET, positron 
emission tomography; 
181P-tau, 181phospho-tau; 
ROI, region of interest; 
SUVR, standardized uptake 
value ratio; T-tau, total 
tau; WMH, white matter 
hyperintensities
* p < 0.05 at the Mann–
Whitney test

Women Men

Fatigue (n = 30) No fatigue (n = 137) Fatigue (n = 14) No fatigue (n = 120)

Age, years
Median (IQR) 74.5 (8.4) 70.8 (8.2) 75.5 (12.8) 73.1 (9.9)
Range 65.1–82.3 56.2–85.9 65.3–84.5 59.9–90.1
Education, years
Median (IQR) 16.0 (3.5) 16.0 (4.0) 18.0 (1.5) 17.0 (4.0)
Range 12.0–20.0 8.0–20.0 13.0–20.0 12.0–20.0
Frailty index
Median (IQR) 0.21 (0.12)* 0.18 (0.08)* 0.23 (0.07)* 0.15 (0.13)*
Range 0.08–0.33 0.00–0.41 0.05–0.38 0.03–0.38
mPACC 
Median (IQR)  − 0.32 (2.55) 0.74 (3.56) 0.04 (1.50)  − 0.19 (3.77)
Range  − 7.01–3.46  − 6.39–5.35  − 8.95–3.37  − 7.98–5.16
GDS-15
Median (IQR) 2.0 (1.0)* 0.0 (1.0)* 1.0 (1.8) 0.0 (1.0)
Range 0.0–5.0 0.0–6.0 0.0–4.0 0.0–5.0
ApoE ε4 carrier status, N (%)
Carriers 11 (36.7) 43 (34.1) 6 (42.9) 28 (23.3)
Non-carriers 19 (63.3) 83 (65.9) 8 (57.1) 92 (76.7)
CSF Aβ1-42, pg/ml
Median (IQR) 1142.0 (872.2) 1239.0 (847.9) 1435.0 (944.1) 1352.0 (746.4)
Range 416.8–1700.0 203.0–1700.0 301.5–1700.0 318.3–1700.0
CSF T-tau, pg/ml
Median (IQR) 243.6 (107.5) 212.4 (139.3) 213.9 (58.1) 210.1 (100.1)
Range 88.7–501.3 106.7–590.1 131.2–374.9 81.5–492.1
CSF 181P-tau, pg/ml
Median (IQR) 21.9 (12.2) 19.2 (13.3) 20.7 (7.1) 19.3 (9.6)
Range 8.5–53.3 9.6–60.0 10.7–33.3 8.0–53.4
MRI hippocampus volume
Median (IQR) 4.8 (0.8)* 5.3 (0.8)* 4.8 (0.7) 4.9 (0.7)
Range 3.2–5.9 3.2 (6.5) 4.3 (5.7) 3.6 (6.5)
MRI WMH volume
Median (IQR) 0.3 (0.4) 0.2 (0.3) 0.2 (0.2) 0.2 (0.3)
Range 0.1–3.7 0.1–2.5 0.1–4.4 0.1–6.9
18FDG PET, metaROI
Median (IQR) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1)
Range 1.1–1.7 1.1–1.6 1.1–1.5 1.0–1.6
18F-AV-45 PET, SUVR
Median (IQR) 1.1 (0.3) 1.1 (0.2) 1.0 (0.1) 1.0 (0.1)
Range 0.9–1.6 0.9–2.0 1.0–1.5 0.9–1.6
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Discussion

The present study aimed to comprehensively inves-
tigate the clinical and neurobiological correlates of 
fatigue in cognitively unimpaired older adults. Over-
all, our findings align with previous studies indicat-
ing fatigue as a complex symptom associated with 
multiple determinants, encompassing mood, frailty, 
and neurodegenerative changes. A multidimensional 
approach is therefore required to achieve a better 
understanding and management of this highly preva-
lent manifestation. Noticeably, significant sex differ-
ences were found in fatigue prevalence and associated 
variables suggesting that different pathophysiological 
mechanisms may underlie fatigue in the two sexes. 
A sex-informed approach is thus needed to achieve 
a better understanding of this symptom and develop 
personalized management strategies.

In line with most of the available evidence, women 
were more likely to experience/report fatigue than 

men [11, 52]. Such a higher frequency of fatigue in 
women has already been attributed to biological 
factors (e.g., postmenopausal imbalance/decline of 
sex hormones) [53] and gender-related factors (e.g., 
educational level, socioeconomic position, house-
hold responsibilities). The lower prevalence of self-
reported fatigue in men might also be influenced by 
an already documented sex-driven reporting bias in 
surveys, with women more willing to participate and 
more frequently reporting bodily distress and somatic 
as well as depressive symptoms than men [54, 55]. Of 
interest, these differences in reporting symptoms exist 
independently by the time period asked about, the 
question format/tool used, and the type of collection 
(e.g., retrospective vs prospective) [54].

An association between fatigue and depression 
was observed in both sexes (although it did not reach 
statistical significance in men). Fatigue is identified 
among the presenting symptoms of major depressive 
disorders [56]. In turn, fatigue may fuel depression 

Table 2  Logistic 
regression model exploring 
the factors associated with 
fatigue (dichotomized 
dependent variable of 
interest) stratified by sex

GDS, Geriatric Depression 
Scale; MRI, magnetic 
resonance imaging

Women (n = 30) Men (n = 14)

OR 95% CI p OR 95% CI p

Age 1.02 0.94–1.11 0.68 1.05 0.94–1.18 0.37
Education 0.93 0.79–1.10 0.41 1.23 0.90–1.68 0.20
Frailty index (per 0.1 increase) 1.30 0.74–2.29 0.36 3.10 1.27–7.54 0.01
GDS-15 1.64 1.18–2.28  < 0.01 1.64 0.96–2.80 0.07
MRI hippocampus volume 0.41 0.19–0.90 0.03 1.38 0.33–5.57 0.66

Fig. 1  Logistic regression 
model exploring the factors 
associated with fatigue 
(dichotomized dependent 
variable of interest) by sex. 
Data are shown as odds 
ratios (95% confidence 
intervals). GDS, Geriatric 
Depression Scale; MRI, 
magnetic resonance imag-
ing

Frailty Index
(per 0.1 increase)

GDS-15

MRI hippocampus
volume

Women Men

0 2 4 6 8 10

1.30 (0.74-2.29)

3.10 (1.27-7.54)

1.64 (1.18-2.28)

1.64 (0.96-2.80)

0.41 (0.19-0.90)

1.38 (0.33-5.75)
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in a bidirectional relationship. Dysfunction in sero-
toninergic and dopaminergic circuits, the hypotha-
lamic–pituitary–adrenal axis, and the inflammatory 
cascades may be involved in shared neuropatho-
physiological pathways. However, fatigue is scarcely 
responsive to antidepressant treatment, it may emerge 
as an undesirable effect of psychotropic drugs or 
polypharmacy and frequently persists as a residual 
symptom even after depression is resolved. Thus, sep-
arate etiologies may also trigger and underlie these 
phenomena.

In women, fatigue was associated with lower hip-
pocampal volumes on MRI. This finding is consistent 
with a pilot cross-sectional study showing that fatigue 
predicts cortical temporal thickness reduction in cog-
nitively normal middle-aged and older adults [57]. 
Accordingly, fatigue has been recently proposed as 
an indicator of accelerated brain aging [27] and could 
represent one of the first manifestations of an incom-
ing neurodegenerative process. The non-significant 
association with ApoE genotype and biomarkers of 
amyloid and tau pathology suggests that fatigue may 
not be specific to AD-related neuronal loss. However, 
previous studies reported an association of fatigue 
with ApoE ε4 carrier status and brain amyloid load 
[25, 26]. Furthermore, the former observation of a 
relationship between fatigue and white matter lesion 
volume was not replicated in the present analyses 
[58].

In men, fatigue was found to be associated with 
higher frailty levels. Fatigue stands out as one of 
the core self-reported changes within aging, is a 
common manifestation of various age-related dis-
eases, and is frequently used as a defining criterion 
in widely adopted operationalizations of frailty [19]. 
Fatigue might represent one of the first signs of the 
age-related disruption of homeostatic reserves and the 
consequent failure to cope with stressors. As such, it 
may precede other more clinically evident and meas-
urable manifestations of functional loss (e.g., cogni-
tive impairment, falls, gait disorders, weight loss). 
In this context, fatigue could serve as a marker of 
acceleration in aging, potentially aiding in the identi-
fication of frail people at a higher risk of poorer out-
comes. Furthermore, the impact of this male-specific 
correlation with frailty might be even greater than 
observed due to the above-mentioned higher degree 
of underestimation of somatic complaints among men 
[52]. Accordingly in a multidimensional assessment 

of male health, more effort should be focused on 
actively looking for fatigue in men in order to identify 
those more vulnerable and frailer.

Based on our findings on sex-specific mecha-
nisms behind the clinical manifestation of fatigue, it 
is time to envision a solution to tackle and diversify 
the assessment and management of this symptom in 
men and women. They imply the need to develop 
sex-specific care pathways to address fatigue in older 
persons. Nevertheless, this opportunity requires ad 
hoc studies to further understand how a public health 
action against fatigue might adequately balance its 
subjective nature, the heterogeneity of available 
instruments, the lack of clear evidence-based inter-
ventions, and the sex-specific pathophysiological 
mechanisms.

Several limitations of the present study should be 
acknowledged and discussed. Fatigue was ascertained 
using a single, self-reported question. In this regard, 
more structured assessment tools have been developed 
to identify fatigue with higher accuracy. In addition, 
the adopted definition of fatigue does not consent to 
fully distinguish fatigue from related constructs (e.g., 
energy, fatigability). However, given its subjective 
nature, self-reporting remains an appropriate way of 
evaluation. The limited sample size (particularly the 
low number of participants with fatigue) threatens the 
validity and generalizability of the findings. In addi-
tion, the study considered a population of relatively 
healthy and highly educated older adults who are 
poorly representative of the individuals encountered 
in daily clinical practice. However, ADNI offered the 
unique opportunity to explore our research questions 
in a population well characterized clinically and bio-
logically. The cross-sectional design impedes deter-
mining any causal relationship between fatigue and 
the associated variables. Future longitudinal studies 
are thus needed to confirm and expand our findings. 
Moreover, the observed results might be influenced by 
a sex-driven reporting bias that might underestimate 
the impact of conditions such as fatigue and depres-
sion among men [59]. Finally, we did not consider 
gendered sociocultural variables possibly contributing 
to the observed sex differences [60].

The main study strength instead lies in the broad 
exploration of fatigue’s multidimensionality, resulting 
in analyzing a wide array of potential correlates. This 
approach has allowed us to grasp how fatigue probably 
results from the presence and interaction of multiple 
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clinical and subclinical underpinnings and cannot be 
fully explained by standalone determinants. Ideally, this 
comprehensive framework should be translated into 
clinical practice where the screening of fatigue could 
enable the early identification of at-risk individuals and 
the detection of pathological conditions that could ben-
efit from timely interventions. However, it appears cru-
cial to determine when fatigue assumes negative clini-
cal and prognostic implications to avoid overdiagnosis.

Conclusion

Fatigue is a complex symptom, probably resulting from 
the interplay between diverse determinants includ-
ing depression, frailty, and brain changes. Moreover, it 
seems to be differently expressed in the two sexes. The 
multifaceted nature of fatigue underscores the need for 
a comprehensive and multidimensional approach to 
explore its underlying mechanisms and broader impli-
cations. Specifically, a sex-informed perspective seems 
necessary in the premise of personalized management.

Acknowledgements Data collection and sharing for this 
project was funded by the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) (National Institutes of Health Grant 
U01 AG024904) and DOD ADNI (Department of Defense 
award number W81XWH-12-2-0012). ADNI is funded by the 
National Institute on Aging, the National Institute of Biomedi-
cal Imaging and Bioengineering, and through generous contri-
butions from the following: AbbVie, Alzheimer’s Association; 
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; 
BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; Cer-
eSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; 
Eli Lilly and Company; EuroImmun; F. Hoffmann-La Roche 
Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE 
Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy 
Research & Development, LLC.; Johnson & Johnson Pharma-
ceutical Research & Development LLC.; Lumosity; Lundbeck; 
Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx 
Research; Neurotrack Technologies; Novartis Pharmaceuticals 
Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda 
Pharmaceutical Company; and Transition Therapeutics. The 
Canadian Institutes of Health Research is providing funds to 
support ADNI clinical sites in Canada. Private sector contribu-
tions are facilitated by the Foundation for the National Insti-
tutes of Health (www. fnih. org). The grantee organization is 
the Northern California Institute for Research and Education, 
and the study is coordinated by the Alzheimer’s Therapeu-
tic Research Institute at the University of Southern Califor-
nia. ADNI data are disseminated by the Laboratory for Neuro 
Imaging at the University of Southern California.

The views expressed in this article are those of the authors 
and do not necessarily reflect the views of WHO.

Author contribution Marco Toccaceli Blasi: conceptual-
ization, formal analysis, writing—original draft; Alba Rosa 
Alfano: conceptualization, writing—original draft; Martina 
Salzillo: writing—review and editing; Simona Buscarnera: 
writing—review and editing; Valeria Raparelli: conceptual-
ization, writing—review and editing; Matteo Cesari: concep-
tualization, writing—review and editing; Giuseppe Bruno: 
writing—review and editing; Marco Canevelli: supervision, 
conceptualization, formal analysis, writing—review and 
editing.

Funding Open access funding provided by Università 
degli Studi di Roma La Sapienza within the CRUI-CARE 
Agreement.

Data availability The data supporting the findings of this 
study are available on request from the corresponding author. 
The data are not publicly available due to privacy or ethical 
restrictions.

Declarations 

Ethical approval All procedures performed in studies involv-
ing human participants were in accordance with the ethical 
standards of the institutional and/or national research commit-
tee and with the 1964 Helsinki Declaration and its later amend-
ments or comparable ethical standards. This research study was 
conducted retrospectively from data obtained by ADNI.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

 1. Dittner AJ, Wessely SC, Brown RG. The assessment of 
fatigue: a practical guide for clinicians and researchers. J 
Psychosom Res. 2004;56:157–70. https:// doi. org/ 10. 1016/ 
S0022- 3999(03) 00371-4.

 2. Eldadah BA. Fatigue and fatigability in older adults. PM 
R. 2010;2:406–13. https:// doi. org/ 10. 1016/j. pmrj. 2010. 03. 
022.

http://www.fnih.org
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0022-3999(03)00371-4
https://doi.org/10.1016/S0022-3999(03)00371-4
https://doi.org/10.1016/j.pmrj.2010.03.022
https://doi.org/10.1016/j.pmrj.2010.03.022


GeroScience 

1 3
Vol.: (0123456789)

 3. Wessely S. Chronic fatigue: symptom and syndrome. Ann 
Intern Med. 2001;134:838–43. https:// doi. org/ 10. 7326/ 
0003- 4819- 134-9_ part_2- 20010 5011- 00007.

 4. Pawlikowska T, Chalder T, Hirsch SR, et  al. Population 
based study of fatigue and psychological distress. BMJ 
(Clinical research ed). 1994;308:763–6. https:// doi. org/ 10. 
1136/ bmj. 308. 6931. 763.

 5. Ridsdale L, Evans A, Jerrett W, et al. Patients with fatigue 
in general practice: a prospective study. BMJ (Clinical 
research ed). 1993;307:103–6. https:// doi. org/ 10. 1136/ 
bmj. 307. 6896. 103.

 6. Lewis G, Wessely S. The epidemiology of fatigue: more 
questions than answers. J Epidemiol Community Health. 
1992;46:92–7. https:// doi. org/ 10. 1136/ jech. 46.2. 92.

 7. Cullen W, Kearney Y, Bury G. Prevalence of fatigue in 
general practice. Ir J Med Sci. 2002;171:10–2. https:// 
doi. org/ 10. 1007/ BF031 68931.

 8. Cathébras PJ, Robbins JM, Kirmayer LJ, Hayton BC. 
Fatigue in primary care: prevalence, psychiatric comor-
bidity, illness behavior, and outcome. J Gen Intern Med. 
1992;7:276–86. https:// doi. org/ 10. 1007/ BF025 98083.

 9. Fukuda K, Dobbins JG, Wilson LJ, et al. An epidemio-
logic study of fatigue with relevance for the chronic 
fatigue syndrome. J Psychiatr Res. 1997;31:19–29. 
https:// doi. org/ 10. 1016/ s0022- 3956(96) 00046-5.

 10. Liao S, Ferrell BA. Fatigue in an older population. J Am 
Geriatr Soc. 2000;48:426–30. https:// doi. org/ 10. 1111/j. 
1532- 5415. 2000. tb047 02.x.

 11. Meng H, Hale L, Friedberg F. Prevalence and predic-
tors of fatigue in middle-aged and older adults: evidence 
from the health and retirement study. J Am Geriatr Soc. 
2010;58:2033–4.

 12. Finsterer J, Mahjoub SZ. Fatigue in healthy and diseased 
individuals. Am J Hosp Palliat Med. 2014;31:562–75. 
https:// doi. org/ 10. 1177/ 10499 09113 494748.

 13. Schultz-Larsen K, Avlund K. Tiredness in daily activi-
ties: a subjective measure for the identification of frailty 
among non-disabled community-living older adults. 
Arch Gerontol Geriatr. 2007;44:83–93. https:// doi. org/ 
10. 1016/j. archg er. 2006. 03. 005.

 14. Vestergaard S, Nayfield SG, Patel KV, et  al. Fatigue 
in a representative population of older persons and its 
association with functional impairment, functional lim-
itation, and disability. J Gerontol A Biol Sci Med Sci. 
2009;64:76–82. https:// doi. org/ 10. 1093/ gerona/ gln017.

 15. Avlund K, Damsgaard MT, Schroll M. Tiredness as determi-
nant of subsequent use of health and social services among 
nondisabled elderly people. J Aging Health. 2001;13:267–
86. https:// doi. org/ 10. 1177/ 08982 64301 01300 206.

 16. Moreh E, Jacobs JM, Stessman J. Fatigue, function, and 
mortality in older adults. J Gerontol A Biol Sci Med Sci. 
2010;65:887–95. https:// doi. org/ 10. 1093/ gerona/ glq064.

 17. Avlund K, Schultz-Larsen K, Davidsen M. Tiredness in 
daily activities at age 70 as a predictor of mortality dur-
ing the next 10 years. J Clin Epidemiol. 1998;51:323–
33. https:// doi. org/ 10. 1016/ s0895- 4356(97) 00296-5.

 18. Bautmans I, Knoop V, Amuthavalli Thiyagarajan J, 
et  al. WHO working definition of vitality capacity for 
healthy longevity monitoring. Lancet Health Lon-
gev. 2022;3:e789–96. https:// doi. org/ 10. 1016/ S2666- 
7568(22) 00200-8.

 19. Zengarini E, Ruggiero C, Mecocci P, et  al. Fatigue as 
a clinical sign of biological aging: exploratory analy-
ses from the MINDED project. Geriatr Gerontol Int. 
2016;16:533–4.

 20. Zengarini E, Ruggiero C, Pérez-Zepeda MU, et  al. 
Fatigue: relevance and implications in the aging popu-
lation. Exp Gerontol. 2015;70:78–83. https:// doi. org/ 10. 
1016/j. exger. 2015. 07. 011.

 21. Walker EA, Katon WJ, Jemelka RP. Psychiatric disor-
ders and medical care utilization among people in the 
general population who report fatigue. J Gen Intern 
Med. 1993;8:436–40. https:// doi. org/ 10. 1007/ BF025 
99621.

 22. Angioni D, Raffin J, Ousset PJ, et  al. Fatigue in Alzhei-
mer’s disease: biological basis and clinical management—
a narrative review. Aging Clin Exp Res. 2023. https:// doi. 
org/ 10. 1007/ s40520- 023- 02482-z.

 23. Babulal GM, Chen L, Doherty JM, et  al. Longitudinal 
changes in anger, anxiety, and fatigue are associated with 
cerebrospinal fluid biomarkers of Alzheimer’s disease. J 
Alzheimer’s Dis : JAD. 2022;87:141–8.

 24. Kukla B, Anthony M, Chen S, et  al. Brain small-world-
ness properties and perceived fatigue in mild cognitive 
impairment. J Gerontol A Biol Sci Med Sci. 2022;77:541–
6. https:// doi. org/ 10. 1093/ gerona/ glab0 84.

 25. Chhetri JK, Ma L, Zheng Z, et  al. Apolipoprotein E 
polymorphism and frailty: apolipoprotein ϵ4 allele is 
associated with fatigue but not frailty syndrome in a 
community-dwelling older population cohort. J Nutr 
Health Aging. 2021;25:410–5. https:// doi. org/ 10. 1007/ 
s12603- 020- 1522-1.

 26. Hooper C, De Souto BP, Coley N, et  al. Cross-sectional 
associations of fatigue with cerebral β-amyloid in older 
adults at risk of dementia. Front Med. 2017;4:173. https:// 
doi. org/ 10. 3389/ fmed. 2017. 00173.

 27. Angioni D, Virecoulon Giudici K, Montoya Mar-
tinez M, et  al. Neuroimaging markers of chronic 
fatigue in older people: a narrative review. Aging Clin 
Exp Res. 2021;33:1487–92. https:// doi. org/ 10. 1007/ 
s40520- 020- 01666-1.

 28. Boissoneault J, Letzen J, Lai S, et  al. Abnormal rest-
ing state functional connectivity in patients with chronic 
fatigue syndrome: an arterial spin-labeling fMRI study. 
Magn Reson Imaging. 2016;34:603–8. https:// doi. org/ 10. 
1016/j. mri. 2015. 12. 008.

 29. Falk K, Swedberg K, Gaston-Johansson F, Ekman I. 
Fatigue is a prevalent and severe symptom associated 
with uncertainty and sense of coherence in patients with 
chronic heart failure. Eur J Cardiovasc Nurs. 2007;6:99–
104. https:// doi. org/ 10. 1016/j. ejcnu rse. 2006. 05. 004.

 30. Mitchell SA. Cancer-related fatigue: state of the science. 
PM R. 2010;2:364–83. https:// doi. org/ 10. 1016/j. pmrj. 
2010. 03. 024.

 31. Ramsey-Goldman R, Rothrock N. Fatigue in systemic 
lupus erythematosus and rheumatoid arthritis. PM R. 
2010;2:384–92. https:// doi. org/ 10. 1016/j. pmrj. 2010. 03. 
026.

 32. Borren NZ, van der Woude CJ, Ananthakrishnan AN. 
Fatigue in IBD: epidemiology, pathophysiology and man-
agement. Nat Rev Gastroenterol Hepatol. 2019;16:247–
59. https:// doi. org/ 10. 1038/ s41575- 018- 0091-9.

https://doi.org/10.7326/0003-4819-134-9_part_2-200105011-00007
https://doi.org/10.7326/0003-4819-134-9_part_2-200105011-00007
https://doi.org/10.1136/bmj.308.6931.763
https://doi.org/10.1136/bmj.308.6931.763
https://doi.org/10.1136/bmj.307.6896.103
https://doi.org/10.1136/bmj.307.6896.103
https://doi.org/10.1136/jech.46.2.92
https://doi.org/10.1007/BF03168931
https://doi.org/10.1007/BF03168931
https://doi.org/10.1007/BF02598083
https://doi.org/10.1016/s0022-3956(96)00046-5
https://doi.org/10.1111/j.1532-5415.2000.tb04702.x
https://doi.org/10.1111/j.1532-5415.2000.tb04702.x
https://doi.org/10.1177/1049909113494748
https://doi.org/10.1016/j.archger.2006.03.005
https://doi.org/10.1016/j.archger.2006.03.005
https://doi.org/10.1093/gerona/gln017
https://doi.org/10.1177/089826430101300206
https://doi.org/10.1093/gerona/glq064
https://doi.org/10.1016/s0895-4356(97)00296-5
https://doi.org/10.1016/S2666-7568(22)00200-8
https://doi.org/10.1016/S2666-7568(22)00200-8
https://doi.org/10.1016/j.exger.2015.07.011
https://doi.org/10.1016/j.exger.2015.07.011
https://doi.org/10.1007/BF02599621
https://doi.org/10.1007/BF02599621
https://doi.org/10.1007/s40520-023-02482-z
https://doi.org/10.1007/s40520-023-02482-z
https://doi.org/10.1093/gerona/glab084
https://doi.org/10.1007/s12603-020-1522-1
https://doi.org/10.1007/s12603-020-1522-1
https://doi.org/10.3389/fmed.2017.00173
https://doi.org/10.3389/fmed.2017.00173
https://doi.org/10.1007/s40520-020-01666-1
https://doi.org/10.1007/s40520-020-01666-1
https://doi.org/10.1016/j.mri.2015.12.008
https://doi.org/10.1016/j.mri.2015.12.008
https://doi.org/10.1016/j.ejcnurse.2006.05.004
https://doi.org/10.1016/j.pmrj.2010.03.024
https://doi.org/10.1016/j.pmrj.2010.03.024
https://doi.org/10.1016/j.pmrj.2010.03.026
https://doi.org/10.1016/j.pmrj.2010.03.026
https://doi.org/10.1038/s41575-018-0091-9


 GeroScience

1 3
Vol:. (1234567890)

 33. Krupp LB. Fatigue in multiple sclerosis: definition, patho-
physiology and treatment. CNS Drugs. 2003;17:225–34. 
https:// doi. org/ 10. 2165/ 00023 210- 20031 7040- 00002.

 34. Siciliano M, Trojano L, Santangelo G, et  al. Fatigue in 
Parkinson’s disease: a systematic review and meta-anal-
ysis. Mov Disord. 2018;33:1712–23. https:// doi. org/ 10. 
1002/ mds. 27461.

 35. Buchwald D, Pearlman T, Kith P, Schmaling K. Gender 
differences in patients with chronic fatigue syndrome. J 
Gen Intern Med. 1994;9:397–401. https:// doi. org/ 10. 1007/ 
BF026 29522.

 36. Broström A, Wahlin Å, Alehagen U, et  al. Sex-specific 
associations between self-reported sleep duration, depres-
sion, anxiety, fatigue and daytime sleepiness in an older 
community-dwelling population. Scand J Caring Sci. 
2018;32:290–8. https:// doi. org/ 10. 1111/ scs. 12461.

 37. Valentine RJ, McAuley E, Vieira VJ, et al. Sex differences 
in the relationship between obesity, C-reactive protein, 
physical activity, depression, sleep quality and fatigue in 
older adults. Brain Behav Immun. 2009;23:643–8. https:// 
doi. org/ 10. 1016/j. bbi. 2008. 12. 003.

 38. Peters SAE, Woodward M. A roadmap for sex- and gender-
disaggregated health research. BMC Med. 2023;21:354. 
https:// doi. org/ 10. 1186/ s12916- 023- 03060-w.

 39. Brinkley TE, Stites SD, Hunsberger HC, et  al. Research 
centers collaborative network workshop on sex and gender 
differences in aging. Innov Aging. 2022;6:igac055. https:// 
doi. org/ 10. 1093/ geroni/ igac0 55

 40. Lee SK. Sex as an important biological variable in bio-
medical research. BMB Rep. 2018;51:167–73. https:// doi. 
org/ 10. 5483/ BMBRep. 2018. 51.4. 034.

 41. Oertelt-Prigione S. Why we need ageing research sensitive to 
age and gender. The Lancet Healthy Longevity. 2021;2:e445–
6. https:// doi. org/ 10. 1016/ S2666- 7568(21) 00149-5.

 42. Wechsler D. Wechsler memory scale-revised. Psychologi-
cal Corporation. Neuropsychol Rev. 1991;2(2):179–201. 
https:// doi. org/ 10. 1007/ BF011 09053.

 43. Folstein MF, Folstein SE, McHugh PR. Mini-mental state. 
J Psychiatr Res. 1975;12:189–98. https:// doi. org/ 10. 1016/ 
0022- 3956(75) 90026-6.

 44. Hughes CP, Berg L, Danziger W, et  al. A new clini-
cal scale for the staging of dementia. Br J Psychiatry. 
1982;140:566–72. https:// doi. org/ 10. 1192/ bjp. 140.6. 566.

 45. Yesavage JA, Sheikh JI. Geriatric Depression Scale 
(GDS): recent evidence and development of a shorter ver-
sion. Clin Gerontol. 1986;5:165–73. https:// doi. org/ 10. 
1300/ J018v 05n01_ 09.

 46. Donohue MC, Sperling RA, Salmon DP, et  al. The pre-
clinical Alzheimer cognitive composite: measuring amy-
loid-related decline. JAMA Neurol. 2014;71:961. https:// 
doi. org/ 10. 1001/ jaman eurol. 2014. 803.

 47. Searle SD, Mitnitski A, Gahbauer EA, et  al. A stand-
ard procedure for creating a Frailty index. BMC Geriatr. 
2008;8:1–10. https:// doi. org/ 10. 1186/ 1471- 2318-8- 24.

 48. Jack CR Jr, Barnes J, Bernstein MA, et  al. Magnetic 
resonance imaging in Alzheimer’s disease neuroimaging 
initiative 2. Alzheimer’s & Dementia. 2015;11:740–56. 
https:// doi. org/ 10. 1016/j. jalz. 2015. 05. 002.

 49. Jagust WJ, Landau SM, Koeppe RA, et  al. The Alzhei-
mer’s disease neuroimaging initiative 2 PET core: 2015. 
Alzheimer’s & Dementia. 2015;11:757–71. https:// doi. 
org/ 10. 1016/j. jalz. 2015. 05. 001.

 50. Shaw LM, Vanderstichele H, Knapik-Czajka M, et  al. 
Cerebrospinal fluid biomarker signature in Alzheimer’s 
disease neuroimaging initiative subjects. Ann Neurol. 
2009;65:403–13. https:// doi. org/ 10. 1002/ ana. 21610.

 51. Jack CR, Bennett DA, Blennow K, et al. NIA-AA research 
framework: toward a biological definition of Alzheimer’s 
disease. Alzheimer’s and Dementia. 2018;14:535–62. 
https:// doi. org/ 10. 1016/j. jalz. 2018. 02. 018.

 52. Engberg I, Segerstedt J, Waller G, et  al. Fatigue in the 
general population- associations to age, sex, socioeco-
nomic status, physical activity, sitting time and self-rated 
health: the northern Sweden MONICA study 2014. BMC 
Public Health. 2017;17:654. https:// doi. org/ 10. 1186/ 
s12889- 017- 4623-y.

 53. Boneva RS, Maloney EM, Lin J-M, et al. (2011) Gyneco-
logical history in chronic fatigue syndrome: a population-
based case-control study. J Women’s Health. 2002;20:21–
8. https:// doi. org/ 10. 1089/ jwh. 2009. 1900.

 54. Barsky AJ, Peekna HM, Borus JF. Somatic symp-
tom reporting in women and men. J Gen Intern Med. 
2001;16:266–75. https:// doi. org/ 10. 1046/j. 1525- 1497. 
2001. 00229.x.

 55. Cavanagh A, Wilson CJ, Kavanagh DJ, Caputi P. Dif-
ferences in the expression of symptoms in men versus 
women with depression: a systematic review and meta-
analysis. Harv Rev Psychiatry. 2017;25:29–38. https:// doi. 
org/ 10. 1097/ HRP. 00000 00000 000128.

 56. American Psychiatric Association. (2022). Diagnostic and 
statistical manual of mental disorders (5th ed., text rev.). 
https:// doi. org/ 10. 1176/ appi. books. 97808 90425 787.

 57. Carvalho DZ, St Louis EK, Boeve BF, et  al. Excessive 
daytime sleepiness and fatigue may indicate accelerated 
brain aging in cognitively normal late middle-aged and 
older adults. Sleep Med. 2017;32:236–43. https:// doi. org/ 
10. 1016/j. sleep. 2016. 08. 023.

 58. Angioni D, Cesari M, Raffin J, et  al. Neuroimaging cor-
relates of persistent fatigue in older adults: a secondary 
analysis from the Multidomain Alzheimer Preventive 
Trial (MAPT) trial. Aging Ment Health. 2022;26:1654–
60. https:// doi. org/ 10. 1080/ 13607 863. 2021. 19327 37.

 59. Martin LA, Neighbors HW, Griffith DM. The experience 
of symptoms of depression in men vs women: analysis 
of the National Comorbidity Survey Replication. JAMA 
Psychiat. 2013;70:1100–6. https:// doi. org/ 10. 1001/ jamap 
sychi atry. 2013. 1985.

 60. Bird CE, Rieker PP. Gender and health: the effects of 
constrained choices and social policies. Cambridge: Cam-
bridge University Press; 2008.

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.2165/00023210-200317040-00002
https://doi.org/10.1002/mds.27461
https://doi.org/10.1002/mds.27461
https://doi.org/10.1007/BF02629522
https://doi.org/10.1007/BF02629522
https://doi.org/10.1111/scs.12461
https://doi.org/10.1016/j.bbi.2008.12.003
https://doi.org/10.1016/j.bbi.2008.12.003
https://doi.org/10.1186/s12916-023-03060-w
https://doi.org/10.1093/geroni/igac055
https://doi.org/10.1093/geroni/igac055
https://doi.org/10.5483/BMBRep.2018.51.4.034
https://doi.org/10.5483/BMBRep.2018.51.4.034
https://doi.org/10.1016/S2666-7568(21)00149-5
https://doi.org/10.1007/BF01109053
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1192/bjp.140.6.566
https://doi.org/10.1300/J018v05n01_09
https://doi.org/10.1300/J018v05n01_09
https://doi.org/10.1001/jamaneurol.2014.803
https://doi.org/10.1001/jamaneurol.2014.803
https://doi.org/10.1186/1471-2318-8-24
https://doi.org/10.1016/j.jalz.2015.05.002
https://doi.org/10.1016/j.jalz.2015.05.001
https://doi.org/10.1016/j.jalz.2015.05.001
https://doi.org/10.1002/ana.21610
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1186/s12889-017-4623-y
https://doi.org/10.1186/s12889-017-4623-y
https://doi.org/10.1089/jwh.2009.1900
https://doi.org/10.1046/j.1525-1497.2001.00229.x
https://doi.org/10.1046/j.1525-1497.2001.00229.x
https://doi.org/10.1097/HRP.0000000000000128
https://doi.org/10.1097/HRP.0000000000000128
https://doi.org/10.1176/appi.books.9780890425787
https://doi.org/10.1016/j.sleep.2016.08.023
https://doi.org/10.1016/j.sleep.2016.08.023
https://doi.org/10.1080/13607863.2021.1932737
https://doi.org/10.1001/jamapsychiatry.2013.1985
https://doi.org/10.1001/jamapsychiatry.2013.1985

	Sex-specific clinical and neurobiological correlates of fatigue in older adults
	Abstract 
	Introduction
	Methods
	Data sources
	Participants and procedures
	Fatigue
	Sociodemographic and clinical variables
	Biomarkers of brain pathology
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


