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ABSTRACT

Background: Frailty is a chronic condition characterised by the progressive decline of multiple physiological functions. There
is a critical need to investigate neuroimaging findings in nondemented frail individuals to better understand the underlying
mechanisms and implications of frailty on brain health. This paper is aimed at reviewing neuroimaging studies assessing brain
changes in nondemented frail individuals to understand the neuropsychological basis of frailty.

Methods: A systematic review was conducted on studies focusing on neuroimaging modalities in frailty, including MRI, fMRI,
DTI and PET. The review was based on PRISMA instructions and a two-step screening process. The studies evaluating neuro-
imaging findings of nondemented frail individuals, regardless of publication time or participant age, were included. Data were
extracted from the included studies, and the quality of the studies as well as risk of bias was assessed.

Results: Out of 1604 studies screened, 22 eligible studies were included. Out of these, 10 studies had good quality, while others
had fair quality according to the Newcastle Ottawa scale (NOS). Of these studies, 18 used Fried criteria or a modified version of
it to diagnose frailty, while the Edmonton frailty score (EFS), Rockwood and Mitnitski frailty index and frailty index (FI) were
implemented by the remaining studies. The MRI findings indicated significant differences in brain structure between nonde-
mented frail and robust individuals, including an increased number and size of white matter hyperintensities, reduced grey mat-
ter volume, higher cerebrospinal fluid (CSF) volume and increased number of cerebral microbleeds (CMBSs) in frail participants
compared to the robust ones. The studies showed no significant difference between at-risk and robust groups regarding total
intracranial volume (TIV). The number of CMBs was associated with prefrailty status and its severity. fMRI studies showed de-
creased intranetwork mean functional connectivity (FC) in nondemented frail individuals. DTI studies showed lower fractional
anisotropy (FA), higher axial diffusivity (AD) and higher radial diffusivity (RD) in the nondemented frail group. The PET scan
study showed that mean cortical beta-amyloid level was not associated with FI, but the accumulation of beta-amyloid in the an-
terior and posterior putamen and precuneus region significantly correlated with frailty and its severity.

Conclusion: The study reveals significant differences in brain structures between nondemented frail and robust individuals,
including increased white matter hyperintensities and reduced grey matter volume. These differences suggest that vascular
changes and brain atrophy in nondemented frail individuals may contribute to cognitive impairment and dementia in the future.
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1 | Introduction

Frailty is a chronic state of progressive deterioration in multi-
ple physiological functions, leading to adverse health outcomes,
disabilities and mortality, particularly in geriatric health [1].
Physical frailty (PF) is the condition of having specific physical
characteristics, which is further discussed [2, 3]. There are mul-
tiple tools available for assessing frailty status [4]. Fried criteria
mainly focus on physical aspects and identify frailty by the pres-
ence of three or more of five frailty phenotypes: unintentional
weight loss (10lbs in the past year), exhaustion, diminished
strength (assessed through grip strength), slowness in gait and
decreased levels of physical activity [1, 5]. Prefrailty, on the other
hand, is a clinically latent process in individuals with a Fried
criteria score of 1-2, predisposing them to frailty [6, 7]. Patients
not falling into either of these two categories are classified as
the robust group, predominantly characterised by a 0 score on
the Fried criteria. The frailty index (FI) considers frailty as an
accumulation of deficits in multiple older adults' health-related
domains, such as signs and symptoms of a disease, cognitive dis-
orders, functional disabilities, psychological problems and labo-
ratory abnormalities [1, 8, 9].

Frailty has been a burden due to its consequences, such as hospi-
talisation, higher demand for advanced care and falls [10]. Despite
its significance in geriatric health and the complicated aetiology of
this condition, no specific standard definition has been established
for frailty. Studies have suggested various scaling instruments to
clinically evaluate individuals regarding the stages of frailty [11].
Yet, it is crucial that different methods be utilised to unravel the
underlying mechanism of this condition. Previous publications
have illustrated an association between PF and cognitive impair-
ments [2, 12]. These findings insinuate that cognitive decline due
to various neurodegenerative alterations might have a predictive
value for PF. Hence, investigating frail individuals for neurodegen-
erative changes appears to be a crucial step forward.

Magnetic resonance imaging (MRI) provides a substantial
amount of data on macroscopic brain structural alterations,
namely white matter (WM) and grey matter (GM) volumes, as
well as cerebrovascular changes such as microbleeds and small
vessel disease [13, 14]. These findings enable us to investigate
the potential associations between frailty and neurodegener-
ative processes. On the other hand, functional neuroimaging
techniques can give insights into activity and connectivity in
different brain areas. Functional MRI (fMRI) uses signals from
blood flow to evaluate the brain regions’ functional connectivity
(FC) or activation patterns during a task or in a resting state [15].
Furthermore, in positron emission tomography (PET), the activ-
ity of the various brain regions is mapped according to the mea-
sured cerebral uptake of radioactive substances [16]. Since the
accumulation of beta-amyloid has an essential role in the patho-
physiology of cognitive impairment in Alzheimer disease, PET
scans can tremendously aid researchers in tracing Alzheimer's
disease pathology [17]. Additionally, advanced methods such as
diffusion tensor imaging (DTI) have been introduced to assess
microstructural alterations in the CNS based on the diffusion
of the water molecules. Diffusion parameters, such as fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD)
and radial diffusivity (RD), represent a measure of microstruc-
tural integrity, membrane density and parallel or perpendicular

diffusion of the water molecules toward the neuron fibre, re-
spectively [18]. Changes in each parameter can suggest a specific
alteration in neuronal integrity, that is, decreased FA and higher
values of MD might be due to a demyelinating process [19].

As mentioned above, evidence shows significant associations
between frailty and cognitive impairments. The review by
Sousa-Fraguas et al. [20] focused on 12 studies assessing frailty
and cognitive function in patients with Parkinson's disease (PD),
most of which showed cognitive impairments in PD patients
with frailty. Besides, another study conducted by Karanth et al.
[21] showed that in the frail and prefrail individuals the global
cognitive scores were lower than in the robust ones, while the
prevalence of self-reported memory complaint was higher in the
frail and prefrail groups compared with controls.

The mentioned findings demonstrate the importance of inves-
tigating the association between neurodegenerative alterations
and frailty. Accordingly, in this paper, we aim to systematically
review the neuroimaging studies that assess CNS changes in non-
demented frail individuals. By gathering the results from different
neuroimaging modalities and understanding the relation between
frailty and nondementia cognitive impairments, we can depict the
possible implications of frailty in the brain and obtain comprehen-
sive insights about the neuropsychological basis of this condition.

2 | Method

We performed a comprehensive systematic review based on
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) instructions [22]. The protocol was reg-
istered in the International Prospective Register of Systematic
Reviews (PROSPERO) (https://www.crd.york.ac.uk/prospero/
display_record.php?ID=CRD42023398553). We aimed to sys-
tematically review the studies focusing on different neuroimag-
ing modalities, such as MRI, fMRI, DTI and PET in frailty up to
30 January 2024, and conducted a two-step screening process to
include eligible studies.

2.1 | Search Strategy and Study Selection

We systematically searched PubMed and Embase databases ini-
tially on 7 February 2023, and then, we updated our systematic
search on 30 January 2024 with the mentioned keywords related
to the topic (Table S1). We also manually searched other resources,
such as websites and citations, to find any study that might have
been missed. After removing duplicate articles, the first step of the
screening based on the title and abstract, a full-text screening was
carried out by two reviewers independently, and any conflicts or
discrepancies were resolved through discussion.

2.2 | Inclusion and Exclusion Criteria

All studies evaluating the neuroimaging findings of frail in-
dividuals through MRI, fMRI, DTI and PET until 30 January
2024 were included regardless of their publication time and
age of participants. Studies evaluating the neuroimaging find-
ings of frailty in dementia patients, non-English studies, animal

2 of 27

Journal of Cachexia, Sarcopenia and Muscle, 2025


https://www.crd.york.ac.uk/prospero/display_record.php
https://www.crd.york.ac.uk/prospero/display_record.php

studies, conference abstracts, letters to editors, reviews and case
studies were excluded.

2.3 | Data Items

The following items were extracted from included studies by
two reviewers independently, and discrepancies were resolved
through discussion by a third reviewer: first author's name, year
of publication, study design, country, study groups, participants’
age and sex, modality of imaging, frailty measurement criteria,
the tools by which the dementia was excluded, parameters that
the study groups were matched for, imaging acquisition protocol,
covariates in different modalities and neuroimaging findings.

2.4 | Quality and Risk of Bias Assessment

The quality of the included studies was assessed by two re-
viewers separately using the Newcastle Ottawa scale (NOS) for
nonrandomised studies consisting of sample selection, compara-
bility of the groups and ascertainment of the exposure [23]. The
NOS rating ranges from 0 to 9, including 4 points for selection, 2
points for comparability and 3 points for outcomes. Accordingly,
the studies were categorised into good, fair and poor. Studies
with a score of 7-9 have the lowest risk of bias and the highest
quality, while studies with a score of less than 4 have the highest
risk of bias and the lowest quality. Studies with a score of 4-6
have a moderate risk of bias and quality.

Also, the risk of bias for each study was assessed according to a
study from Viswanathan et al. [24] for selection, performance,
attrition, detection and reporting biases. Any conflicts were
solved through discussion with a third reviewer.

3 | Results
3.1 | Study Selection

We extracted 1604 studies from databases. After removing dupli-
cates, 1440 studies underwent the title/abstract screening process,
which yielded 120 studies for full-text review. Ninety-seven studies
were excluded because they did not meet our eligibility criteria:
not excluding participants with dementia (n=31), not reporting
neuroimaging results (n=26), conference papers (n=38), reviews
or commentaries (n=28), studies in languages other than English
(n=2), case studies (n=2) and a protocol. In addition, we identi-
fied three studies by citation searching, of which one conference
paper was excluded due to the data published in another original
study and another did not exclude people with dementia. Finally,
22 studies [3, 25-45] that met the inclusion criteria of our study
were included. Figure 1 details the process of the study selection.

3.2 | Characteristics of the Included Studies

Of the included studies, 16 were cohort [25-29, 31-33, 36,
38-40, 42-45], and six [3, 30, 34, 35, 37, 41] were case—control
studies. Regarding the modality of neuroimaging, 16 studies
[3, 25-29, 31, 34, 35, 38-40, 42-45] reported MRI results, five
[25, 28, 37, 41, 44| used DTI, three studies [30, 32, 33] im-
plemented fMRI and one [36] used PET. The sample size of
the studies varied vastly from 40 [34] to 1754 [28], and their
ages ranged from 68.3+£6.2 [43] to 81.3+8.0 [41] in the frail
groups and from 60.34+7.28 [27] to 78.50 [30, 40] in the ro-
bust groups. Furthermore, four studies [30, 40-42] matched
the study groups for age, two of which [30, 40] also matched
them for gender and another study [42] matched the study
groups for their sex.

Identification of studies via databases and registers

Identification of studies via other methods

=
2 . Records identified from:
= . :
S se;:;lrd: |(cr11e£1t|7ﬂ7e8d) from: Records removed before screening Websites (n=0)
£ Eu saed i Duplicate records removed (n = 164) Organisations (n = 0)
T mbase (n = 826) Citati _
5 ation searching (n = 3)
=
_ l
Records screened -
(title/abstract) (n = 1440) Records excluded (n = 1321)
2 Reports sought for retrieval Reports not retrieved
£ Reports sought for retrieval Reports not retrieved (n = 0) eE-o s sought for retrieva efo s not retrieve
s (n=119) (n=3) (n=0)
L |
Reports excluded: (n =98) ) Reports excluded: (n = 2)
31 Did not exclude people with dementia 1 Conference paper with
26 No neuroimaging results reported " pap!
Reports assessed for 8 Conference papers Reports assessed for data published in another
eligibility w/commentary eligibility (n = 3) study
(n=119) 2 Non-English study 1 Did not exclude people
-— 2 Case-report with dementia
1 Study protocol (results will be published
in 2025)

Number of studies included

(n=22)

FIGURE1 | Flowchart of study selection.
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Seventeen studies [3, 25-33, 35, 37, 40-43] implemented Fried
criteria to assess the stage of frailty, of which four [31-33, 42]
used the modified version. Four studies [36, 38, 39, 44] used FI,
and one study [34] assessed frailty using the Edmonton frailty
scale (EFS). Almost half of the included studies excluded cogni-
tive impairments in the participants based on Mini-Mental State
Examination (MMSE) scores [25-27, 29-34, 40], whereas oth-
ers used different methods for excluding dementia [28, 36, 41].
However, only two studies [28, 41] excluded mild cognitive
impairment (MCI). Eleven studies [3, 25, 26, 29-34, 37, 40] re-
ported MMSE scores of their study population, which ranged
from 20.8 [34] to 29 [29, 31-33]. More information on the studies’
characteristics can be obtained from Table 1.

3.3 | Quality and Risk of Bias Assessment

Among the cohort studies, 10 [26-28, 31, 38, 39, 42-45] had a
good quality according to the NOS (scores 7-9). All case-con-
trol studies and other cohorts had either fair quality (n=6).
Regarding the risk of bias, almost all of the studies were con-
sidered low risk for selection and performance bias. Except for
five [37-39, 44, 45], all included cohort studies were at high
risk for attrition bias. Similarly, all were at high risk for re-
porting bias, except four studies [37, 41, 44, 45]. Detailed in-
formation on quality and risk of bias assessment is illustrated
in Tables S2-S4.

3.4 | Neuroimaging Findings

The findings with different imaging modalities (structural MRI,
fMRI, diffusion MRI and PET scan) are summarised in later
section. Figure 2 provides a brief summary of the findings from
the included studies.

3.4.1 | Structural MRI Studies

As illustrated in Table 2, in one of the included MRI studies con-
ducted by Chen et al. [26], no significant difference was detected
between at-risk and robust groups regarding total intracranial
volume (TIV). However, Sugimoto et al. [3] reported lower in-
tracranial volume (ICV) in the cognitive frailty group, and Kant
et al. [31] found a decreased total brain volume (TBV) in frail
individuals.

Most of the reported MRI results were focused on white matter
hyperintensities (WMHs) and white matter volume (WMYV) and
grey matter volume (GMV). Twelve studies (two case—control
and 10 cohort studies) [3, 25-29, 31, 35, 38, 39, 43, 45] reported
data on WMHs, five of which [3, 25, 28, 29, 31] mentioned higher
WMH volumes in the case groups. Sugimoto et al. [3] observed
increased WMH volumes in PF and cognitive frailty. Two stud-
ies [35, 38] stated that higher baseline WMH volumes are as-
sociated with the progression of frailty, of which the study by
Maltais et al. [35] observed complex-shaped periventricular
WMH in the prefrail group. The other studies [34, 40, 42] did
not measure or report WMH. Ducca et al. [28] excluded MCI
participants in their study and found nonsignificant differences
in WMH in frail individuals with normal cognition. They also

found that WMH volumes are correlated with new onset frailty
over a 7-year follow-up [28].

One of the MRI studies reported lower GMV in frail individ-
uals [31], while two studies [26, 42] mentioned no between-
group differences in GMV. Chen et al. [26] showed that in the
at-risk group, GMV was reduced in the cerebellum; hippo-
campi; middle frontal, precentral and middle occipital gyri;
right inferior parietal lobule; left insula and anterior cingulate.
Weight loss (a component of frailty) was shown to be linked to
a decrease in GMV (specifically in the right postcentral gyrus)
as well as an increase in GMV (specifically in the right pos-
terior cingulate). These changes occurred in regions of the
brain that are distinct from those associated with frailty [26].
Additionally, Li et al. [34] found that GMV in Rolandic, ol-
factory, rectus, cingulate, hippocampal and parahippocampal
and precuneus regions was negatively correlated with func-
tional performance scores. Likewise, Gutiérrez-Zuiiga et al.
[44] noted negative correlations between FI and total cortex
and thalamic volumes. Furthermore, Nishita et al. noted that
slowness and weakness significantly correlated with lower re-
gional GMVs, detailed in Table 2.

Four studies [27, 38, 39, 43] demonstrated results on cerebral mi-
crobleeds (CMBs), and only one of them [27] included both lobar
and deep CMBs and reported significant results, while the other
three did not mention the type of CMBs. The study by Chung
et al. [27] showed that the number of CMBs was associated with
PF status. Moreover, unlike lobar microbleeds, CMBs in the
brain stem were significantly correlated with PF and its severity
and were independently associated with the presence of weak-
ness [27]. Three studies [27, 29, 43] investigated the correlation
between the number of lacunes and frailty, two of which [27, 43]
mentioned a significant positive association.

3.4.2 | fMRI Studies

Three studies [30, 32, 33] evaluated the participants using fMRI,
with FC as the main outcome. Mendez et al. [30] mentioned that
intranetwork mean FC was decreased in frail individuals. They
found reduced FC between the right angular gyrus and right
motor, precuneus, posterior cingulate and sensorimotor cortices
[30]. Additionally, FC was diminished between the right supe-
rior parietal lobule and premotor and anterior cingulate cortices
and the frontal and left temporal poles, as well as between the
bilateral supramarginal gyrus and left premotor, supplementary
motor area (SMA), sensorimotor, right precuneus and bilateral
cingulate cortices [30]. Lammers et al. [32] reported that FC in
the SMA was the lowest in the frail group. Although FC in the
pre-SMA was not associated with frailty, it was significantly
lower in the individuals with higher MMSE scores. In another
study in 2022, Lammers et al. [33] focused on postoperative tran-
sitions in frailty stages and observed lower FC between SMA
and left parietal cortex in subjects with undesirable outcomes, as
well as increased pre-SMA network connectivity in the patients
with desirable postoperative transitions (improvements or no
transitions). Consistently, they mentioned a significant correla-
tion between higher FC in the pre-SMA network and postopera-
tive improvement. Table 3 demonstrates detailed information on
the results of fMRI studies.
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Cortical brain infarcts detected

Higher number and size of WMHs

A accumulation associated with FI

Reduced GMV in cerebellum

DTl findings

FA: Lower FA of the body of the corpus callosum
, and superior fronto-occipital fasciculus.

MD: Higher MD in anterior limb of internal capsule
, external capsule, posterior corona radiata, posterior
thalamic radiation, superior corona radiata, superior
frontal occipital fasciculus, superior longitudinal
fasciculus, medial frontal cortex, putamen, caudate,
thalamus, and anterior cingulate cortex.

AD: Higher AD in anterior limb of internal capsule
, external capsule, posterior corona radiata, posterior
thalamic radiation, superior corona radiata, superior
frontal occipital fasciculus, and superior longitudinal
fasciculus.

RD: Higher RD in anterior limb of internal capsule,
external capsule, posterior corona radiata, posterior
thalamic radiation, superior corona radiata, superior
frontal occipital fasciculus, and superior longitudinal
fasciculus.

Higher CSF volume in MR%

Reduced GMV in most

brain regions

/
ﬁ

—

0
h
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MRI findings

Frail participants presented higher WMH
volumes and numbers in comparison with
non-frail participants.

The CSF volume was significantly higher
in the at-risk subjects than in the robust
subjects.

The at-risk group showed reduced brain GMV
compared to the robust group.

Number and topography of CMBs were associated
with physical frail status.

More complex shapes of WMHs were observed
compared to non-frail participants.

Frail individuals have a significantly lower total
brain volume.

Reduced cerebellum GMV was observed in
frail individuals.

Vs >

fMRI findings

Reduced FC in right motor-cortex, precuneus,
posterior cingulate cortex, and the sensorimotor
cortex.

PET findings

Mean cortical AB load was not associated with
frailty ;however, AR was associated with FI
in both the anterior and posterior putamen
and precuneus region.

FIGURE 2 | An overview of neuroimaging findings in frail patients compared with normal individuals. GMV, grey matter volume; DTI, diffu-

sion tensor imaging; MRI, magnetic resonance imaging; fMRI, functional magnetic resonance imaging; PET, positron emission tomography; FA,

fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; CSF, cerebrospinal fluid; A, amyloid beta; CMB, cerebral

microbleed; WMH, white matter hyperintensity; FC, functional connectivity; FI, frailty index.

3.4.3 | DTI Studies

Among the four DTI papers, two studies showed lower FA
[25, 44], and two [25, 37] reported higher AD and higher RD.
Three of these studies [25, 37, 44] showed increased MD in the
frail group. Avila-Funes et al. [25] reported a decreased FA in
the corpus callosum (CC), anterior limb of the internal capsule
(ALIC), external capsule (EC) and posterior thalamic radiation
(PTR) in the frail group. Furthermore, two [25, 37] studies re-
ported an increased MD in their tracts of interest, such as CC,
ALIC, EC, PTR, SFOF (superior fronto-occipital fasciculus),
posterior and superior corona radiata and superior longitudinal
fasciculus. Gutiérrez-Zuiiiga et al. [44] also reported lower FA
and higher MD in the CC, superior longitudinal fasciculus and
anterior corona radiata on both sides. Regarding AD and RD,
both of the studies by Maltais et al. [37] and Avila-Funes et al.
[25] observed higher AD and RD values in the ALIC, EC and
PTR. The other two DTI studies by Ducca et al. [28] and Tian
et al. [41] excluded MCI participants. Ducca et al. [28] did not ob-
serve any significant differences regarding the DTI parameters

of FA, AD and RD. However, they mentioned that frailty status
was associated with lower global MD in their cognitively normal
participants [28]. On the other hand, Tian et al. [41] noted lower
FA in the SFOF and the body of the CC in both frail and prefrail
groups and a significant association with higher frailty scores.
Furthermore, they observed higher MD in CC, ALIC, EC, PTR,
SFOF, posterior and superior corona radiata and superior lon-
gitudinal fasciculus [41]. More detailed information on DTI re-
sults can be obtained from Table 4.

3.4.4 | PET Studies

One of the included studies performed PET scan to evaluate
frailty status, as measured by FI. Maltais et al. [36] illustrated
that mean cortical beta-amyloid level was not associated with
FI, but the accumulation of the beta-amyloid in the anterior
and posterior putamen and precuneus region significantly cor-
related with frailty and its severity. More detailed information
on PET results can be obtained from Table 5.

8 of 27

Journal of Cachexia, Sarcopenia and Muscle, 2025



(senupnuo))

suorga1 paje[ax
-K)[TeIJ WOIJ JUSIJJIP
AqreoryderSodoy
(arern3urd To119)s0d
1311 9Y)) aseaIoul
pue (snik3
Tenuadysod Jysir
9y1) uononpar
AWD yoq yim
P3JBIOOSSE SEM SSO|
JYSIOM "WIN([9qa19d
oYY UT AIND

dnoig jsnqox
Ay yum
pareduwod

s309[qns ([rexy

pue qrerjoxd)

sn14S [e31drooo s ppru pue
91en3uId I01I9JUL ‘B[NSUT 1JI] ‘SNILT
renuadaid ‘enqoj rejerred Iorrsyur
1St ‘1143 [eyuoay orppru ‘idwesoddiy
‘wn{[2qaIao oY) Surpnyout suorgar ureiq

(Anpwondiosqe
Ke1-x A319ua-Tenp pue
sisA[eue auLIn ‘gYD-SH
‘QUIUTIBAIO WIS ‘PIO.
oun ‘urdjoid (810} ‘urwnqre
“eIWIAL[019)s3[0Y01ad AT
[®107 ‘18NS poojq Sunsey)
A1)STWIAYO01q PUE JUNOD
1122 poo[q ‘TN ‘sTeak
[euoneonpa ‘swojdwss
aaIssaxdap pue poow

PaoNPaI PIA[OAUT JSLI-1E Ay} ¢1 u1 ‘dnoid jsnqoi 3y 03 paredwod QWINJOA N A\ PUE ‘uonouny dANTUS0d ALL ‘HANM
K)1AT30® MO[ pue QWIN[OA ALL UT 9WN[OA ‘AIND paonpar pamoys dnoid ys1-1y uonjedyyriuenb HN M “xapur £)1p1qI0wod ‘QuInjoa 4SO MIVTI-2L
SSIWNLIM ‘SSIUMOS U1 0USIFIP ON 4SO 1auSiH AN UI0USIJIP ON U1 30USIHIP ON uos[IBYD X3 98y — ANM AND ‘TLLE ST0T ‘uayD
snje)s aAanIugoo
‘snyels Surjows
‘s3J9qeIp ‘uoIsualIadAy
“eIWAL[013)s3[0Yd1ad A
S[IRIJUOU YIIM 10 9yoxs ‘s11030ad eurSue
paredwod synpe 19pjo “UONOTBJUT [RIPIBIOATT 910C
— — — — [1e1y ut AHM 104SIH ‘[9AS] [RUOIIBINDA ‘X3S D8V — AHM TLYIVIALST  ‘Saung-ellAv
SUOIIR[91100 19Y10 suorjeIde uonjeId)e suorjeIdl[e I333ew 31D SUOIIRIII[. I3JJL U ITY M S9JBLIBAOD seaIe urelg sax W b Apmg
ureiq a[oym as0 pue yiduaays
PRI AN
"IN Uo sa1pnis jo sduipuly jo Arewwns v | ¢ ATAV.L

9 of 27



(senupuo))

ssauyeam Jo douasaid
AY) YIIM PIILIDOSSE
10308] Juspuadapur
U SE PO[BIAIT SEM
wojsuIeIq 8Y) Ul
GIND Jo douasaxd
o) <Ayreay reorsAyd
Jo K3110A3s )
UM PIJRIDOSSE
Apuesryrudis sem
wajsureIq AY) ur
SEIND Jo doudsard
Ay, ‘Ayrexy rearsAyd
UM PIJRIOOSSE
Apuesryrudis sem
wejsureIq AY) ur
Pa1ed0] gD "SNIEIS
[resy reorsAyd oy
Jo K)110A3s )
LM PIJRId0SSE
Apueosryrudis sem
S9UNOE[ JO JoqUINU
Ay T, 'snje)s [rexy
AqreorsAyd ayy Jo
K)110A9S AU YIIM.
PIBIO0SSE JOU ATIM
‘dIND Teqo] A3OLIIS
10 [eLI0)Ud)RIJUT
/daap yirm paxrux
1919 ‘suorgar 1eqof
Ay} Ul pajedo] sgND
Kypreay resrsAyd jo
Kyr1oAss o) YIm
PaJBIOOSSE dToM
suor3a1 [eLI0JudIRIFUT
10 doap oty ur
SEIND JO Iaquinu
puE 2duspIout
AU, "S1039€J YSLI
IE[NOSEA pue age jo
juapuadapur ‘snjels

swojdw£s aa1ssardop
pue poouw ‘uorjouny
2AnIuS0d ‘TG Som
“ySroy ‘erwoepidijradAy

(wn{[agared
pue woajsuIeiq)
sa11089180
[BLIOJUdIBIJUL -
(suorSax reydrooo
pue [erodure)
‘rejarred ‘Tejuoy)
IBqO[ ‘(19)3BUI AJTYM
Tenornuaariad
/dasp pue
wnso[ed sndiod

1reay reorsAyd yim ‘N ‘uorsualradAy ‘aD ‘ornsded TeuIa)xa
PaJeIOOSSE d1oM oseastp A1311e A10U0I00 ‘ornsded eurajul HNM
gIND Jo Aydersodoy ‘snje)s Surjous ‘s[Ad[ ‘snurerey)) ‘erjSued ‘aunaey Jo 9102
pue Jequinu yjog — — — — JeUOIEONPD ‘X8 98y 1eseq) dea( - Iquinu ‘gND MIVTA-TL L€ “efuny)
SUOIIL[ILI0D 13710 suorjeIde uoneIde suoreId)[e Id)1ew 319 SUOTIRII[E J9JJBW IITYM S9JBLIBAOD seaxe urexg sox W b Apmyg
ureaq ajoym aso pue q3Suais
PIRY AN

(ponupuo)d) | cHATAVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

10 of 27



(sanunuo))

J0IBJUI IEUNDR] JO
douasaid 10 uorsnyrad
[81q9190 ‘HIN M.
doap jo sainjeay
adeys ur punoy
9I9M SIOUAIIIP
dnoiS-usamiaq ON

sjuedonaed [reiyuou 0y
paredwod HINM JUaN[Fuod
pue Ie[norudALIdd jo
adeys xorduros axowr
© pamoys syuedronred
[rexyaig syuedonaed
reIyuou o) paredwod A H M
19431y e pey syuedronted
[rexyaid pue [rexg

Ayrery arming yum
PIRIOOSSE SEM SJORT)
I917RW A)IYM d1J19ads Jo
AaSayur [eInjoNIISOIOTIL
Ay Jet)) puly pIp sask[eue
A1epu0d9s 1oAdMOH "A)[TeT)
2IN3NJ JO YSLI AYJ YIM

PaIRID0SSE Jou d1om A)iSajur
[eINJONIISOIDIW I9)JB W JTYM

JO S2INSLAUI [BISUAT ‘A H M
AYI[U( "USWOM PUE U
ur pue sjuedonred a1y m
PUE YOB[g UI JUSISISUOD
9I9M S)[NSAI ASAY L, "SINPE
reuriou Ajpaniugod Suowe
uaAd ‘porrad dn-morjoy
1834~/ © I19A0 K)[1R1Y
19SUO-MAU [IIM PIJRIIOSSE
Apuesryrudis sem AH A
“BIIUSWP 10 [DN INOYIIM
sjuedronaed jo dnoig oy
‘ST7RY) ‘S[ENPIAIPUT [BUWLIOU
KpanTugod 03 pajornisax
a1oMm sasATeue uaym jsisiad
10U PIp INQ BIIUSWAP 10
ayo1)s Jo K10ISIY © JNOYIIM
sjuedronaed ur paa1asqo sem
drysuonea1 sty L, ‘s[reiyuou
uey]) sanIfeuLIOuqe
[BINJONIISOIOTUI 19} )BT
AIYM pue AH A 1918018
aney Kyyrexy reorsAyd
3Lm s[enpraipug

2109s systSo[orsayjsaeuy
30 £19100§ UBILIDUIY ‘030118
‘snyels Surjows ‘A3saqo
‘TG ‘sa3aqerp ‘swoydwks
aarssaxdap ‘snjejs aAnIUS0d
‘uorsualradAy xas 98y —

Sn1eIs $IHOdV ‘TING
‘sniels aAnTuS0o ‘oyons
‘Guryouws Jua1INd ‘s33aqeIp
aseasIp A19)1e A10U010D
‘uorsua)1adAy ‘S[oAd]
[EUOIIBONPS ‘DJkI X3S A3y —

610T Juey]

2202 ‘8090

SUOIIB[31I0D 1310

suorjeIde
ureirq a[oy M\

uonjeIde
o)

SUOIjRII[E J9)JeW £319

SUOTIRII B I9)JBW IITY M\

S3jerreAo) Seaae urerg

sjorejur
Teunoey ‘odeys ma
HNM AHM NMIVT ‘TLLE
AHM IV ‘TLLE
SAINSEIN souanbas

pue y3Suaxs
PRI AN

Apmig

(penunuo))

¢HTIdVL

11 of 27



(senunuo))

PRIJIIUSPI 219M SAN[RA ([d ND [BUOISaT

pue SJH Y3 JO 31008 UIRWOP )
U39M13q SUOIIR]S1I00 JurdIUSIS ON

'SON[BA I, JND [BUOISAI PUE SI09S 19Y)0

9} U92M]AQ PUNOJ STOM SUOTIR[ALI0D
dqeI0U ON "91BPNEI PUE B[NSUI JO
saNJeA ], 9} PUE 21008 dduapuadapur

[BUONOUN 31} U2M]3q PIFTIUIPT dToM.
SUOTIE[A1100 dAT)ESAU JUBDdJIUSIS "sanfea

1L N [euo0I3aI pue $31098 I3Y10 Y}
U93M13( PAIJTIUIPI 913M SUOTIB[I1I0D
9[qeIOU ON "d)EPNEI JO dN[EA T ], 3}
pue 31098 dduspuadapur [euorouUny
A1) U22M)3q PUNOJ JIIM SUOTIE[ILI0D
aAnE3aU JUBdIJIUSIS "9109S S0USUNIUOD
10 1095 POOW “2109S UONLIINU ‘DI00S
98N UONBDIPAW “2109s ddudpuddapur
[BUONOUNJ 91008 SNJBIS YI[BIY [2IoUST

21008 uonIUS00 Ay} puE ANO [euocISax
U99M}A( PUNOJ 2I9M SUOIIR[ILIOD J]qBIOU

oN "snaunodaid pue edwresoddryered
‘snduwresoddry ‘9jenSuro ‘snjoax

‘K1010BJ[0 OTPUBIOY JO AIND ) PUE 31098

soueurioyrad [EUONOUNS BY) UdIMID]
PAIJ1IUSPT AI9M SUOTB[91I0D dANESU

JuedyTusIS "2109s ddurWLIOfIad TRUOTIOUNY

AU} Y31M SUOIE[21100 2ArjeSou Suons

Pamoys A1joWN[oA N [BUOISaI dUI0S ADI/AAN
*SAH 3Y3 JO SII00S UTBWOP SWIOS YILM ‘ADI/ASD ‘ADIL
SUOIIB[21100 SUOIIS PIMOYS AT)OWOX BT JAINM ‘ADT
[eqo[S pue Anown|oA [eqo[3 yi0g JAND AW
“K1jowoxe[ar WO [eu0l3al pue SAH dY) TINM TIND
U29M)2q PUNOJ SEM UOT)R[AII0D JUBDIJIUSIS ‘ADI ‘Add
ON "Sd 3Y3 YIIM SUOIIB[31I09 JuBdJTUTIS SNJRIS SANIUZ0D ‘[9AJ] AKX ‘AISD
— — — pamoys Anjownjoa WO Teuordar adnniy — TBUONIBONPA ‘TN X3S 98V — AWM AIND IMA ‘TL‘TLLE 120T ‘1T
S[enpIAIpUI [[RIJUOU
0] paredwod sjorejur
ureiq [ed13109 dI0UI
Pey s[enprarpur
[rexyaxd ‘axourraylan,g
*20uBdIJIUSIS PUNOJ 219M SSAUNIIY)
[ed13s13eIs [yoeal [e213103 I9MO] © JO
J0U PIP SIY} INq $I19)SN[J [euUOISaI OU
‘QWIN[O0A I9))eW ‘I9AMOY S[BNPIATPUT 21095 s3s150[0ISAY)SALUY
£213 1eqO[S 19MO] [teayuou pue [reryaxd J0 £13100S UBdLIW Y JoIeJul UTRIQ
® )M UOTIB[AI® 0] pareduwrod ssauyoIy) ‘snjels aanTugod [eo11100 ®
pamoys sjuauodwod 18913109 [2qQO[3 TamO] “RIWAL[013)s3[0Y01ad A Jo douasaxd
Ayrely renprarpur ® PAMOYS S[BNPIAIPUT ‘uorsualradAy ‘QuInjoA
{S[ENpIAIpUI [Te1} Ul [1e1} S[EnpIAIpUL S[ENpIAIpUI [1B1} ‘smye3s Supjouwss ‘WA M AHM
SJOTBJUL [BD1}100 QIO [1R1J Ul A€L 19M0] — S[ENPIAIPUL [IBIJ UT AJND JOMO] ur AHM 19YStH ‘TINg ‘1opuagd 98y — AIND ‘AL IV ‘TLLE 810T yuey
SUOIIR[91100 19Y10 suonjeIde uonjeIde suorjeIdI[E I3)3ew 31D SUOTIRIII[. I9JJL U ITY M S9JBLIBAOD seaIe urerg sax W b Apmyg
ureiq Aoy M aso pue y1Sudaas
PRIIAN

(ponunuod) | zATIVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

12 of 27



(sonunuo))

9109s Are1y Y31y
B IIM pajeId0osse
jou sem gD 10 IS
Jo uapinq 1ySIy
‘SI[QRLIBA UIRI] [[B
Surpnpour spepow
[BUIJ U] "SI00S
Kresy rysiy
IIm pajerdosse
Aroanisod arom
s[opow pajsn(peun
ur gND pue IS

Kreqy jo uorssaiSoid
UM PIJLIOOSSE
Apuesryrudrs jou a1om
SPa9[qOIdIW PUE [§

XpuT 10JOUI 3] (1M
PAIBID0SSE SeM HIN M
‘spopowt pajsn(pe Ay up
*2100s ATy 19yS1y € yim
pajreroosse Apuapuadapur
sem HIAM JO uapinq
1oyS1Y ‘Sa[qeLIRA UTRIQ B
Surpnpur sfppour [eury uf
'$9100s A[1RIy 1YY YIIm
pajerdosse Ajoanisod sem
s[opouwt pajsnfpeun ur HN M

Kreay jo uorssarSoxd yym
PpojeIdosse A[SUo1)s 10U sem
HIN M 2UI[9sEq JO Uaping
1y31y v "Ayrely Suruasiom
AraarssarSord yim
pajerdosse A[puedrudis sem
HINM Krey ur uorssarSoxd
191318 © YIIM PIIBIOOSSE
sem HINM durfaeseq 1oySIH

uonn[oas AIresy yim (HNM
Jo uorssaxdoid mors "sa Isey)
9[qELIBA SNOWO}OYDIP Y} SB
[[oM SE J[qeLIEA SNONUNJUOD
91} 10J PUNOJ dIoM
SUOIIRID0SSE JULIITUSIS OU
“HIA M Jo uorssarSoxd ay) 104
"HINM dul[oseq 12431y yim
s1BAA € 19A0 21008 adKjouayd
Kyprey oy uo jurod T
Surseaour Jo pooyI[ayI[
Ul 9SLAIOUT JUBDIFIUSIS

[9AS] [RUOIBONPD ‘X3S Ty

[9A9] [RUONBONP? ‘X3S DY

BIUWAR[0IA)SA[OYdIad Ay
‘uorsualrad Ay ‘N ‘[9AJ]
JeUOIEONPA ‘X8 98y

dIND ‘IS ‘HAM

Spas[qoIorm
‘IS ‘'HNM

uorssaiSoxd
HNM AHM

99 ™IV
‘TLTLLS'T

Y9 ™IV
‘TLILLS'T

L10T ‘efIS

020z ‘e3yfors

6102
‘SIeIRIN

SUOIIB[31I0D 13710

suoneIde
ureaq a[oym

uoneIdIE
asd

SUORIDI[E 19))eW Ad1D)

SUOIRII[E 1)) W NYM

SIjerieAo)

seaae ureag

I

Sax 1\

pue ySudas
PRI AN

Apmig

(panupuoD)

cHdTdVL

13 of 27



(sanunuo))

sniAS ajenSuroered
3Y) pue BaIE I10J0W
Kreyuauwrarddns ay) ‘x93100
10jowaxd ay) Surpnpout
‘HY 9Y) Jo seare
[BIUOIJ UT PUNOJ 9TOM
S90ULIJJIP 1s95U0IS
Ay, 's19ad 1snqou 11a1}
03 uostreduwrod ur romod
JATIR[DI YIS PIseaIoul
panqryxa syuedonred
[Te1] "UOI}DALI0D
uostredwod ajdnnu 13)je
Tamod aAne[aI YIS Ul
PUNOJ 2I9M SIOUIJJIP
dnoiS jueosryrusis
SUONE[[1950 N sk dfuel
SIY) UTYIIM SINSAT INO 0}
I9JI [[1M dM ‘[110Jo0UdY
sny) ‘AIIATIOB NUT JO
$101e19US3 [BUONIPEI]
UIIM PIJBIOOSSE
Aqeorsserd asoyy
as1adwod suordar asay [,
*X91100 1030w Arewrid
3Y) JO SBATR PIAJOAUT
SOUDIIJIP [eIdIe[Iq
JuedJIUSIS "X9)100
1endrooo Jorradns oy pue
X9}100 AI0SUISOJEWOS
Arewrnid oy (74S pue
OV “8°9) seare [ejorred
Jou13s0d Sunoaye HY
1) UI PUNOJ UOT}IAII0D
uostredwod aidnnu
19)3® sapouanbaiy laq 10U
©)3Y) U SAOUAIRIP dnoid
JUBOIJIUSIS OU PUNOJ I
‘spueq Kouanbaiy YINS
pue (nu) eydje [eIISSB[O
3 U1 punoj aram ramod

snje)s [edrdojoyoAsdornau
‘snye)s [euonouny
20UAUIIUODUT I2IUL ‘qHT
IV ‘(J UTWE)IA MO[ ‘9Injoely
[e1g2119A ‘s15010d02)50 JO
souesaxd ‘ewryise/qdoD

120t
QATIR]OI UT SOOUISJIIP “erwoeprdisAp ‘WA ‘ZOPUIN
dnoai$ yueosryrusis — — — ‘uorsualradAy ‘Topuas a8y ureIq Aoy O ILLETO -za1ens
SUOTIR[I1I0D 13YIQ suonjeIde uonjeId)e suorjeIdI[E I3))ew 31D SUOTIRIII[E I3JJL U ITY M S9JBLIBAOD seaxe urerg sax W b Apmys
ureiq a[oy M aso pue y3Suaxys
PRI AN
(panunuod) | zHATAVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

14 of 27



(sonunuo))
IO noy)m sjuanyed
Fuowre s303(qns ;J-uou 0}
paredwod sawnoA HIN M
10yS1y pey s302(qns J4
‘dnoid ND/Ad-uou ay) 03
paredwod sawn[oA Yvd
JHINM 12481y Apuedjrusis
pey sdnoid IDN/dd pue
IO/dd-21d ‘ND/dd M09 ‘ouraskoowoy
YL, 44 pue jusurrredwr ‘ANG ‘d9D ‘Oseastp K111
2ANIUS0D [RWTUTW YIIM Kreuorod ‘erwoeprdipradAy
asoy) Suowe Jsaysiy oq ‘N ‘uorsualrad Ay
0] UMOUS SEM UIN[OA ‘snje)s SUIULIp ‘snjels AVA/HAM
s[enprarput AVd/HINM ‘S[enpIaIpur Surjows ‘snjejs [euonouny ‘awnjoa
D Ul sawnjoa AD Ul sawnoA Y vd ‘uorouny aANTUS00 ‘[AAI] ewAyouared MIVTI 610T
- YVd pue D 1m0 - - /HINM PUE HIN M 19YSTH [BUONEINPS ‘[INE ‘X3S 23V - ‘HINM ‘ADI ‘TLILLS'T ‘ojowrtdng
SUOTIB[III0D 1310 suorjeIdiye uoneIdle SUOIRIdE I3)JeW 319 SUOIJRII B I9)JRW ITY M SdjeLIRA0D seaae urelg SAINSBIN aouanbas Apms
ureaq a[oym o) pue y3Suans
PRI AN
(panunuod) | zHATAVL

15 of 27




(sanupnuo))

WN[[2qa10
puE Snans
1erodwa) Jo119dns
‘e[nsur ‘X110
A10SUdSOJRWIOS
Arewrad ‘snikS
B0y JOLIdJUT
£X2110 [BJUOIJOIIGIO
pue rejuoayard
[eIpaw [eIa)e[lq o)
Surpnpour ‘suordax
UTBIq JAISUD)XD 210U
JO SWINJOA PAONPAI
® [[)IM PIIBIOOSSE
SEM SSOUMO[S
*snIAS uroyisny
pue erepSAure
pue snduresoddry
JOLI9)UE [RID)B[Iq
a1} :ssauyraM
UIIM PIJBIOOSSE
Apueosryrudis
suordar ym
paddejrano ssaumors
)M PIIRIOOSSE
Apueoryiudts suordoy
*snIAS urojisny
[e19)E[1q Y] pue
s193sN[o e[epSAwe
pue [edwesoddiy
Jo1I9)UR JYSII 3Y)
Ul AID padnpai
[IIM PIJBIOOSSE
Apuesryrudis sem
ssauyeM ‘Suorgar
213102ds JO saurnjoa
1anew K218 oY) YIm
pajeroosse Afaanesou
pue Apuedijiuss

sdnouid jsnqou pue [reiyaid rexy

Ayyedoayyre souy
pUE SHIYIUOI] OTUOIYD
“s15010d09)s0 Jo douasald
“erwaepIdi[sAp ‘N ‘9SeasIp
1189y ‘901)s ‘uorsualradAy
‘snyeys Sunjows JuUaIINd
‘(pakojdwaun ‘pakordura)
Juawkojdws (s1oy10
yym SuIAl] ‘Ouo[E SUIAL])
uonelqey Jo suonipuod

9I9M SSAUMO[S AqreorsAyd Suoure Ajyuesryrusdis 19531p ‘SNJBIS [BILTRU ‘[AS]
PUE SSAUYBIAN — 10U pIp UOIFAI Ora JO D JO SOWNJOA — uoneonps ‘xas 98y — AND 1LLE 610C ‘BIYSIN
SUONB[ILI0D I3Y1Q suoneIde uoneIdle suoreId)[E 1118w A1 SUOILIdI[E 19))eW IYM sd1eLIBAOD seare urerg sox wW b Apmis
ureIq spoYM as0 pue yifuans
PR AN
(penupuod) | TATIVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

16 of 27



*QUIN[OA I9)JBW ATYM ‘AN ‘ANsuajurrodAy 1031w aym ‘HINM “(AdD/AN M) UOTIORIJ I9)jeW

ANYM JINM 191IBW UM ‘M dunjoA AJIsudjurrad Ay 1913ew 9)1YM ‘A H A [T0M)OU UOHJUII)E [BIJUIA ‘N VA OWN[OA [EIUBIORIIUI [B10) ‘ALL ‘OWIN[OA UTRIq [€10) ‘AdL ‘B[so) ‘L ‘Surdewr pajySrom A1qridaosns ‘TS 9SeasIp [9SSoA
[Tews ‘qAS :9[nqof [ejorred 1orradns “IdS {WYIAYL I0JOWLIOSUIS “YIAS SNIAS [eurdieuwrerdns ‘OIS ‘89Ie J0JOW AIOSUIS ‘YIS $10IBJUI [BI1)100qNS ‘IS ‘d1oydsiuroy 1ySur ‘HY (Aresy reorsAyd 14 j1omiau apow yynejop Ioralsod ‘NNad
‘Lysuap uojord ‘qq ‘ewrAyouared “gvd ownjoa urpAu ‘A AN ‘{(Add/AAN) UONIRIJ UT[AW ‘J XN ‘SnIAS [ejuoay oppiwt ‘OAIN ‘Ayderdoreydoousojoudewr ‘O N ‘paireduut A[oATITUS00 ATpIIW ‘IDIA (9SBISIP 11BY JTWYDSI ‘QH] ‘SnIAS
[BIUOIJ IOLIdJUT ‘D] OUIN[OA [eTURIIRIUL ‘A D] ‘UIo)01d 9A1IBI-D AJIANISUSS YSIY ‘d¥D-SY ‘s9ouanbas oyos juarpelsd ‘gyo ownjoa 19)3ewt 313 ‘AIND {(AdI/AND) uonoely 1o1ew £313 ‘JNO I1omiau [e)drredojuotj ‘Nd - KI9A0931
UOISIOAUT PIjenualie-pinyy “YIrv1d ‘sooeds re[noseartad pagie[us ‘SAJH 9.l UOHBII[I] JB[NISWO[S PaJewINISd Y IO 9[eds AJ[Te1j uojuowrpy ‘SAH ‘Surdewt paysrom uosnggrp ‘I SO s919qeIp ‘Nd YI0M)dU UOT)U)JE [BSIOP
NV ‘9SeasIp [9SSA [[BUIS [BIGOII ‘QASD QWIN[OA PInfj [eulds [81qa199 ‘A SO pIn[j [euldso1qa1ad IS ‘urejord aAndea-) ‘q¥D oseasip Areuownd 9AINIISAO JTUOIYD ‘IO {[BULIOU A[DARIUZO0D ‘ND ‘SPI9[qOIJIUI [BIGIID

‘GIND $9SBISIP ASUPIY JTUoIYd ‘AN AITel] 9AnTuS00 ‘D ‘dwnjoa [ewAyouaied ureiq ‘Add opnded onaanineu ad£)-g ‘INd ‘xopul ssews Apoq ‘TN ‘e1jSues [eseq ‘g :snikS re[ngue ‘O ‘uone[[LIql [eL)e IV SUONBIAIqQY

d[eIS TI-dSVD Y}
£q painseauw 9§17 Jo
Anrenb pue sjusreanbs

14 9y} pue Jrjoqejaur ul 9s1dI9X9 $)0®I) I9)jeln
SAUWIN[OA dIUIR[RY} 1earsAyd ‘(A103s1y Suryows SoWIN[oA AIYMm pue
UDIMI9Q UOIIB[III0D X91100 9y} JO PUB 190URD ‘SISBISIP TeuorSar Auerry (Teonzoaqns

aAneSau € pamoys

WIN[OA [)0) 3Y) YIIM

TB[NOSEBA ‘SUOTIEIIPIUT —ueyIsa( oy} Jo pUE [2011100) £20T
SIUUWIAINSBIW uore[a1109 aAnedou 1e[ngar jo roquinu) oea pue erjSued saInseaw “e8runz
erjSues [eseq oy, © PaIIqIYXa [ Y, — — — K103sTY] TEOIpOW ‘X35 98y BsBQ ‘X2)10D 19)eW K210 ILA ‘dE-TLLE -Z21191N0
SBAIE [BONI0OQNS
JO SaWIN[OA 3} pue snIA3 [ejuoly S[ppru [e1s01 1YLt
21005 AJ[1ely oy} o) pue sniA3 eurdrewerdns 1397 9Y) HIA M JO SWNJOA [[BISA0 3} o8enguef ‘uonjualre HNM
U2M)9( SUOIJBIOOSSE UT SSAUNDIY) [BI11I0I PASLIIIAP [IIM puE 21008 A)[TRIJ A7) USaMIAq ‘KI0UIDUI ‘TOAS] ‘Anewoydiour LIV
3]qBIOU ON — — PaIR[21100 9q 01 UMOYS SeM AI[IRI] SUOIIRID0SSE A[qRIOU ON uoeINps 95k ‘Xag ureIq a[oy m\ urerg ‘as-TLLE €207 ‘BIUIasT
Kyreay reorsAyd
pUE uopINg AASD
U39M13q UOIIRID0SSE
Ay ur oj01 Sunerpauwr
renaed e pakerd
Kyrenb daars Kyjenb
daays pue Lyrexy Anrenb doays ‘swoydwks
UM PIJR]DII0D dIOM aarssaxdap ‘ourerSru
saunoe| Jo IPqUINU ‘STILIY)IR “9seasTp Aaupry
ay) pue DYG-SAdH ‘erwoeprdiiradAy ‘Wa
3y} Jo A)119A3S AL, “9SBASIP 1183y A1BU0I0D
‘[re1y aq 03 A[aY1] ayoxs ‘uorsusyradAy
Q10U AJOM UIPING Kyenb daas pue Kjrery ‘snjels SuruLIp [oyodre IMS ‘ITMd
AASD 1oySiy € YIIM P3JR[AII0d SBA pue ‘Suryjows ‘[2A] 99-SAH ‘GND IV
ynm syuedronreg — — — HIN M 2U3 Jo AJ1I0A3S 3 ], uoneanps ‘JySrom ‘xas 98y — ‘sounde] ‘HINM ‘TLTLLE 1207 ‘oeyZz
SUONB[ILI0D I3YIQ suonjeIde uonjeIde suorjeIdI[E I9)3eW 31D SUOIRId)[E I9))eW IYM S9JBLIEAOD seaxe urexg sox W b Apmyg
ureiq a[oy M E () pue y3Suans
PRI AN
(panunuo)) ZHTIAVL

17 of 27



(senunuo))

syuedronred [rerj

sjuedronaed rexy SNINOIOSE]
Guoure snnoose] Guoure snnorose; syuedronred [resy reurpnirguor
[eurpnyiguof Jorradns  Teurpniiduoy rorradns Guoure snnoose] ‘SNTNOTOSE]
pue snynoIose; pue snynorose; reurpniiduoy Jorradns rendrooo
Tendrooo Tejuoiy 1endro00 Tejuoiy pue snynorose] e3dooo ‘uonjerpel
Jorodns “eyerpel Jor1adns ‘eyerper [ejuoiy rot1odns orurerey}
BU0109 J011adns ®U0109 I0112dns “ejeIpel eU0I0d ‘arnsded
‘uoryeIpEI JIWE[BY) ‘uoneIpel JIWe[eY) Jor1adns ‘uoneIper [BUIIX
Io119)sod ‘eyerpelr Io1193s0d ‘ejerper orurereys Jorrsisod ‘wnso[[ed
BUOJI0D JOLIa)sod BU0109 101133s0d “ejeIpeI BUOIO0D sndiod (Suruonouny AJruraxa 1amoj) £1913eq
‘ornsded euIIX9 ‘ornsded [euIIXd Jorrdysod ‘onsded ‘ornsded souewrojrad TeorsAyd 110ys ‘snjels
‘ornsded TeuIoIul ‘ornsded TeuIIUI JO [eUIIX? ‘Onsded [euIL)ul aAnTugo0d ‘erwoe[oId)sa[oydId Ay
Jo quuI[ JoLIdjuE quiI] JOLIdJUE 9} [eUISIUL JO qUII| QOURIJIP ‘ejeIpRI ‘uorsuR)IadAY ‘Sny[ouW S)2qeIp 0202
Ul paseaIou] ur gV pasearou] JIOLIdJUE UT PISeaIou] JuedyTUSIS ON BUOI0D AL, ‘[9AJ] [RUOIIBOND? ‘X3S ‘8 — ‘STRI[BIA
urnsojed
snd1od o}
Jo winruads
pue Apoq
‘nuag oy
SE [[oMm SB
‘ornsded
[euI)ul
Y3 Jo quui| snJe)s OOV ‘Xopul ssew
sjuedionaed syuedronaed syuedronaed Jo1193s0d pue £Kpoq ‘sniejs aAnrudod ‘ojoIns
[euriou A[2ARIUZ09 [ewrIoU A[9ARIUS0D QNS 19MmO] [ewIou A[9ADIUS0D SN[NOTOSeJ ‘urows JUAIIND ‘SAQRIP “OSBISIP
Fuowe 90UAIIP Guoure 90UAIJIP M PaJRIoOoSSE Suoure 90udIIP [eurpmyiguog K1911% A12U0109 ‘UoIsudlIddAy 7202
JuedTUSIS ON JuedIUSIS ON sem sniels K)rer JuedJTUSIS ON Iorradns oy, ‘STOAQ] [RUOI}BONPI ‘901 ‘X3S A8y L€ “eoong
snje)s 2AnIuZ0d ‘snjels
Suryous ‘sajaqerp ‘uorsudlradAy
N JO seare “RTWOR[0IN)SOYIIdAY
OAISUD)X UT JNM JO SBOIB QAISUIIXD  JAA JO SBOIR JAISUIXD JNM JO seaie 10 oyo1s ‘s110303d euIdue 910T
¥ 12ysy pey ur gv 1aysiy pey ur N 19ysy pey OAISUDIXD UI Y IoMO[ ‘UOTIOIRJUI [RIPIBIOAT ‘soun,
S[enpIAIpUL [Tel] S[enpIAIpul [relq S[enpIAIpul [Tel pey s[enpiAlpul [fel{  UIeIq 9[0YM ‘[oA9] [RUON}EIND? ‘X3S DTV LS'T -B[IAv
(Aytarsnggip (Ayrarsnygip (Aytarsnggip (Adoxyostue suorgax S9JBLIRAOD yISuans Apmis
rerpeax) dy [eixe) Qv uedaw) qIN [euonyoery) vi /s1081) PIeIA
parpmis
"LLJ uo sarpns jo sgurpuly jo Alewwns vV | € AT4V.L

Journal of Cachexia, Sarcopenia and Muscle, 2025

18 of 27



*SONISUIULIdAY I913eW JIYM “HIAM TONBW ITYM ‘A M $1S2IIUI JO UOIFAI ‘TOY ‘AIAISNIFIP [eIpeI ‘QY
CAIIAISNIIP UedW ‘A S IA 10J S10308] [e10Ud3 ‘NS (VI 10] S10308] [e10Ud3 ‘3 (Adomosiue [euonoelj ‘v, ‘Surdewt 10sua) uosnyjIp ‘ILd ‘xopul ssewr Apoq ‘TINF ‘9 urdjordodijode ‘4o FOJV ‘ANAISNIIIP [BIXE ‘JV SUONRIAIQQY

19 of 27

sa1oydsIway yjoq
ul BjeIpeI BUOI0D
JIOLI9JUE PUB SN[NOIOSE]
reurpnirguoy Jorradns

sa1aydstway yjoq
ul BjeIpeI BU0I0D
JIOLI9)UE pUE SN[NOIOSE]
[eurpmyiguof Jorradns
pue Wwnso[ed

3[es ZI-dSVD Y3 AQ paInseaw 1|
Jo Ayrenb pue sjusearnbs orjoqelow
Ul 9s1019x%a TedrsAyd ‘(A103s1q

pue wnso[[ed sndiod ut sndi0d ur v ut Suryows pue I90URI ‘SISBISIP €202
N UI 9SBAIOUL UB SEM  JSBIIOIP B SBM 1) IB[NOSBA ‘SUOIIBIIPIW Je[ndal Jo “edrunz
paururexs JoN paururexa JoN 210} 14 1YY YIIm Id 12y3S1y ynm — Joquinu) A10)SIY [eIPaW ‘Xas 93y L€ -Zo1191ND
wnsoq[ed snd1od ayj jo
£poq 2y} Jo VI I9mo[
uaureind ayj Jo N pIemo] puai} & pue
19y3ry Apueoyyrudis sn[norosej [e31drodo
pey dnoi3 [rexyord -0juoJj Jor1adns
o) ‘dnois [rerjuou o3 JO V4 1omo]
ay3 03 paredwo) - pey dnoi3 [rexyoxd
X91100 d1e[n3urd oy} ‘dnoid [rexjuou
JIOLI9)UB PUB SNWE[BY) oy} 03 paredwo) -
‘9repned ‘usweind *9oueolTudIs [eurdIeur
€X91109 [BJUOIJ [eIpaW B JB SN[NOIOSE]
Ay} Jo N 1_YSIY 1endiooo-ojuoiy
pey dnoig [re1j oy Jo11odns pue wnsoyred
‘dnoig [reiyuou snd102 a1 Jo £poq
a3 03 paredwo) - 9Y3 JO Y 1amo[ pey
X91109 91e[n3urd dnoid reij oy, -
JIOLI9)UE PUE Snuwe[ey) sn[noroses 1e3drooo
‘ayepned ‘uowreind -ojuoJj Jorradns pue
€X91109 [BJUOIJ [eIpowWl  wnso[[ed sndiod ay) Jo
Y} Jo N 1PYSIy Kpoq Y3 JO Y IoMO[ 9SBASIP JB[NISBAOIPILD
QOUIRJJIP QOURIAIIP UM PIJBIOOSSE SBM UILM PIJRIOOSSE SEM ‘TING ‘SNIeIS $oHOdV ‘[oAd] 0202
JuBdIUSIS ON JuedIJTUSIS ON 9109s [re1j 1y3IY v - 9109s [re1j 1y3IH ureiq 9[oy M\ [eUOIIBONPA ‘9JBI ‘X3S 93y — ‘uer],
(Aytarsnggip (Ayrarsngyip (Aytarsnggip (Adoxyostue suorSax S9JRLIBAOD yISuams Apmis
rerpey) aa [eixe) v ueaw) qIN [euonoery) vi /s1oe1) pRIA
parpms
(ponunuo)d) | €ATAVL




(senunuo))

Kj[Teay 10 SSAUISNQOI [BUOTIOUN] YIIM JOU
nq souewtorad renied pue V-LINL [Im
PoIeIo0SSE A[IR[IWIS SeM JI0MIU VIS oY)

JO SUOI31 PJR[oII0dNIUE UT AJIAT}OIUUOD
[BUONOUN,] "PAOUdN[FUT JOU dIom A)[Iel] pue
$SUISNQOI [BUONIUNJ ‘A[[BNPIAIPUT PIUTWEXD
9I0M SUOIZAI UTRIq PIIB[AII0D UdYM ‘QUOTR
douewriojiad [ 4O YIm PAIeIOOSSE 9q 0} pUNOJ Sem
K31A1309UUOD [RUONIOUN,] "SI[qeLIBA SUTPUNOJU0D
93 Suowre $9109S FSINIA TOYSIY rm s302[qns
ul paysrurwiip £jqejou pue juspuadap uordax
8911100 A[JUedjIugIs 9q 0} PUNOJ SeM JI0MIU
VINS-21d a3 UI £JIA[}09UUO0D [BUOIIOUN] “VAS 03
Jo11d y10MI9U 93 UT KJTATIOSUUOD [RUONOUN] pUE
K)Te1] U9aMIDQ POATIS]O 1M SUOIIB[III0D ON
‘sjuaned [re1j Suowe sUOISaI UTRIQ PIIB[RII0ONUR
pUE PaJea1I00 U33M1I3q AIIAOIUUOD [BUONIUNS
U 9OUQISJJIP JuLdIJIUIS OU Sem 19y L, ‘sjusried
Jsnqoi A[reuonouny 0 pareduwod £}1AOUUOD
[euonOUNJ 1S9MO] Y} pey sjuanied [1e1] ‘sjusned
[re1jo1d pue [TeIJ UdAM)q PIATIISAO SBM JOUIJJIP
JuedIJTUSIS oUu seaIdyM ‘sjudnied [rerjard pue [resy
pue syuarjed ([reIjuou) }sNqoI udamiaq VIAS U}
UIYIIM AIJTAI}OSUUOD [BUOIIOUN] UT UOOUTISIP
dIqelou B sem 1Y [, ‘sjuanyed 3snqoi A[jeuoriouny o3
pareduwod AJIA[}OUUOD [BUONIOUNT ISOMO] U} pey
syuanied re1q sjusnied [1eijoid pue [Telf UsamIaq
PIAIISAO SEM JOUDISJIIP JUBIIJTUSIS OU SBAIYM
‘syuanyed qrerjoid pue [1e1y pue sjuaned ([reiyuou)
JSNQOI U99M}2q VIAIS 93 UIIIM AJIATJOUUOD

dNgoid-I.N ‘urungre ‘swojdwAs
aa1ssaxdap ‘snyels aaniugod TING ‘10D
‘snjejs [eUONLIINU ‘snie)s SUIYOUSs ‘Sa3oqeIp
‘ewoudIewW ‘THD ‘AV)D ©9I00S VSV

[BUOIIOUNJ UT UOIIOUNISIP 9[qBIOU B SeM 1Y L, ‘9ouspuadoput [eUOROUN] "XBUI ‘9F® ‘XS DA-SY VINS-21d ‘“VIA'S AR 0207 ‘SIowuwe
SS9y S9JRLIBAOD uoreAnde seaie ureag douanbas Apmis
/Ananosuuo) R[SaL

‘T IAF UO SAIpNIs Jo sSuIpuly jo Arewwns y |

v HTIVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

20 of 27



(senunuo))

VINS-21d o) 398183 0) pasI[iin 9q Aew UOTIB[NWITS
ureIq I0 JorqpasjoInal ‘KI[Iel] PIoAe 0} SIISjen)s

Jo 11ed sy ‘s3urpury ay) o) Surpiodde ‘sage)s Ayrey
usam)aq suonisuel) aaneradoisod yirm pajera1 axe
AjIqow Jo [013u09 2ANIUS00 10yS1y ur pajyedsrduur
SYI0MIU [BI11I0D JO SUONOUNJSA( U0 BIUIWI SIS

JI0MIAU VNS 1038213 M pajeroosse sem syuarjed
JSNQOI UI JUSWISJUBAPE PUR ‘SISA[eUR A10)eIO[dXd
ue Ul £)1A1)OQUUOD [BRUOIIOUN] 1918318 YIIM Payul]

sem sSau)snqoi 03 Ayrerjord WOIJ UOHISURL], 'SYINS

J0 KJIAT3O9UUOD [eUONOUN] 9Y) pUe UONDISUBI)

JO puIy 9Y) U99M}2q PUNOJ SEM UOIIB[O1I00 OU
‘sisA[eue [eIIIUL 9Y) U] "dul[oseq Je [re1jord arom
oy sjuaried 03 pajoLIISaI SeM UONRIOOSSE )
Je1]) paIsa33ns sisA[eue A101e10[dX2 UV "YIom)ou
VINS-21d 91} UI AJIAI}O9UUO0D [BUOI}OUN] PISBIIIP
I PIB[DI I3/ S[qBINOABJUN IO SIOM B[}
sad £} uonisuen) aAreI0doIso  “S[ENPIAIPUIL £/

Ul pUNoj Sem JJIYs 9[qeadrjou ou pue syusned 47
ur pajuawnoop sem Kireaz(d1d) o3 uorssardord
‘syuanied T Ul pajou sem jusawaroxdut [edrsAyd
‘A1981ns 191V "sajels Ky[resj orwreuAp Suronponut
£q parenyeAd a1om sadueyd SurewioInau
[euonouny ‘ornpadoid ay) 03 Jusnbasqns syjuow
¢ pue 03 1o11d s£ep u99)IN0, *SIIIdSINS AT
snotrea Suro3opun a1om yorym syusnjed [euriou
A19A11uS00 (7T paurwexa Apnis 9y} Jo sIoyine oy,

wnuIIRp 2Aaneradolsod jo aoussaxd
‘uonyeordwod [ed131nNS JO AJLI9AS
‘suoryedrduiod aaneradolsod jo aouasaxd
‘Ke3s N DI Jo YISu[ ‘O3el UOISSTUIP.
NI ‘Aeys Tedsoy jo Y33u9[ ‘A131ns jo
2d4) ‘od£) ersayjsorue ‘urqodouraey
‘QuIunIeaId ‘gNgoId-IN ‘urungre ‘Oseasip
jueuSI[RW ‘@301)S ‘91035 VSV ‘IDD ‘Sniels

[euonIINU ‘Snje)s 9ANTUS0D ‘TNF ‘95e ‘XS -5y VINS-21d “VIAS L 720T ‘sIowwie ]
sIMsay S9JBLIBAOD uoneAnde seaJe ureag douanbas Apmis
/A3anosuuo) e[S,
(ponunuo)) | v ATAV.L

21 of 27



"V 3ed 1S9 L-SuryeN-[TelL ‘V-LIALL ‘eare 10jow Arejuswaddns “YVIAS 93els Sunsal ‘sy ‘opndad onarnineu ureiq-oid reurwtd)-N ‘dNgoid-1N o[qeoridde jou ‘y/N ‘1s91, p1e0oq3ad paroo1n ‘140 ‘Surdew souruosal oaudew
[euonouny ‘TYIAJ ‘AIATIOUUOD [BUONOIUNS ‘D] ‘dIN[Ie] JIedY dANSd3U0D ‘THD ‘Xopul AIIPIGIOWO0d UOS[IBYD) ‘TDD ‘9SeISIp A1911e ATBUO0I0D ‘q V) ‘XOpUl sSeuw Apoq ‘T ‘SISISO[0ISAISaRUY JO £J100S UBILIDWY VSV :SUOIRIAIQQY

(dnoai3 [re1y o) ul D I9MO] B PIBMO] “"'T)
UONOIIP dUIes Y} Ul puar} JuUosls e pAIqIYXd NVA
o) ‘pueq Bloq Ioddn oY) UTYIIM ‘TSA0IOIN ‘N'VA
pue NINAd ‘Nd 9U) Sso1de pueq ejoq 1oddn oy
ur D PaYSIUTWIP B PAIRIISUOWAP [1B1] dI9M OYMm
sjuedronaed ‘oij1oads a1ouwl 2q O, *S)ynpe Iap[o [1elf
Suowe 19MOJ [[BISA0 SEM D UBIW JI0MIQUBIIUL
o} ‘syred19unood 3snqoi 119y} 03 uostredwod uy
POAISSQO 2I9M SUOTJBLIBA JUBIIJIUSIS
A[Teonsness ou ‘pass e se pakojduro sem x93100
JOJOUILIOSUSS AY) USYAM SE [[oMm SE ‘Spueq
Kouanbaiy vjoq mof pue ‘nw ‘eydre oy} uf
"DIAS [eI3[Iq 93U} pue VIA'S ‘(DN Pue DAI)
X91109 1030wa1d 3391 9y} pue ‘snoundaid 1y oy}
X91100 I0JOWITIOSUSS 9Y) JO SBAIR ‘X3)I0D 9rem3urn
[BI938[1q Y3} Ul PAYSTUTWIP Sem D, ‘UOISN[OU0D U]
910d Te10dWIa} 3397 oY) pue (x91109 J0j0wId
3'9) seale [BJUOIJ [BIPW PUE [BIIB] Y}
arerndurd Joriue 9y} ‘ofod [ejuoij oY) Surpnjout
‘a1oyds1way 3J9] 93 JO SUOIFaI IOLIdJUE Y}
pue 1dS YS9y} Jo AJUIDIA ) U PIAISSqO SI
(D4) X91109 [EIUOIJ PIYSIUTWIP € ‘A[[EUOLIPPY
(1143 Tenyuaoysod pue [e13uad91d) X93100
JI0JOWILIOSUSS pUE X93102 3)e[n3urd Jo119)sod
‘snaundaid ‘x931109 10j0uI JYSLI AY) Sk Yons
‘SUOIZaI SNOLIBA PUE DV IYSLI 91} JO AJIUIIIA )
Ul PAISSQO SeM D PAYSIUTWIP B ‘YIm UIdaq o,
‘pueq Kouanbaiy vjoq 1oddn oy3 ur spass ay) pue
SI9ISNIO Y} USIM)Iq UONBZIUOIYIUAS PIYSIUTWIP
pakerdsip A3ualsisuod dnoig [1eiy ay) :Jud)sISuod
sem suonidnisip D JO UONOIIP Y I, "OIAS [BIIe[Iq
a3 03 Sururelrad auo pue (TdS pue OY) a1oydsiway
JYSLI 3} Ul PIIBNIIS SPIIS YIIM PIJRIDOSSE OM]

(1148 TexyudIsod
pue [enjuadaid)
X9}100 I0JOWLIOSUS
pu® 9V “IdS ‘DS
9'1) uondaooridoxd
Jo Surssaooid [erjuad

:paSIouWd SAOUAIJFIP D JO SISN[O JuedTuSIs snje}s [eorSojoyoLsdoinau oY) pue uorouUNy 0202
9a113 ‘suostredwod SN [NUI J0J UOIIIII0D IAFY ‘snje3s [euonounj ‘Iopuad o8y DA-sY JI0JOUI JOJ SeaIk Ao LET0 ‘ZOPUIIN-ZaIBNg
SINsSay S9jeLIRAOD uorjeanoe seare urerg douanbas Apmyg

/K31A1309UU0) RS9,

(ponunuod) | $ATAVL

Journal of Cachexia, Sarcopenia and Muscle, 2025

22 of 27



TABLE 5 | A summary of findings of the study on PET scan.
Study Analysis details Covariates Results
Maltais, PET data gathering begun Age, gender, educational level, The mean cortical Af load was not found to be
2019 50min after [18F]-florbetapir  cognitive status, MAPT group associated with a FI derived from noncognitive

was injected at a mean rate

allocation, ApoE e4 genotype

measures. Nevertheless, in community-dwelling

of 4MBq/kg weight. The
mean duration from the PET
examination to the clinical
assessment in close proximity
to the PET was 76.3 days
(standard deviation: 40.6)

older adults, A in both the anterior and
posterior putamen was found to be associated
with FI severity in both cross-sectional and
prospective studies. Furthermore, the progressive
accumulation of Af in the precuneus region
was found to be correlated with a heightened
severity of frailty. Frailty following an incident
was not associated with cortical or regional Af.
This research demonstrated that cerebral A
accumulation may influence the progression
of frailty in elderly individuals over time

Abbreviations: ApoE e4, apolipoprotein E e4; FI, frailty index; MAPT, Multidomain Alzheimer's Preventive Trial; PET, positron emission tomography; SUVR,

standard uptake value ratios.

3.4.5 | Differences in Neuroimaging Findings Between
the Two Diagnostic Instruments for Frailty

Four studies [36, 38, 39, 44| used FI as an instrument for as-
sessment of the frail individuals. Three of them [38, 39, 44| re-
ported MRI results. Siejka et al. in both their studies [38, 39]
discussed the changes in WMH and microbleeds, and their
findings regarding the association between these findings and
FI and frailty progression were almost similar to other studies.
Gutiérrez-Zuaiiga et al. [44] observed changes in total cortex
volume which was negatively correlated with FI. Although this
observation was in line with other studies’ findings, the correla-
tion of total cortex volume with other scores of frailty was not
mentioned in other studies. On the other hand, Maltais et al. [36]
reported PET results and no other study was available to com-
pare its results with.

4 | Discussion

As inferred from the findings of this investigation, notable
distinctions between frail and robust groups were identified
through MRI findings, primarily illustrating an increased count
and volumes of WHMs and reduced GMV, compared to the
robust group, in some brain regions including the cerebellum,
hippocampi, middle frontal gyri, right inferior parietal lobule,
precentral gyrus, left insula, anterior cingulate and middle oc-
cipital gyrus, indicative of vascular changes and brain atrophy,
both of which contribute to cognitive impairment and even de-
mentia [46]. Also, a significantly lower TIV was reported in one
study [31]. In future investigations, adjusting for TIV will help
to identify the individual GMV changes in frail older adults.
This might partly explain the inconsistent results of the differ-
ent studies. The sole prospective study addressing the correla-
tion between beta-amyloid load in specific brain regions and
frailty revealed a positive association between heightened A
accumulation in the precuneus cortex, an Alzheimer's disease-
specific region, and posterior putamen, suggesting a potential
trend toward Alzheimer disease in advanced stages of frailty
[36]. Additionally, four studies [25, 28, 37, 41] employing DTI

underscored the correlation between frailty and the integrity
of both grey and WM microstructures, revealing inconsistent
outcomes across various investigations, but mostly showing
higher MD, lower or unchanged FA and higher or unchanged
RD and AD, mostly in corpus callosum, thalamic radiations, co-
rona radiate, internal and external capsule and some association
tracts. These important findings in nondemented participants
can aid investigators in better understanding the neuroimaging
underpinnings of frailty that may lead to cognitive impairment,
as well as the implications of frailty on brain health. Also, the
shared neuroimaging findings in frailty can be a guide for early
detection of preclinical neurological disease such as Alzheimer
disease and vascular dementia in individuals with frailty.

Such pattern of changes is in line with changes in Alzheimer
disease and might indicate predisposition of frail individuals to
Alzheimer's disease [47, 48]. Moreover, the investigations con-
ducted by Lammers et al. in 2020 and 2022, comprising two
fMRI studies, revealed a discernible decrease in FC associated
with the progression of the frailty syndrome in the SMA network
but not in the pre-SMA network [32, 33]. Additionally, Mendez
et al. found reduced FC between the right angular gyrus and
right motor, precuneus, posterior cingulate and sensorimotor
cortices in the frail group [30]. Such FC changes in the default-
mode network especially the precuneus and posterior cingulate
cortex are similar to Alzheimer's disease [49]. Prior MEG stud-
ies reported diminished power and FC in primary sensorimotor,
pre- and supplementary motor areas, coupled with augmented
connectivity in higher cognitive resting-state networks in indi-
viduals exhibiting frailty [30, 40].

As discussed earlier in this article, PF is a unique systemic
clinical syndrome with a biological basis that influences vari-
ous aspects of the body best described by Fried criteria [1]. The
correlation of this phenomenon with both the structure and
functional changes in the brain, as elucidated in the studies in-
cluded in this systematic review, is significant and would not
have been anticipated without a profound understanding of
the underlying biological processes. Recently, the correlation
between PF and cognitive decline has gained more attention
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in medical research [50-52]. Recent studies have revealed the
distinct association between this phenomenon and cognitive
dysfunction, even without having overt dementia [51, 53]. In
line with the primary objective of this article, the investiga-
tion of neuroimaging changes in nondemented older adults
experiencing frailty enables us to clarify the brain structure
alterations in PF and, consequently, on the cognitive status of
these individuals.

By excluding papers that exclusively centred on patients with de-
mentia or those unwilling to eliminate participants who might
have dementia, we tried to minimise the impact of neurodegen-
erative disorders on the brain and obtain a focused perspective
on discerning the specific relationship between frailty syn-
drome and the brain alterations, independent of neurodegener-
ative diseases or dementia. However, early stages of dementia,
such as those observed in patients with MCI, may have minimal
impacts on our findings. Nevertheless, as discussed in most of
the included studies, the reported findings are common among
the majority of participants, with frailty being the only consis-
tent feature among them. In addition, by excluding individuals
with dementia, the results of this systematic review may provide
more insight on the chronological relationship between frailty
and dementia, providing some level of confidence that frailty
may be a precursor to dementia, rather than being the result of it.

Jiang et al. conducted a comprehensive study involving more
than 483,000 participants, revealing a significant correlation
between the degree of frailty and higher levels of total WMH,
as well as reduced GMV [54]. In a separate study conducted by
Zuiiiga et al., fMRIs of 347 patients were analysed. The research-
ers identified 204 edges that had a positive correlation with the
FI and 188 edges that exhibited a negative correlation [55]. Both
of these articles did not exclude patients with dementia. Future
study would be enhanced by using stricter patient selection
criteria, particularly by eliminating patients with dementia, in
order to assure the validity and interpretability of findings.

Various articles have proposed two distinct pathophysiologi-
cal pathways to explain the observed brain damage in the frail
older adults. The observations in the frail population predom-
inantly propose a shared foundational origin for these phe-
nomena—systemic vascular damage. While the precise role of
vascular diseases in frailty syndrome remains less established,
some evidence in the literature suggests a potential cause-and-
effect relationship between the two. Avila-Funes et al. identified
that disturbances in the structure of carotid arteries were more
prevalent in frail individuals compared to nonfrail counterparts
[56]. Newman et al. discovered that, among those without a
history of cardiovascular disease (CVD), the extent of under-
lying CVD, as measured by carotid ultrasound and ankle-arm
index, along with left ventricular hypertrophy assessed through
ECG and echocardiography, exhibited a correlation with frailty
[57]. Besides, some new studies had shown a positive relation-
ship between retinal microvascular damages and PF [58, 59].
Consistent with this, the predominant MRI finding in the in-
cluded studies appears to be an elevation in both the number
and size of WMHSs within frail groups, findings in line with vas-
cular pathology [60]. Cortical brain infarcts, as linked with PF
as shown by Kant et al. [31], serve as an MRI marker of large
vessel disease and exhibit an association with cognitive decline

[61]. All these pieces of evidence collectively suggest a common
basis between PF and neurological damage, seemingly rooted in
vascular physiopathology. Prior research indicates a distinct as-
sociation between different presentations of vascular disorders
and dementia [62, 63]. These manifestations have a shared char-
acteristic in the form of small blood vessel alterations, indicating
a connection between frailty and dementia. To comprehensively
evaluate these findings, further investigations with a larger
number of participants are warranted.

Another suggested pathway explores the influence of inflamma-
tory and oxidative stress factors in the frailty syndrome on the
brain [64, 65]. Two recent studies establish a correlation between
higher proinflammatory markers and an elevated risk of frailty
and cognitive frailty [66, 67]. The presence of these factors as a
link between this syndrome and neuroimaging changes necessi-
tates further comprehensive investigations in this domain.

Such pathophysiological pathways contribute to cognitive im-
pairment, as well as vascular and Alzheimer dementia. Given the
shared neuroimaging findings with ALZHEIMER'S DISEASE, such
as brain atrophy especially in the hippocampus and precuneus
cortex, higher WMHs and CMBs, WM microstructural changes
in similar tracts as ALZHEIMER'S DISEASE, reduced FC in DMN
and importantly higher amyloid deposition in the precuneus cor-
tex, it can be inferred that frailty is a preclinical manifestation of
Alzheimer disease. Also, the vascular compromise, as shown by
higher WMH, is significant in frailty and can further contribute
to cognitive impairment and even progression to dementia [68].

Our findings contribute to the understanding of frailty in nonde-
mented individuals by emphasizing its multifaceted nature and
the significance of various diagnostic criteria, such as gait speed
and grip strength. These measures not only serve as indicators
of physical health but may also correlate with neuroimaging
findings related to cognitive function and overall brain health.
Future research should further investigate the intricate relation-
ships between neuroimaging results and frailty to enhance diag-
nostic and intervention strategies.

We had several limitations in our systematic review which
should be considered in order to make a fair conclusion based
on the results. Although most of the included studies recruited
Fried criteria as their main frailty measurement, diversity in
assessment tools might have affected the categorization of par-
ticipants and their frailty stage due to the focus of the measure-
ment tool on either cognitive of physical aspects of the condition.
Besides, the small number of fMRI and PET studies makes it
challenging to make a proper conclusion based on their re-
sults. Therefore, more multimodal neuroimaging studies and
a uniform assessment tool for frailty should be conducted to
clarify the unknown aspects of neurophysiological changes in
nondemented frailty. Also, to determine whether or not frailty
can be a risk factor or precursor for developing Alzheimer de-
mentia, longitudinal studies especially with amyloid PET scans
are warranted. Besides, we included studies with nondemented
frail participants in this systematic review. However, except for
two studies [28, 41], the majority of included studies did not ex-
clude MCI participants [3, 25-27, 29-40, 42-45]. This could be
due to the fact that frailty is a risk factor for MCI and is preva-
lent among MCI cases [52]. As MCI could potentially affect the
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neuroimaging findings in the study participants [3, 25-27, 29-
40, 42-45], we strongly recommend the future studies to either
exclude MCI participants or assess imaging findings separately
in nondemented frail individuals with MCI and those who are
cognitively normal, to be able to provide a more specific inter-
pretation on the neuroimaging correlates of frailty in cognitively
normal individuals.

To conclude, significant neuroimaging distinctions between
frail and robust individuals were noted, emphasizing vascular
changes in brain tissue, altered beta-amyloid accumulation
and grey and WM microstructure changes. The correlation
between PF and cognitive decline is earlier discussed in ear-
lier studies, even without overt dementia. Systematic vascular
damage and inflammatory/oxidative stress are two common
pathophysiological pathways suggesting a link between PF
and neurological damage. The study underscores the impor-
tance of understanding both the brain structure and function
of PF, offering insights into potential pathways for cognitive
decline in nondemented older adults.
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