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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 (CMBs) 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 (10 lbs 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/​prosp​ero/​
displ​ay_​record.​php?​ID=​CRD42​02339​8553). 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 
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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 = 8), 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.

FIGURE 1    |    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 (WMV) 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-Zúñiga 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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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-Zúñiga 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.

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; Aβ, amyloid beta; CMB, cerebral 
microbleed; WMH, white matter hyperintensity; FC, functional connectivity; FI, frailty index.
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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-Zúñiga 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 Aβ 
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 

TABLE 5    |    A summary of findings of the study on PET scan.

Study Analysis details Covariates Results

Maltais, 
2019

PET data gathering begun 
50 min after [18F]-florbetapir 
was injected at a mean rate 

of 4 MBq/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)

Age, gender, educational level, 
cognitive status, MAPT group 
allocation, ApoE e4 genotype

The mean cortical Aβ load was not found to be 
associated with a FI derived from noncognitive 

measures. Nevertheless, in community-dwelling 
older adults, Aβ 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 Aβ 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 Aβ. 

This research demonstrated that cerebral Aβ 
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.
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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 
Zúñiga 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 WMHs 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 WMHs, 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 



25 of 27

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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