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Abstract

Background: Brain age is a biomarker that predicts chronological age using neuroimaging features. Deviations of
this predicted age from chronological age is considered a sign of age-related brain changes, or commonly referred
to as brain ageing. The aim of this systematic review is to identify and synthesize the evidence for an association
between lifestyle, health factors and diseases in adult populations, with brain ageing.

Methods: This systematic review was undertaken in accordance with the PRISMA guidelines. A systematic search of
Embase and Medline was conducted to identify relevant articles using search terms relating to the prediction of
age from neuroimaging data or brain ageing. The tables of two recent review papers on brain ageing were also
examined to identify additional articles. Studies were limited to adult humans (aged 18 years and above), from
clinical or general populations. Exposures and study design of all types were also considered eligible.

Results: A systematic search identified 52 studies, which examined brain ageing in clinical and community
dwelling adults (mean age between 21 to 78 years, ~ 37% were female). Most research came from studies of
individuals diagnosed with schizophrenia or Alzheimer's disease, or healthy populations that were assessed
cognitively. From these studies, psychiatric and neurologic diseases were most commonly associated with
accelerated brain ageing, though not all studies drew the same conclusions. Evidence for all other exposures is
nascent, and relatively inconsistent. Heterogenous methodologies, or methods of outcome ascertainment, were
partly accountable.

Conclusion: This systematic review summarised the current evidence for an association between genetic, lifestyle,
health, or diseases and brain ageing. Overall there is good evidence to suggest schizophrenia and Alzheimer's
disease are associated with accelerated brain ageing. Evidence for all other exposures was mixed or limited. This
was mostly due to a lack of independent replication, and inconsistency across studies that were primarily cross
sectional in nature. Future research efforts should focus on replicating current findings, using prospective datasets.
Trial registration: A copy of the review protocol can be accessed through PROSPERO, registration number
CRD42020142817.
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Introduction

Ageing is a complex biological process characterised by
an accumulation of molecular and cellular damages over
the lifespan [1-3]. The body’s inability to repair this
damage leads to a subsequent loss of physiological func-
tions [1]. These include sensory, motor, and cognitive
functions that, when impaired, impact quality of life [4].
Age is also a major risk factor for many life threatening
diseases including cancer, cardiovascular disease, and
neurodegenerative disorders [1]. The trajectory of age-
ing, however, varies within the population, and thus,
chronological age is not always a reliable predictor of
age-related risk. Genetic and environmental factors are
diverse among the population, and have varied effects on
ageing processes occurring within individual cells, and
tissue types [2].

The brain is particularly sensitive to the effects of age-
ing, manifesting as changes in structure and cognitive
function [5-8]. Neuroimaging technologies, including
magnetic resonance imaging (MRI), have made it pos-
sible to monitor these changes in vivo. The most com-
mon changes associated with ageing are brain atrophy
(i.e, loss of grey matter volume and cortical thinning)
[9-12], a reduction in white matter integrity and vol-
ume, and abnormal functional connectivity [7, 13-16].
When severe, these phenotypes can be considered a sign
of accelerated ageing or an underlying disease process
[5, 6]. Though neuroimaging research has advanced our
understanding of these processes, current group based
analyses (i.e., mass univariate modelling that uses
chronological age to predict neuroimaging features),
cannot account for the diversity of individual ageing
trajectories [17].

Among these developments are efforts focused on
identifying individual biomarkers of age-related brain
changes [18]. So-called 'brain age' algorithms use neuro-
imaging features to capture the changes in the brain that
commonly occur with age [18]. Typically, this requires
training a multivariate statistical model to learn norma-
tive patterns of brain ageing, before being applied to pre-
dict individual brain ages in a group of interest. The
difference between predicted biological and actual
chronological age signifies a deviation from the normal
ageing trajectory, and has the potential to identify indi-
viduals with disease, monitor treatment effects, or iden-
tify lifestyle factors that are beneficial or detrimental to
brain health [18-20].

A recent literature review summarised different
methods that use brain volume to define brain age [20];
whilst another provided a more comprehensive overview
of all methodologies currently being applied in the field,
including developmental and animal studies [21]. How-
ever, to date, no systematic review has summarised age-
related brain changes (referred to as ‘brain ageing’),
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defined solely by the deviation of estimated brain age
from chronological age, in human adult populations.
Thus, the aim of this systematic review is to identify and
synthesize the evidence for an association between life-
style, health factors, and diseases in adult populations,
with brain ageing.

Methods

Protocol and registration

This systematic review was undertaken in accordance
with the PRISMA guidelines (http://www.prisma-
statement.org) - the 2009 checklist is provided in Add-
itional File 1 [22]. In compliance with these guidelines, a
record of this protocol can be accessed through
PROSPERO via the following registration number
CRD42020142817.

Eligibility criteria

This systematic review included studies investigating
brain ageing in adult humans (mean age 18 years and
above), from community or clinical populations. Studies
measured exposures of all types, including genetic,
health, and lifestyle factors, and the outcome was brain
ageing. All study designs (cohort and case-control) were
eligible, with brain ageing measured either at the same
time as the exposure (cross sectionally) or a later time-
point (longitudinally). Papers limited to evaluating the
sensitivity of different methodologies (e.g. sample size)
on brain ageing were not included.

Brain ageing

Estimates of brain age were considered eligible when
chronological age was predicted from neuroimaging fea-
tures, acquired from any imaging modality (e.g., MRI).
Eligible studies were those which examined brain ageing
as the difference between brain age and chronological
age. Studies using alternative methods for calculating
brain ageing, including the slope between chronological
age and brain age [23]; or the group differences in
models of brain features as a function of age [24], were
excluded.

Information sources and search strategy

A systematic search of Embase via Ovid (1974 to
present) and Ovid MEDLINE was conducted to identify
relevant articles, using search terms relating to the pre-
diction of age from neuroimaging data or brain ageing:
(BrainAge.mp. OR Neuroanatomical adj3 age.mp. OR
brain age.mp. OR age adj3 estimat*mp. AND Ima-
ging.mp) OR (BrainAge.mp. OR Neuroanatomical adj3
ag*.mp. OR age adj3 estimat*.mp OR brain ag*.mp. OR
BrainAGE adj3 accelerat*.mp OR brain age gap.mp OR
BrainPAD.mp OR Brain adjl predict*mp AND ima-
ging.mp. AND chronological age.mp. AND accelerat*
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adj3 ag*.mp). No yearly limit was set, however searches
were limited to studies only including human partici-
pants, and articles published in English. The tables of
two recent review papers on brain ageing [20, 21] were
also examined to identify additional articles.

Study selection

Following the initial search, duplicate articles were re-
moved by one reviewer (JW). Article abstracts and titles
were screened independently by three reviewers (JW,
DN, ZW), followed by a full text review of the eligible
texts. In the case of discordance, a fourth reviewer (JR)
was involved to provide a final verdict.

Data extraction

For each included study, the following information was
extracted onto a standardised data extraction form:
Study characteristics (i.e., name, country and design);
Participant characteristics (i.e., sample size, mean age
and/or range, number of female participants); neuroim-
aging features used for brain age prediction (i.e., modal-
ity, protocol, and features) and statistical methodologies
(i.e., algorithm, and cross validation, and adjustment for
age bias); and exposures (e.g., cognitive function, disease
type). Main findings and details of any adjustments for
confounders were also extracted.

Data synthesis/summary measures

A narrative synthesis of the main brain ageing findings is
provided, and grouped according to the type of expos-
ure. Findings are summarised quantitatively in tables
with effect sizes (when available), regardless of statistical
significance. Effect sizes of all types are reported, and in-
clude correlations; differences in mean brain ageing (in-
cluding Cohens D/Eta squared); 95% confidence
intervals (when p-value was not available), and beta
values (both un/standardized) from regression models.
Authors considered brain ageing methodologies, and/or
participant characteristics too heterogenous to conduct a
meta-analysis.

Risk of bias

Included articles were assessed for risk of bias using a
modified version of the Joanna Briggs Institute Critical
Appraisal Checklist for Randomized Control Trial, Case-
Study or Cohort study, as appropriate [25]. This assess-
ment was merely a tool for determining the quality of
information extracted from each article, rather than a
means for excluding papers. This was completed by
three reviewers (JW, ZW, DN), independently. Any dis-
crepancies were discussed and resolved through
consensus.
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Results

Study selection

An initial search of Medline and Embase resulted in
2514 articles, and an additional three papers were identi-
fied from prior reviews on brain ageing (Fig. 1) [20, 21].
After removing duplicates, the titles and abstracts of
1896 articles were screened, and 1637 papers excluded.
Two hundred and fifty-nine papers underwent a full text
review. From these papers, a further 207 articles were re-
moved as they did not meet the eligibility criteria (ineli-
gible article type; sample of children/adolescents only; or
ineligible calculation of age prediction). A total of 52 pa-
pers were thus included in this systematic review.

Participant characteristics

Studies investigated brain ageing in samples ranging in
size (between 5 to 31,227 participants), and age (mean
age between 21 to 78 years). One study compared one
male with Prader-Willi syndrome to a small sample of
95 healthy controls (approximately 39% were male) [26].
Four studies included children, and/or adolescents as
well as adults, but fit the inclusion criteria given that the
mean age of the sample was 18 years or older [27-30].
All but two studies included both men and women, with
the percentage of women ranging from 4.4 to 89.1%.
Five of these studies, however, did not report the num-
ber of men or women [30-34]. Of the two remaining
studies, one involved military serving male twins [35],
and a second focused on brain ageing in post-
menopausal women [36].

Twenty-nine studies sub-sampled participants from a
larger cohort study, nine were case-controls [26, 30, 37—
43]. Of the remaining 10 case-control studies, eight had
sampled participants from registries, hospitals (i.e., both
in and outpatient services) or treatment clinics, univer-
sity research institutes, or the local community [29, 44—
50], while two were unclear [51, 52]. The Early Stages of
Schizophrenia study [38, 41], the UK Biobank [19, 32,
53, 54] and the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) [33, 55-58] were cohorts sampled on
more than one occasion. Thirteen studies included pro-
spective data [28, 30, 31, 33, 35, 36, 47, 56, 58—62].

One study estimated brain age for participants who
were a part of a randomised control trial [63]. Six studies
pooled data from multiple studies [26, 30, 60, 64—66];
while three studies involved more than one type of study
design [30, 41, 47].

Summary of brain ageing findings

Brain ageing was investigated in relation to a number of
exposures. These are summarised in the following text
and tables, and are grouped according to the type of ex-
posure. ‘Accelerated’ and ‘decelerated’ are terms com-
monly used to describe the direction of brain ageing
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Fig. 1 PRISMA flow diagram outlining results from the initial search, and subsequent screening for article eligibility

(i.e., accelerated defines greater age-related changes to
the brain; while decelerated suggests fewer changes) and
thus will be used in the subsequent text. Similarly, in
longitudinal studies, the ‘rate’ is conventionally used to
define a change in brain age, but can be calculated by ei-
ther regressing time on brain age, or dividing change in
brain age by the time interval between the imaging ac-
quisitions. Thus, while rate will be used throughout the
following text, methods will be defined in tables
accordingly.

In tables, brain ageing (i.e., brain age — chronological
age) was abbreviated as the “brain age gap (GAP)”, and
used to summarise results. Though conceptually the
same, two studies subtracted brain age from chrono-
logical age, and thus, “CA-BA” is used to report these re-
sults [27, 64]. When studies involve a common brain age
framework (i.e., was referenced by more than one study),
terms specific to this framework will be used. These in-
clude the “Brain age gap estimate (BrainAGE) score”
[55], “Predicted age difference (PAD) score” [51], and

“Brain ageing (BA) score” [67], and are specific to these
referenced authors.

Psychiatric disorders

Thirteen studies investigated brain ageing in psychiatric
disorders [27, 30, 32, 34, 37, 38, 41, 44, 49, 50, 60, 66],
eight focused on schizophrenia (SZ) [27, 30, 32, 34, 38,
41, 49, 66] (Table 1). All studies report accelerated brain
ageing in SZ (ranging between 2.3 and 7.8 years), though
the majority included samples less than 100 participants.
Of these studies, six found accelerated brain ageing to
be significantly different to healthy controls [32, 34, 38,
41, 49, 66]; while two made no statistical comparison be-
tween groups [27, 30]. Five studies also included patients
with bipolar disorder. Four of these found brain ageing
to be comparable to healthy controls [32, 34, 41, 49].
The fifth study only reported accelerated brain ageing,
and made no statistical comparison to a control group
[27].
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Fewer studies investigated other psychiatric disorders.
There were four studies involving patients with major
depression (MD), but with mixed findings. Specifically,
two found accelerated brain ageing in MDs, that was sig-
nificantly different to controls [43, 66]; a second study,
involving fewer cases, found no difference between MDs
and controls [44], and a third reported decelerated brain
ageing but made no statistical comparison to a control
group [27]. A fifth study analysed associations in a rela-
tively large sample of community dwelling middle-aged
adults, and reported a positive correlation between
depression scores and brain ageing [60].

Neurological disease

A total of 18 studies investigated brain ageing in relation
to neurological diseases, the most common being mild
cognitive impairment (MCI), Alzheimer’s Disease (AD)
and epilepsy (Table 2). Four of the five studies included
a small group of AD participants (ranging between 27 to
76 in size), and reported a significantly higher acceler-
ated brain ageing (ranging between 5.36 and 10 years, at
baseline) relative to healthy controls — three sampled
participants from the ADNI [33, 55, 56]. The fifth study
observed decelerated brain ageing, but using a larger
sample of participants with dementia (including AD),
and did not statistically compare these findings to a
healthy control group [27]. Two studies also included
prospective data from the ADNI study, and reported a
significantly higher accelerated brain ageing at follow-
up, and a greater rate of brain ageing in ADs, relative to
healthy controls or participants with stable MCI [33, 56].
All measures of brain ageing (baseline, follow-up and
the rate) were significantly higher when participants pro-
gressed from MCI to AD, relative to stable MCI and
healthy controls [33, 56]. An additional study that also
sampled participants from the ADNI study reported a
significantly higher accelerated brain ageing (i.e., mea-
sured at baseline only) in participants progressing from
MCIs onto AD sooner than later, relative to individuals
with a stable MCI, or had progressed onto AD at a later
stage [58].

Beyond looking specifically at diagnostic categories of
dementia, four studies also correlated brain ageing with
cognitive scores. These studies used similar cognitive
measures (Mini-Mental State Examination (MMSE) [78,
79], Clinical Dementia Rating (CDR)/CDR-sub of boxes
[75] or Alzheimer’s Disease Assessment Scale (ADAS)
[72—74]) but reported mixed results [33, 56, 58, 68]. Of
the three studies including participants from the ADNI,
one observed a significant correlation between brain age-
ing and each of the CDR, ADAS, and MMSE at both
baseline and follow up, when pooling healthy controls
with diagnostic groups [33]. A second study only in-
cluded those with MCI, and observed a correlation with
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CDR and ADAS at baseline that increased at each follow
up; correlations with MMSE were observed only at fol-
low up [58]. A third study reported the strongest corre-
lations in individuals with AD was between brain ageing
and MMSE, and in progressive MCI with ADAS [56].
When pooling healthy controls with diagnostic groups,
an alternative fourth study also observed a correlation
with the CDR, ADAS, MMSE, [68].

Four studies investigated brain ageing in relation to
various types of epilepsy [40, 45, 52, 69]. Specifically,
two studies focused on small groups (ranging between
17 to 104) of participants with temporal lobe epilepsy,
and report accelerated brain ageing [45, 69]. However,
one was a case-control study that observed a significant
difference to healthy controls, but only when seizures
were localised to the right hemisphere [45], while the
second, slightly larger cohort study had not statistically
compared these findings to healthy controls [69]. The
two-remaining case-control studies investigated brain
ageing in patients with other forms of epilepsy. One
compared brain ageing in medical refractory epilepsy
(MRE) (~ 50% of the patients experienced seizures in the
temporal lobe) to newly diagnosed focal epilepsy (NDE),
and reported significant accelerated brain ageing in
MREs only, as NDEs were comparable to healthy con-
trols [40]. The second reported accelerated brain ageing
in all participants with epilepsy (i.e., focal and general-
ised), including neuropsychiatric conditions with epi-
sodes that resemble epileptic seizures (i.e., psychogenic
nonepileptic seizures), except those with extra-temporal
lobe focal epilepsy, had a significantly higher accelerated
brain ageing than healthy controls [52, 80].

Fewer studies analysed the effects of stroke [59, 71],
traumatic brain injury (TBI) [27, 51, 70], multiple scler-
osis (MS) [28, 47], or Parkinson’s disease on brain ageing
[48]. Three studies analysed brain ageing in TBI patients,
but report mixed results. Specifically, two smaller sample
studies found significantly higher accelerated brain age-
ing in TBI patients relative to healthy controls [51, 70]; a
third reported decelerated brain ageing for a large cohort
of TBI patients, but did not statistically compare findings
to other diagnostic groups [27]. The two former studies
also investigated time since TBI, but only one found a
significant positive correlation with the time since TBI
[51, 70].

Of the remaining studies, two reported greater cross-
sectional estimates of accelerated brain ageing for pa-
tients with MS relative to healthy controls [28, 47]. Lon-
gitudinal assessments by one of these two studies
resulted in a higher annual rate of accelerated brain age-
ing in a large pooled sample of MS and clinically isolated
syndrome patients (ie., individuals with a greater likeli-
hood of MS), relative to healthy controls [28, 81]; the
second did not compare findings to healthy controls, but
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also observed an annual accelerated rate of brain ageing
when using a much smaller sample of MS patients [47].
In stroke patients, one randomised control study found
no correlation between regional or global estimates of
brain ageing with cognitive function [71], while a second
prospective cohort study found a significantly higher
brain ageing than healthy controls, despite features used
to estimate brain age [59]. For the latter study, however,
the direction of brain ageing (i.e., accelerated/deceler-
ated) varied between models, for both patients and con-
trols [59]. From this study, the rate of brain ageing was
also comparable between patients and healthy controls,
though no statistics were reported [59].

Health, physical and biological markers
Fourteen studies investigated brain ageing in relation to
diseases without a primary neurological presentation
(Human Immunodeficiency Virus (HIV) and type II dia-
betes), markers of health (e.g., biological and physical),
hormones, medications, chronic pain, or mortality risk
(Table 3) [19, 36, 38, 39, 53, 54, 57, 60-63, 66, 82, 83].
Most commonly reported were associations with body
mass index (BMI) [38, 53, 57, 66]. Of the four studies in-
vestigating BMI, two involved community dwelling, ini-
tially healthy older adults from the ADNI cohort study
or the UK Biobank, while the other two studies sampled
young adult patients with SZ [38, 53, 57, 66]. The two
former studies both reported a positive correlation with
BMI, however, the larger cohort study observed this as-
sociation when predicting age for both genders, or fe-
males only [53]; while the second, smaller sample study
reported this effect in males only when defined ageing
for the total sample [53, 57]. A significant positive asso-
ciation with BMI was also reported in SZ patients. How-
ever, one study found this effect to be independent to an
SZ diagnosis (i.e., main effects of BMI and SZ on brain
ageing were evident, but no significant BMI-by-SZ inter-
action); while the second only observed an association for
a smaller group of patients with a recent onset of SZ [38].
Three small cohort studies (<162 participants) ana-
lysed the effects of HIV [39, 62, 82]. Regardless of model
and feature type, all studies reported accelerated brain
ageing in HIV positive patients (ranging between 1.17
and 5.87 years). For two studies, this brain ageing was
significantly higher than HIV-negative controls [39, 82];
while a third study’s findings were relative only to the
model (i.e, a null hypothesis that predicted minus
chronological age equals zero) [62]. Associations be-
tween brain ageing and HIV clinical characteristics (e.g.,
years since diagnosis, cell counts (CD4)) were also inves-
tigated. One study reported an association between
higher brain ageing and prior Acquired Immuno-
Deficiency Syndrome status [62] whilst another with
viral loading [39]. In contrast, a third observed no
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significant association with any of the clinical or health
factors (all p > 0.10) [82].

Two studies considered the influence of female sex
hormones, however, one in the context of pregnancy,
while the other during a normal menstrual cycle [36,
61]. Both studies relied on small sample sizes of young
adult women (<14 participants). Neither study found sig-
nificant correlations between brain ageing and proges-
terone [36, 61] but one reported a significant negative
correlation with estradiol (i.e., measured at time point
two, when it was most elevated) [61].

Environmental and lifestyle factors

Seven eligible studies investigated environmental in-
fluences on brain ageing with the most common be-
ing smoking and alcohol consumption (Table 4) [53,
54, 60]. Two of the three studies involved a large
sample of participants from the UK Biobank, and re-
port a positive association between brain ageing (esti-
mated using different algorithms) and alcohol intake,
however, the second also observed a correlation when
estimating brain age for females only [53, 54]. Both
studies also reported a significant positive correlation
with smoking [53, 54]. A third independent study also
reported a significant, positive association with smok-
ing, and alcohol, but for fewer community dwelling
adults [60]. Meditation practitioners, and amateur/
professional musicians were reported to have a sig-
nificantly lower brain ageing than controls, but were
each analysed by one study [29, 42]. Similarly, one
study found a higher education, or a greater flight of
stairs climbed, to be significantly associated with
decelerated brain ageing [64].

Genetic influences

Five studies investigated genetic influences on brain age-
ing (Table 5). Two studies reported no significant differ-
ence in brain ageing due to Apolipoprotein E (APOE) e4
carrier status in older adults [33, 84]. One, however,
used prospective data from the ADNI study, and found a
significantly higher rate of accelerated ageing in APOE
e4 carriers [33]. Both study samples, however, involved a
limited number of participants (<101 participants), and
thus may be under-powered.

One genome wide association study using data from
the UK Biobank, found and replicated a significant asso-
ciation between brain ageing and two genetic variants -
one spanning many genes, including MAPT, which en-
codes for the tau protein (i.e., considered to play a
prominent role in Frontotemporal dementia, and other
neurodegenerative disorders) [85, 86]; the second is near
the TREK-1 gene, that has been reported (in mice) to
play a role in memory impairment, cerebral ischemia,
and blood brain barrier dysfunction [87-89].
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Other factors in ageing populations

Ten studies analysed brain ageing in relation to gender,
race, cognitive function, and other measures of biological
ageing (i.e, DNA methylation age, telomeres, physical
and biological markers of health, and facial ageing) [19,
31], most investigated was cognitive function (Table 6).
Six out of seven studies reported a significant association
between brain ageing and cognitive function across dif-
ferent domains, most consistent were psychomotor and
executive function [31, 32, 53, 54, 90]. The remaining
seventh study observed no correlation with working
memory, and was the only study to measure cognition
via a functional MRI based-task [84].

Three studies analysed brain ageing using a large sam-
ple of participants from the UK Biobank (ranging be-
tween 12,378 to 19,000 participants), and reported a
significant positive association with a single measure of
psychomotor and executive function (i.e., as per the UK
Biobank’s Trail Making Task (TMT) B), despite applying
different brain age algorithms [32, 53, 54]. However, only
one of these three studies reported a significant positive
association with all measures from the TMT (TMT-A,
-B, and TMT minus B), but included fewer participants
[32]. Two of these studies also observed a significant as-
sociation with complex (i.e., Symbol Digit Substitution
Test (DSST)) and simple psychomotor functions (i.e.,
Reaction time test), while the third had not included
these two neuropsychological tests [54]. One additional
study, measured brain ageing in three independent co-
horts, and reported a significant association with psycho-
motor and executive function [90]. This same study also
reported a significant association for two of the three co-
horts that had used the same measure of executive func-
tion (ie, TMT-B minus A) [90]. A fourth study, using
longitudinal data (participants were assessed during
childhood, and at 45 years of age), found a significant
negative association with all measures of adult cognitive
function and decline, including psychomotor function
(i.e., as per the Wechsler Adult Intelligence Scale-1V,
and DSST) [31, 93, 94].

Three studies investigated gender [19, 53, 65]. One
study reported decelerated brain ageing for female par-
ticipants that was significantly lower than the accelerated
brain ageing in males [19]. Regardless of whether brain
age was trained on males or females only, a second, lar-
ger cohort study consistently found decelerated brain
ageing in females, that was significantly different to the
accelerated brain ageing observed in males [65]. In con-
trast to these findings, a third study, involving fewer par-
ticipants (108 and 76 females and males, respectively)
estimated non-linear brain age, and found brain ageing
in females to be 0.7 years higher than males, though the
direction, and significance of this finding remains
unclear [53].
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Two studies analysed associations with alternative
measures of biological ageing [31, 54]. By combining
various biological and physical markers (e.g., blood pres-
sure, total cholesterol), Elliot et al. (2019) [31] calculated
the pace of ageing and found a significant positive asso-
ciation between this and brain ageing. This same study
also reported a significant positive association with sub-
jective measures of facial ageing (i.e., defined by a panel
of 8 independent raters) [31]. In contrast, Cole et al.
(2020a) [54] found no significant relationship between
brain ageing and DNA methylation age (i.e., ‘epigenetic
clock’) or telomere length.

Risk of bias assessment

Details regarding the risk of bias assessment are given in
the Additional File 2: Tables S1 to 3. The 35 cohort
studies had an overall low risk of bias. The most pertin-
ent sources of potential bias were unclear recruitment
and inclusion criteria, not applying or being clear on the
methods used to validate brain ageing (the majority of
these studies had referenced the validated, Franke et al.
(2010) model [55]), and not adjusting for potential con-
founders. Two, however, had controlled for age or white
matter hyperintensities during the development of the
brain age model [69, 91]. Three studies included mul-
tiple datasets with more than one study design (i.e., co-
hort and case-control) but had a similar, low level of
bias [30, 41, 47]. Of the 18 studies with a case-control
design, overall they had higher risk of bias than cohort
studies, with the controls not often being comparable to
cases (i.e., by confounders, primarily age and sex), and
did not identify participants using the same criteria. Fur-
ther, the method used to measure the exposure/s of
interest differed between cases and controls. Only one
RCT study design was included and was considered to
be of a high quality [63].

Discussion

This systematic review identified 52 studies which exam-
ined the association between genetic, lifestyle, health fac-
tors and disease, and brain ageing (age-related changes
of the brain defined by the deviation of neuroimaging
predicted brain age relative to chronological age). Stud-
ies were grouped according to exposure types, with some
covering more than one. The majority of evidence on
brain ageing came from populations diagnosed with cer-
tain forms of mental health or neurological disorders, or
cognitive function in normal ageing populations. Evi-
dence regarding the association with lifestyle or environ-
mental, and genetic factors was sparse. Most studies
investigated brain ageing in smaller sub-samples of par-
ticipants drawn from a larger cohort study (34 had one
or more samples with less than 100 people) and thus
were limited in their statistical sensitivity. Further, some
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cohorts were a common source of participants for cer-
tain exposure types across multiple studies. Inconsisten-
cies were evident for some exposure groups, but were
partly attributed to the heterogeneity in study method-
ologies (i.e., either through design or participant charac-
teristics) or methods of outcome ascertainment.

SZ was the most commonly studied of all exposures,
and was consistently shown to be associated with more
rapid brain ageing by studies with a relatively low to
moderate risk of bias [27, 30, 32, 34, 41, 49, 66]. This is
despite methodological differences between studies in
terms of the neuroimaging features used to calculate
brain ageing, such as cerebral perfusion [27], brain vol-
ume and/or density [30, 38, 41, 49, 66] and combina-
tions of cortical thickness, fractional anisotropy, and
cognitive performance scores [34]. This corroborates the
neuroimaging literature, whereby brain changes overlap
those observed in healthy ageing (reductions in brain
volume, ventricular enlargement, and cortical thinning)
[95-98]. However, concluding mechanisms still vary
among studies (i.e., SZ is causative, or the consequence
of accelerated ageing), and, in some accounts, limited by
the cross-sectional design [27, 32, 34, 38, 41, 49]. Effect
sizes vary among studies, and brain ageing in SZ was not
always compared to healthy controls. Further, healthy
controls deviated from the normal ageing trajectory for
some studies, and thus effects may also reflect innate
model biases, or the effects of other exposures on brain
age prediction.

Evidence of more rapid brain ageing in AD compared
to healthy controls was also relatively consistent. Brain
atrophy (i.e., the loss of tissue volume) is common with
age and is more severe in AD [9]. These findings of ac-
celerated brain ageing corroborate evidence from neuro-
imaging studies [99, 100], and findings relating to other
ageing biomarkers measured in brain tissue [101]. The
positive association between brain ageing and disease
symptom severity, and the progression from MCI to AD,
provides further evidence that AD is directly linked with
brain ageing [33, 56, 58, 68]. Findings from two pro-
spective studies also correspond with imaging studies
that reported a greater rate of brain atrophy (2% per year
for GM volume) in AD patients [33, 56, 102]. An im-
portant limitation however, is that all studies of AD used
data collected from the ADNI study, and thus, even if
the final sample was different between studies, they can-
not be considered as entirely independent [33, 56]. Fur-
ther, the studies only provide a global measure of brain
ageing, and thus cannot inform on regional differences
in ageing that have been extensively reported in the
literature [99, 103, 104].

Evidence across other exposures was relatively incon-
sistent, in particular with regards to gender and BMI
[53, 57]. Heterogeneity in brain age methodologies and
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participant characteristics are the likely cause of such
discrepancies. For example, when investigating gender,
two studies reporting preserved ageing in women both
used linear models to estimate brain ageing, while the
third used a non-linear algorithm, and reported pre-
served ageing in men. Though this evidence corrobo-
rates neuroimaging findings, the literature primarily
relates to regional differences (which contrasts the whole
brain estimates used by these two eligible studies), and is
also relatively inconsistent [65, 105-111]. Further, all
three studies had not accounted for potential confound-
ing effects of other environmental exposures, that are
specific to certain genders (e.g., education or occupation)
and may explain discrepancies between studies, as they
have also been associated with altered brain phenotypes
[105]. This is a similar limitation when interpreting asso-
ciations between BMI and brain ageing. BMI is routinely
used as a measure of obesity, which is considered to
have adverse effects on the brain, and cognitive function
in both elderly and SZ populations [112—-116]. However,
it is attributed to a number of environmental factors
(e.g., socioeconomic status, lower physical activity) that
may act as confounders in these studies [117]. Study de-
signs and participants varied greatly when investigating
BMI as an exposure of brain ageing. Specifically, two of
the four studies involved a cohort of older community
dwelling participants [53, 57], while the remaining two
were case-control studies investigating obesity in young
adult populations with SZ [38, 66]. Correlations were
only reported by three of four studies investigating BMI,
and show little to no relationship with brain ageing. Fur-
ther, due to the cross-sectional nature of all studies on
gender, and BMI, cause and effect relationships could
not be determined.

Some studies investigated a number of lifestyle factors,
and reported an association between education, physical
activity and music with declines in brain ageing [29, 42,
64], while smoking and alcohol consumption were asso-
ciated with accelerated ageing of the brain [37, 53, 54,
60]. This corroborates the literature, whereby positive
lifestyle factors, like physical activity, are associated with
preserved structural and functional integrity [118—120],
and a reduced risk for AD [121], while smoking and
alcohol are found to exacerbate a decline in brain phe-
notypes [122, 123]. Though this seems promising, the
amount of evidence regarding brain ageing is still sparse.
Further, studies are cross sectional, and thus temporal
and causal relationships cannot be determined. Some
studies were also underpowered, while others have
limited generalisability (i.e., sampled data from the same
cohort study).

Studies used a number of methods to calculate brain
ageing. Most common was the framework proposed by
Franke et al. (2010) [55] which utilises a relevance vector
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regression to estimate age from brain volume [29, 33, 36,
38, 41, 42, 44, 49, 50, 55-58, 60, 61, 84]. A large number
of studies alternatively used the framework developed by
Cole et al. (2015) [51], and thus the second most com-
monly used algorithm was the gaussian processes regres-
sion, primarily when estimating age from brain volume
[19, 26, 28, 40, 46, 51, 62, 82, 83]. Considering the contri-
bution by Franke and Cole to the field of brain ageing, the
popularity of these frameworks is not surprising. Despite
recommendations [124], few studies used multimodal
approaches to estimate brain age, which may reflect the
popularity of these single modal models; though the need
for multiple acquisitions, and greater burden to elderly
participants, may have also played a role [34, 53, 54, 67,
69, 125]. Despite a rising interest in deep learning [126,
127], only one study used a convolutional neural network
to calculate brain ageing [32].

Strengths and limitations of review

This systematic review was conducted in accordance
with PRISMA guidelines (http://www.prisma-statement.
org) [22]. To ensure all relevant publications were in-
cluded, a systematic search of the brain ageing literature
was undertaken, and directed by a registered eligibility
criterion, and involved databases and additional litera-
ture reviews [20, 21]. Including general and clinical pop-
ulations increased the coverage exposure types, and thus
findings will be of interest to a greater array of research
fields. This was also achieved by the inclusion of all neu-
roimaging modalities and feature types, and reduces any
bias towards brain age frameworks that are developed
from specific phenotypes (e.g., brain volume, as per
Franke et al. (2010) [55] & Cole et al. (2015) [51]).

There are limitations to this systematic review that
should be addressed. Considering the contribution of
conference papers to machine learning research, the re-
moval of this literary source may have reduced the num-
ber of identified papers, and thus influenced the
conclusions for this systematic review. The accuracy and
generalisability of age prediction were not reported, nor
were details regarding the training sample.

Further directions

This systematic review identified a number of gaps in
the brain ageing literature that should be addressed
through future research efforts. So far, supervised
machine learning is the most popular approach to define
brain ageing, particularly when using brain volume as a
feature. Comparatively few studies have pursued deep
learning approaches to estimating brain ageing. Though
they are computationally intensive, there are many bene-
fits that could overcome limitations imposed by other
machine learning algorithms, such as the ability to use
raw neuroimaging data as input [126, 127]. Clinically,
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this an appealing option as it is more time efficient (ie., as
no pre-processing is required), and requires little compu-
tational engineering [127, 128]. Like deep learning, few
studies used multimodal approaches for estimating brain
age. Though there are challenges in acquiring, and com-
bining multiple data types; features of various brain phe-
notypes (obtained from various modalities) could be more
informative, and thus may be a more comprehensive
approach to investigating brain ageing [125, 129].

Few studies used prospective data, and thus could not
investigate cause and effect relationships. Longitudinal
studies will help overcome this limitation, and will
address questions regarding whether brain age is a
biomarker of ageing or disease, thus meeting a key
criterion proposed by The American Federation for
Ageing Research (ie., biomarkers must monitor ageing
processes, not disease) [130].

The evidence regarding the effects of environmental and
lifestyle factors on brain ageing is sparse. Identifying inter-
ventions and treatments that are brain preserving, and
thus slow the ageing process, is useful knowledge for the
ever-growing ageing population, and has many clinical
implications, like reducing the strain on age care facilities.

Results regarding brain ageing and gender or BMI were
inconsistent. Heterogenous brain ageing methodologies,
study designs, and participant characteristics were identi-
fied as the likely cause. Thus, to confirm whether findings
reflect a true ageing effect, future studies should focus
their efforts on replicating these methods, and sampling
from populations that are characteristically similar. Infor-
mation on whether brain ageing is sensitive to gender, or
BMLI, could help inform certain populations at risk, and be
used to prevent poor health outcomes.

Finally, only two eligible studies compared, or com-
bined, brain ageing to alternative ageing biomarkers [19,
31]. It remains unclear whether ageing is tissue specific,
or a systematic process, and thus additional knowledge
from studies comparing brain ageing with other ageing
biomarkers could help resolve this question.

Conclusion

This systematic review summarised the current evidence
for an association between genetic, lifestyle, health, or
diseases and brain ageing, the most common being
schizophrenia, followed by Alzheimer’s disease. Overall,
there is good evidence to suggest schizophrenia is
associated with accelerated brain ageing, but limited, or
mixed evidence for all other exposures examined. In
most cases this was due to a lack of independent replica-
tion and consistency across multiple studies that were
primarily cross sectional in nature. Thus, future research
efforts should focus on replicating current findings,
using prospective datasets, to further clarify exposures
that may have age preserving, or accelerating properties.
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