
Review

Cerebrovasc Dis

Regional Cerebral Blood Flow Changes in 
Healthy Ageing and Alzheimer’s Disease: 
A Narrative Review

Barnaby J. Graff 

a    Stephanie L. Harrison 

b, c    Stephen J. Payne 

d     

Wahbi K. El-Bouri 

b, c

aDepartment of Engineering Science, Institute of Biomedical Engineering, University of Oxford, Oxford, UK; 
bLiverpool Centre for Cardiovascular Science, University of Liverpool & Liverpool Heart and Chest Hospital, 
Liverpool, UK; cDepartment of Cardiovascular and Metabolic Medicine, Institute of Life Course and Medical Sciences, 
University of Liverpool, Liverpool, UK; dInstitute of Applied Mechanics, National Taiwan University,  
Taipei City, Taiwan

Received: December 4, 2021
Accepted: March 24, 2022
Published online: May 31, 2022

Correspondence to: 
Wahbi K El-Bouri, w.el-bouri @ liverpool.ac.uk

© 2022 The Author(s).
Published by S. Karger AG, Basel

Karger@karger.com
www.karger.com/ced

DOI: 10.1159/000524797

Keywords
Biomarkers · Functionality · Imaging · In vivo measurement · 
Neurodegeneration

Abstract
Background:  Cerebral blood flow is known to decline with 
increasing age and is a potential biomarker to distinguish 
between healthy and unhealthy ageing, where healthy age-
ing is defined as an absence of comorbidities in senescence. 
This review aims to synthesize evidence of cerebral blood 
flow changes over multiple brain regions, for use as a clinical 
reference or for in silico modelling.   Summary:  The search 
identified 1,087 studies, of which 33 met the inclusion crite-
ria to map the difference in cerebral blood flow reduction 
between healthy ageing and Alzheimer’s disease. Analysis 
was also performed on the effect of imaging modality and 
brain region functionality as potential confounding factors.   
Key Messages:  No significant difference was found between 
the specific functionality of a brain region and cerebral blood 
flow in healthy ageing (p = 0.65) or Alzheimer’s disease (p = 
0.42). Arterial spin labelling MRI imaging was shown to mea-
sure statistically larger decreases in flow in both healthy age-
ing (p = 0.0001) and Alzheimer’s disease (p = 0.0465). Cere-

bral blood flow was shown to decrease 0.3–0.5% per year in 
healthy ageing, which increased to a decline of 2–5% per 
year in Alzheimer’s disease. There was large variability both 
between and within individual brain regions, and this vari-
ability increased greatly in Alzheimer’s disease. Future stud-
ies would add value by taking more cerebral blood flow mea-
surements during Alzheimer’s disease progression and by 
investigating ageing with comorbidities such as hyperten-
sion. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Cerebral blood flow (CBF) is the primary method of 
oxygen and glucose delivery to the human brain. The in-
ability of the brain to store these key resources in signifi-
cant quantities leads to a tightly controlled autoregula-
tion system which is critical to maintaining brain func-
tionality and overall health [1]. The brain consumes 20% 
of the total oxygen in the body and 25% of the total glu-
cose despite representing just 2% of the body’s mass [2]. 
Even a brief disruption to this system can result in cell 
death and longer term cognitive disability [3].

This article is licensed under the Creative Commons Attribution 4.0 
International License (CC BY) (http://www.karger.com/Services/
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original publisher.
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As the average age of the global population continues 
to rise, more and more people thus live with impaired 
brain functionality. Over 32% of people over the age of 85 
years live with dementia [4], and the number of people 
living with dementia is expected to double in the UK to 
3.2 million people by 2040 [5]. Dementia is the leading 
cause of death in the UK, and the cost of care continues 
to rise both as a percentage of the health service’s budget 
and in terms of unpaid care given by family members and 
friends. In 2019, dementia was estimated to cost over GBP 
4.9 billion to the UK economy [6].The vascular hypoth-
esis for Alzheimer’s disease (AD), the most common 
cause of dementia, is now well documented [7]. There-
fore, understanding how CBF changes with age in both 
healthy ageing (defined as an absence of comorbidities in 
senescence) and AD is critical in understanding the de-
velopment of this disease to both identify early onset and 
potentially to develop new biomarkers to target treat-
ments.

The decrease in CBF with ageing is already well docu-
mented in the literature. A variety of imaging methods 
using nuclear medicine, X-ray computed tomography, 
and magnetic resonance imaging (MRI) document this 
decrease across various regions of the brain [8]. However, 
there is large variability in results, and there are many 
ways of presenting data which makes comparisons diffi-
cult. These methods of presentation include raw CBF 
measurements, regression scores, and highlighting of the 
brain regions with the largest CBF change. The regions 
with the greatest CBF decrease are generally the frontal 
and parietal lobes [9]. However, this does not give an 
overall picture of CBF change region by region, or an ac-
ceptable magnitude range for healthy ageing and AD.

As CBF is a property that can be easily measured in 
vivo, it is important to have accurate numerical values for 
as much of the brain volume as possible. This is due to the 
potential of CBF as an input for in silico models [10] at 
scales which cannot currently be imaged easily, or as a 
biomarker for early onset of neurodegenerative disease 
[11]. Therefore, the aim of this review was to address 
three research questions:
1. How does CBF vary regionally with ageing within the 

brain?
2. Do the confounding factors of functionality of brain 

region and imaging modality have an effect on CBF 
decrease in ageing?

3. Does the change in CBF with ageing vary between 
healthy ageing and AD?
By quantifying the answers to these questions based on 

the available literature, the use of CBF as a biomarker for 

ageing and neurodegenerative disease can be better as-
sessed. It will also give further understanding to the vari-
ability seen in the literature between patients, imaging 
modalities, and individual studies.

Methods

Study Selection
This review was performed from a PubMed search of “regional 

cerebral blood flow ageing” from 1 January 1965 to 15 September 
2020. Additional studies were identified through hand search of 
references cited in relevant reviews which appeared in the PubMed 
search. Only English language studies were sought. One research-
er identified potentially relevant articles by initial screening of the 
titles and abstracts. Full texts were then retrieved and screened by 
the same researcher to identify articles for inclusion for the review. 
Any uncertainties were discussed with other members of the re-
search team (flowchart of literature search can be found in online 
suppl. Fig. 1; see www.karger.com/doi/10.1159/000524797 for all 
online suppl. material).

Eligibility Criteria
The focus for this review was entirely on healthy ageing and AD 

in humans. Studies were included if they measured regional CBF 
(rCBF) in multiple brain regions across a range of ages to calculate 
the effect of ageing on rCBF. Studies were only included that 
mapped the ageing process of individuals reaching >60 years. Both 
longitudinal and cross-sectional studies were included.

Studies which modified the patient state through ingestion of 
substances or external stimuli were not considered. Studies fo-
cussed on non-human species as well as those human patients with 
other underlying comorbidities (such as diabetes) were also ex-
cluded. In addition, studies were not considered where the data 
were not presented in a way that allowed for extraction of a per-
centage change in rCBF per year figure.

The neuropsychological tests used to determine patients were 
also recorded (see online suppl. Table 2). These were not consid-
ered as exclusion criteria due to limited available relevant studies 
for inclusion. The similarity of tests performed and clinical stan-
dards used across separate studies to determine healthy ageing and 
AD diagnosis suggest comparison between the data from these 
studies is valid.

Data Extraction
Data were found to be presented in the selected studies in one 

of two ways: a linear regression coefficient specifying the percent-
age change in rCBF per year or two discrete data points at different 
average ages. The latter can be converted to a percentage change 
and then directly compared to the regression coefficients. The use 
of a fractional change in CBF per year was intended to remove un-
certainty around the baseline measurements, due to variability be-
tween individuals and through other confounding factors.

There are many different imaging techniques used to measure 
the rCBF in vivo, and all of these were considered with the method 
for each selected study noted. For methods where brain diagrams 
were used to show the locations of sensors on the surface of the 
scalp, these were compared to a clinical brain diagram and the sub-
sequent regions labelled [12]. All data points from all studies were 
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included with the name of the brain region measured taken from 
the source study.

Patient characteristics were also screened for in this review. 
Only studies with representative gender balances and no abnormal 
characteristics on initial scans were chosen. The number of pa-
tients in each study was noted. The difference in age between the 
two sets of patients was also recorded in the case of discrete rCBF 
measurements.

Data Analysis
The data from the study selection contained many different 

designations for the same spatial location in the brain. These were 
then compared across studies, and identical regions with different 
nomenclature were combined. We took regions identified in each 
study as stated, and the final regional classification is shown in the 
results. In order to maximize the number of measurements, mea-
surements from regions which were found to be a subset of a final 
brain region were included as part of the final brain region mea-
surement. The results with these subsets excluded are not shown 
here as they were found to cause minimal difference in overall re-
gion mean and variance. For each individual brain region, a mean 
weighted by the number of patients in each study and a 95% con-
fidence interval (CI) for the measurements was calculated using 
the bootstrap method, resampling 500 times.

The purpose of this review is also to group brain regions by 
functionality. The classification is made to divide the cerebral 
structure into association regions responsible for complex pro-
cessing tasks, sensory regions that receive information, and motor 
regions which control and execute movement [13]. For each re-
gion found in a selected study, a definition is found from the study 
where the measurement was taken and an assessment made into 
which of these three primary groups its functionality falls. Mea-
surements of whole brain, white matter, and grey matter CBF are 
kept separate for comparison. These were checked with specific 
brain maps from Gray’s Anatomy and the clustering of functional-
ity can be assumed to be roughly based on regions within the brain 
[14].

Statistical testing was performed to assess the difference in CBF 
decrease in different brain region functionalities and with different 
imaging modalities, as well as the interactions between these two 
factors. These were performed on the dataset for brain regions 
where at least three measurements in the literature were found. 
This was done in order to understand if
1. the difference in the CBF decrease per year in association, sen-

sory, and motor regions was statistically significant
2. the difference in the CBF decrease per year measured with Xe-

133 inhalation, positron emission tomography (PET), single 
photon emission computed tomography (SPECT), and arterial 
spin labelling magnetic resonance imaging (ASL MRI) was sta-
tistically significant

3. the confounding factors of imaging modality and region func-
tionality have interaction effects

4. the difference in the CBF decrease per year between healthy 
ageing and AD was significant
Simple one-way and two-way ANOVA was suggested, but the 

CBF decreases per year data do not satisfy the assumptions of nor-
mality or homogeneity of variance (AD set). Instead, the non-
parametric Kruskal-Wallis test was used to assess the individual 
effects of functionality and imaging modality. This is considered 
invalid to assess the interaction effects as the test functions using 

data ranks. Therefore, two-way ANOVA was also carried out on 
the data as there is evidence in the literature of robustness of this 
test to violations of the normality assumption [15].

The data were also normalized, and then one-way and two-way 
ANOVA were carried out. As the data are all negative, a constant 
of 1 was added to all the data and the natural logarithm then taken. 
After this transform, the data still did not satisfy assumptions of 
normality. The data were then normalized by z-score to satisfy 
normality assumption and one-way and two-way ANOVA was 
performed, with results compared to those from the non-paramet-
ric tests.

To assess significant differences between groups, the Tukey 
HSD post hoc test was used. All calculations were performed using 
MATLAB.

Results

In total, there were 1,087 publications identified 
through the PubMed search and additional screening 
process. A total of 114 studies were selected for full-text 
review and 33 met all the criteria to be included in the 
study.

Of these studies, 21 researched healthy ageing and 11 
researched AD, with one study containing measurements 
for both AD and healthy patients. These studies included 
a total of 1,452 patients. In terms of study structure, 13 
were longitudinal and 20 were cross-sectional.

Characteristics of the Included Studies
The 33 included studies are shown in Table  1. The 

methods of CBF measurement in the included studies are 
as follows: Xe-133, PET, SPECT, and ASL MRI. The final 
studies comprise 5 Xe-133, 10 PET, 9 SPECT, and 9 ASL 
MRI studies. In Table 1, the difference between the mean 
values of each cohort (if there are multiple cohorts) is re-
corded, and longitudinal studies are denoted without an 
age difference with the mean age of longitudinal cohort 
in brackets.

Summary of rCBF with Ageing
Forty brain regions were identified as key areas of in-

terest and each of these are plotted in groups sorted by 
functionality, with an individual point representing a 
study measurement. Forty regions were found to be the 
number of regions which were present in the selected 
studies to cover the entire brain volume with minimal 
overlap. Within each functional section, the regions are 
listed in order of brain regions matching the entire brain 
regions list in online supplementary Table 1. Online sup-
plementary Table 1 also contains a summary of the clas-
sification of each brain region with a clinical definition.
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As is consistent with the literature, in Figure 1 a sig-
nificant decrease in CBF with healthy ageing was seen 
throughout the brain with large variability between re-
gions and within individual region measurements. As 
shown in Figure 2, this decrease is much larger in AD 
than in healthy ageing, although data on fewer regions are 
available for the AD dataset.

In order to summarize the data, these measurements 
are grouped by functionality as individual mean values 
and 95% CIs in Figures 3 and 4. The mean values (weight-
ed by number of patients per study) and CIs of percentage 
CBF change per year are −0.37% (95% CI: −0.42, −0.32), 
−0.40% (95% CI: −0.46, −0.34), −0.40% (95% CI: −0.49, 

−0.31), and −0.34% (95% CI: −0.41, −0.27) for the entire 
regions, association regions, sensory regions, and motor 
regions, respectively, for healthy ageing and −3.2% (95% 
CI: −4.1, −2.3), −5.0% (95% CI: −6.2, −3.8), −2.1% (95% 
CI: −3.2, −1.0), and −2.2% (95% CI: −3.8, −0.6) for the 
entire regions, association regions, sensory regions, and 
motor regions, respectively, for ageing with AD.

Graphs summarizing the weighted mean and 95% CIs 
in each individual region can be found in online supple-
mentary Figures 2 and 3. These illustrate the degree of 
variability found in the data for each individual brain re-
gion, even when summarized and weighted by patient 
number.

Table 1. Characteristics of included studies

H/AD Study Year Sample Imaging modality Age difference 
(mean age)

H Naritomi et al. [42] 1979 46 Xe-133 inhalation − (52)
H Melamed et al. [43] 1980 44 Xe-133 inhalation − (42)
H Zemcov et al. [44] 1984 33 Xe-133 inhalation − (45)
H Pantano et al. [45] 1984 27 PET 25
H Tachibana et al. [46] 1984 20 SPECT − (56)
H Tsuda and Hartmann [47] 1989 30 Xe-133 inhalation 37
H Hagstadius and Risberg [48] 1989 97 Xe-133 inhalation − (42)
H Leenders et al. [49] 1990 34 PET − (45)
H Martin et al. [50] 1991 30 PET − (62)
H Waldemar et al. [51] 1991 21 SPECT 33
H Claus et al. [52] 1998 35 SPECT 15
H Krausz et al. [53] 1998 27 SPECT − (49)
H Meltzer et al. [54] 2000 27 PET − (56)
H Larsson et al. [55] 2001 24 SPECT 48
H Giovacchini et al. [14] 2004 15 PET 38
H Chen et al. [56] 2011 75 ASL MRI 21
H Santos-Galdurόz et al. [57] 2012 77 SPECT 39
H Aanerud et al. [58] 2012 40 PET 20
H Zimmerman et al. [59] 2014 55 ASL MRI − (69)
H De-Vis et al. [60] 2015 46 ASL MRI 38
H Zhang et al. [61] 2018 30 ASL MRI − (46)
H & AD Beason-Held et al. [62] 2013 99 & 22 PET − (69)
AD Amano et al. [63] 1982 15 SPECT 4
AD Eberling et al. [64] 1992 52 SPECT 5
AD Ishii et al. [65] 1997 28 PET 3
AD Ishii et al. [66] 1998 26 PET 3
AD Huang et al. [67] 2007 39 SPECT − (62)
AD Firbank et al. [68] 2011 46 ASL MRI 3
AD Mak et al. [69] 2012 28 ASL MRI 5
AD Alexopoulos et al. [70] 2012 43 ASL MRI 3
AD Codispoti et al. [71] 2012 6 PET 7
AD Binnewijzend et al. [72] 2016 144 ASL MRI 8
AD Lajoie et al. [73] 2017 71 ASL MRI 3

Studies without an age difference are longitudinal, with the mean age in brackets. H, healthy; AD, Alzheimer’s 
disease; Sample, number of patients in a study; Age diff., difference between the mean ages of cohorts in a study.
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Fig. 1. Individual study results for each brain region in healthy ageing.

Fig. 2. Individual study results for each brain region in AD.
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Fig. 3. Weighted summary mean and 95% CI values of CBF with healthy ageing.

Fig. 4. Weighted summary mean and 95% CI values of CBF in AD.
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Statistical Testing Results
Statistical tests were performed on this dataset without 

weighting by number of patients (i.e., average reduction in 
CBF of studies without adjusting for study cohort size). The 
mean values of the raw data without weighting were −0.38%, 
−0.39%, −0.36%, and −0.31% for the entire regions, asso-
ciation regions, sensory regions, and motor regions, respec-
tively, for healthy ageing and −4.0%, −4.6%, −1.6%, and 
−2.2% for the entire regions, association regions, sensory 
regions, and motor regions, respectively, for ageing with 
AD. This corresponds to small differences between weight-
ed and unweighted results for included studies.

The results for the statistical tests were consistent be-
tween the parametric and non-parametric equivalent 
tests that we carried out. The tests performed on the raw 
data using the Kruskal-Wallis test showed no significant 
difference in CBF decrease per year between regions with 
different functionality (in healthy ageing [p = 0.65] or AD 
[p = 0.42]); in healthy ageing, measuring CBF using ASL 
MRI produces significantly larger CBF decreases per year 
than using Xe-133 inhalation (p value = 0.0001), PET  
(p = 0.0016), SPECT (p < 0.0001); in AD, the decrease 
measured using ASL MRI is significantly larger than us-
ing PET (p = 0.0465) but not SPECT (p = 0.6684); 2-way 
ANOVA shows no significant interaction effects between 
the two confounding factors of imaging and functionality 
in healthy ageing (p = 0.3101) and AD (p = 0.3166); there 
was a significant difference (p = <0.0001) between CBF 
decrease per year in healthy ageing and AD.

The parametric tests on normalized data lead to the same 
conclusions of significance with moderately different p val-
ues. There is no evidence to suggest that there is a difference 
in CBF decrease with regional functionality, but there is ev-
idence to suggest that imaging using ASL MRI leads to a 
larger measured decrease in CBF per year. There are no 
significant interaction effects between these two factors. 
The results suggest that the decrease in CBF with ageing is 
significantly larger in AD than in healthy ageing.

Discussion

There have been many reviews on CBF and ageing with-
in the human brain, although none quantifies the number 
of regions that this work attempts to summarize. The aim 
of this review was to identify studies with measurements of 
rCBF across an age range to assess the effect of ageing on 
this property. This review also investigates if the brain re-
gion functionality affects CBF in ageing. The reviews avail-
able in this area generally include CBF as a subsection of 

their overall scope, most commonly in conjunction with 
cerebral vessel structure and metabolism [2, 16, 17]. Many 
others also summarize the effect of factors such as exercise 
[18–20], carbon dioxide [21], or depression [22, 23] on CBF 
with age. There are also reviews discussing the benefits and 
limitations of specific imaging methodologies such as Func-
tional Near-Infrared Spectroscopy [24], SPECT [25, 26], 
PET [27–29], transcranial Doppler ultrasound [30], and 
both MRI and ASL MRI [19, 31]. A previous review of CBF 
in small vessel disease should be viewed as complementary 
to this work [32]. Taken together, these reviews allow for a 
differentiation between disease of the vascular structure 
(small vessel disease) and those with regional bias (AD) 
[33]. We focus on AD as it is the most common cause of 
dementia in the elderly [7].

The reduction of CBF with ageing is widely described 
in the literature, but there has previously been no review 
to summarize these results. This review attempts to syn-
thesize the available data and analyse CBF by brain region 
for healthy ageing and AD. The added variable of brain 
region functionality yields no statistically significant re-
sults, despite the mean reduction in CBF in AD being over 
twice as large in association regions than in the other re-
gions of the brain. This does suggest a possible trend, 
which will need to be investigated further as more data 
become available. However, the imaging modality used to 
collect the data has been shown to have an effect when ASL 
MRI is used, with ASL MRI consistently measuring larger 
CBF decreases with ageing. AD significantly exacerbates 
the loss in CBF per year by approximately a factor of ten 
compared to healthy ageing. The variability is also shown 
to be very large within individual region measurements 
and between brain regions of similar functional type.

The limitations of this review derive from the relative-
ly small quantity of data available which were presented 
in a format which could be extracted as a percentage 
change in CBF per year. Therefore, it could not be deter-
mined whether the variability is a function of the ageing 
process itself, or other confounding factors. There was 
also variability in the age of the included participants and 
therefore the results captured individuals at different 
stages of senescence.

The studies chosen for this review also only consider 
“healthy” ageing populations. The idea of “healthy” age-
ing is complex as many older individuals have comor-
bidities such as hypertension and diabetes, which have a 
significant effect on cerebrovascular health. There is also 
complexity added in how healthy ageing has been defined 
over time, especially as AD onset has become further un-
derstood, but this is not expected to have a large effect on 
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measurements [34]. Furthermore, the stage of disease has 
not been quantified in the studies reviewed which makes 
it difficult to assess the difference between mild AD and 
progressed AD. It is also difficult to quantify what a 
healthy brain is due to large inter-subject variability and 
the effect of senescence, although here we use a specific 
definition of an absence of comorbidities in senescence.

The main interacting factors on CBF drop identified 
in this study were the imaging modality, the functional 
region of the brain, and variability within individuals due 
to relative health of patients involved in the selected stud-
ies. Investigating the first two of these showed that func-
tionality of brain region had no significant effect on CBF 
decrease per year, although a non-significant trend was 
found for AD and association regions. By imaging meth-
od, ASL MRI was shown to have a greater measured de-
crease than other methods in both healthy ageing and 
AD. Several previous studies have shown that ASL MRI 
overestimates CBF magnitude versus other imaging tech-
niques, such as PET [34–36]. However, the method in this 
review deliberately converts the CBF values to a fraction-
al change to avoid this effect. It is thus surprising that this 
uncertainty between imaging methods persists, indicat-
ing that a degree of caution is needed when choosing an 
imaging modality for future experimentation or when in-
terpreting measurements of CBF in the literature.

We decided, due to the small number of studies, to in-
clude all studies referring to AD patients, taking the latest 
stage measurement possible for an individual cohort. 
However, since AD patients have a broad continuum of 
health this will naturally add uncertainty in comparing 
measurements in AD. By comparing the neuropsycholog-
ical tests used for each study, we were able to determine a 
relatively uniform standard applied to diagnose AD (us-
ing the National Institute of Neurological and Communi-
cative Disorders and Stroke and the Alzheimer’s Disease 
and Related Disorders Association [NINCDS-ADRDA] 
criteria [37] and other associated tests [e.g., Mini-Mental 
State Examination [38], Wechsler Adult Intelligence Scale 
[39]]). However, many of the studies do not specify spe-
cific thresholds applied when using these tests, so some 
discrepancy between stages of AD will remain.

The timescale for the AD reviews spans an average of 
4.6 years versus 31.4 years for cross-sectional studies in 
the healthy ageing reviews. The shorter timescale in anal-
ysis of AD CBF decrease per year may contribute to some 
of the extreme decreases seen in this case when calculat-
ing the percentage change. There was considerably less 
available data for the AD brain than in healthy ageing (46 
measurements in regions with at least 3 data points vs. 

160 measurements in healthy ageing), and therefore, we 
decided to include all these studies to maximize the ro-
bustness of the statistical results.

The resting CBF measured in these studies could also 
be considered in conjunction with the known atrophy of 
the brain in ageing as the smaller volume might simply 
require a lower glucose metabolism and supply of oxygen 
[40, 41]. We do not correct for atrophy in this review as 
this was not consistently performed through the available 
studies, and therefore we used non-corrected data for 
consistency. In addition, the resting CBF value does not 
capture the ability of the brain to respond to everyday 
events such as exercise, change in blood oxygen levels, 
and other physiological changes. Further explanation of 
the similarities and difference between how these quanti-
ties change with ageing in comparison to resting CBF will 
further clarify the use of CBF measurements in both clin-
ical practice and in in silico modelling.

This review clearly shows a strong negative correlation 
between ageing and reduction in CBF. The gradient of the 
CBF decrease increases greatly with the onset of AD. Fu-
ture work should identify how early this increased gradi-
ent is noticeable and whether the trend is linear through 
the ageing process. As more data become available to map 
the reduction of CBF with AD, reinvestigating the corre-
lation with functional region and imaging modality will 
provide more nuanced findings. Overall, however, we 
found that altered CBF has the potential to be a biomark-
er for early neurodegeneration, with the promise of iden-
tifying “unhealthy” brain ageing before the cognitive 
function of the individual is affected.
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