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Ageing causes changes to the brain size, vasculature, and
cognition. The brain shrinks with increasing age and there
are changes at all levels from molecules to morphology.
Incidence of stroke, white matter lesions, and dementia
also rise with age, as does level of memory impairment
and there are changes in levels of neurotransmitters and
hormones. Protective factors that reduce cardiovascular
risk, namely regular exercise, a healthy diet, and low to
moderate alcohol intake, seem to aid the ageing brain as
does increased cognitive effort in the form of education or
occupational attainment. A healthy life both physically and
mentally may be the best defence against the changes of an
ageing brain. Additional measures to prevent
cardiovascular disease may also be important.
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T
he effects of ageing on the brain and
cognition are widespread and have multiple
aetiologies. Ageing has its effects on the

molecules, cells, vasculature, gross morphology,
and cognition. As we age our brains shrink in
volume, particularly in the frontal cortex. As our
vasculature ages and our blood pressure rises the
possibility of stroke and ischaemia increases and
our white matter develops lesions. Memory
decline also occurs with ageing and brain
activation becomes more bilateral for memory
tasks. This may be an attempt to compensate and
recruit additional networks or because specific
areas are no longer easily accessed. Genetics,
neurotransmitters, hormones, and experience all
have a part to play in brain ageing. But, it is not
all negative, higher levels of education or
occupational attainment may act as a protective
factor. Also protective are a healthy diet, low to
moderate alcohol intake, and regular exercise.
Biological ageing is not tied absolutely to
chronological ageing and it may be possible to
slow biological ageing and even reduce the
possibility of suffering from age related diseases
such as dementia.

PHYSICAL CHANGES
It has been widely found that the volume of the
brain and/or its weight declines with age at a rate
of around 5% per decade after age 401 with the
actual rate of decline possibly increasing with
age particularly over age 70.2 The manner in
which this occurs is less clear. The shrinking of
the grey matter is frequently reported to stem
from neuronal cell death3–5 but whether this is
solely responsible or even the primary finding is
not entirely clear.6 It has been suggested that a
decline in neuronal volume rather than number

contributes to the changes in an ageing brain
and that it may be related to sex with different
areas most affected in men and women.7

Additionly, there may be changes in dentritic
arbour, spines, and synapses. Dendritic sprouting
may occur thus maintaining a similar number of
synapses5 and compensating for any cell death.4

Conversely a decrease in dendritic synapses or
loss of synaptic plasticity has also been
described.8 Functional organisational change
may occur and compensate in a similar way to
that found in patients after recovery from
moderate traumatic brain injury.9 However
research in the latter area suffers from small
numbers of cases. The role of white matter in the
ageing brain also needs to be considered.3 White
matter may decline with age, the myelin sheath
deteriorating after around the age of 40 even in
normal ageing and it has been suggested that the
late myelinating regions of the frontal lobes are
most affected by white matter lesions (WML)10–

12) although not all studies support this view.13

Leukoariosis/WML increase with age and may
indicate subclinical ischaemia. They will be
discussed in more detail below.

Brain changes do not occur to the same extent
in all brain regions.6 That these brain changes are
not uniform is supported by a longitudinal study,
using two MRI scans separated by around one or
two years,2 and by a review of cross sectional
studies. The latter included only those studies
that compared younger (aged less than 30) and
older (greater than 60) groups to compare wider
age ranges and in contrast with much of the
other work in this area. The review looked at
volume and found that the prefrontal cortex was
the most affected. The striatum came second
with the analysis including over seven studies.
The temporal lobe, cerebellar vermis, cerebellar
hemispheres, and hippocampus also reduced
volume with between 8 and 18 studies and the
prefrontal white matter also showed a reduction
(five studies). The occipital cortex was the least
affected (five studies).3 The finding that the
prefrontal cortex is most affected and the
occipital least, fits well with the cognitive
changes seen in ageing, although some studies
also suggest that ageing has the greatest effect in
the hippocampus.4 8 Men and women may also
differ with frontal and temporal lobes most
affected in men compared with the hippocampus
and parietal lobes in women.7 14 Finally the rate
of reduction in brain volume may increase with

Abbreviations: AD, Alzheimer’s disease; WML, white
matter lesion; VaD, vascular dementia
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age particularly over 70 although numbers studied are very
small.2 Because of the individual differences seen in brain
development and ageing15 mapping structure to function and
change because of ageing is a complex task,16 however there
are studies that show links between volume and neuropsy-
chological function. A study looking at cortical volume and
white matter hyperintensity volume in 140 people aged 50 to
81 years pre-screened for dementia and depression, found an
association between increasing age, a reduction in prefrontal
cortical volume, increased subcortical white matter lesions,
and an increase in perseverative behaviour (decreased
executive function).17

COGNITIVE CHANGE
The most widely seen cognitive change associated with
ageing is that of memory. Memory function can be broadly
divided into four sections, episodic memory, semantic
memory, procedural memory, and working memory.18 The
first two of these are most important with regard to ageing.
Episodic memory is defined as ‘‘a form of memory in which
information is stored with ‘mental tags’, about where, when
and how the information was picked up’’.19 An example of an
episodic memory would be a memory of your first day at
school, the important meeting you attended last week, or the
lesson where you learnt that Paris is the capital of France.
Episodic memory performance is thought to decline from
middle age onwards. This is particularly true for recall in
normal ageing and less so for recognition.20 It is also a
characteristic of the memory loss seen in Alzheimer’s disease
(AD).18

Semantic memory is defined as ‘‘memory for meanings’’,
for example, knowing that Paris is the capital of France, that
10 millimetres make up a centimetre, or that Mozart
composed the Magic Flute.19 Semantic memory increases
gradually from middle age to the young elderly but then
declines in the very elderly.20 It is not yet clear why these
changes occur and it has been hypothesised that the very
elderly have less resources to draw on and that their
performance may be affected in some tasks by slower
reaction times, lower attentional levels, slower processing
speeds, detriments in sensory and or perceptual functions, or
potentially a lesser ability to use strategies.20–23

There have been studies investigating different types of
memory in ageing using neuropsychological testing and
neuroimaging. However, it must be pointed out that it is
sometimes methodologically difficult to separate some of
these functions, for example episodic memory encoding and
semantic memory retrieval.24 Despite this studies are begin-
ning to examine performance on memory tasks with ageing
and by neuroimaging. A review article focusing in this area
highlighted the changes in regional brain activation.24 Older
brains tend to show more symmetrical activation, either
because they have increased activation in a hemisphere that
is less activated than in younger adults or because they show
reduced activation in the areas most activated in younger
adults. This has been shown for visual perception and in
memory tasks.24 The observed changes in activation in the left
and right prefrontal cortex are in keeping with changes in
memory performance, particularly episodic memory, as this is
thought to be based in this area.24 It has also been suggested
that the actual level of brain activation, as shown in
neuroimaging, may be related more directly to the levels of
memory performance.25 A review of studies using electro-
encephalograms to examine event related potentials in
response to stimuli also contribute some support for
increased symmetry in brain activation with age.26

The increased symmetrical hemispheric activation is a
robust finding and has been referred to as HAROLD or
hemispheric asymmetry reduction in older adults. It is not

clear whether this change is an attenuation of the response
seen in younger subjects, an inability to recruit specific areas,
or an attempt to compensate for the ageing process.21 23 25 This
change in activation occurring in the frontal lobes fits with
changes in memory performance and with the possible white
matter changes referred to above, however, other factors such
as changes in neurotransmitter or hormone levels also
require consideration.

MECHANISMS OF CHANGE
The neurotransmitters most often discussed with regard to
ageing are dopamine and serotonin. Dopamine levels decline
by around 10% per decade from early adulthood and have
been associated with declines in cognitive and motor
performance.20 27 It may be that the dopaminergic pathways
between the frontal cortex and the striatum decline with
increasing age, or that levels of dopamine itself decline,
synapses/receptors are reduced or binding to receptors is
reduced.20 Serotonin and brain derived neurotrophic factor
levels also fall with increasing age and may be implicated in
the regulation of synaptic plasticity and neurogenesis in the
adult brain28 A substance related to neurotransmitter levels,
monoamine oxidase, increases with age and may liberate free
radicals from reactions that exceed the inherent antioxidant
reserves.29 Other factors that have been implicated in the
ageing brain include calcium dysregulation,30 mitochondrial
dysfunction, and the production of reactive oxygen species.31

Another factor to consider with regard to the ageing brain
and its cognitive performance is hormonal influence. It is
known that sex hormones can affect cognitive processes in
adulthood and that changes in sex hormones occur in ageing
particularly in women at menopause. Women also have a
higher incidence of AD even when longer life expectancy is
taken into account.14 AD is characterised by failing memory
and there has been a suggestion that oestrogen therapy may
increase dopaminergic responsivity32 and play a protective
part in AD.33 34 It must be remembered though that the use of
HRT has recently been shown to have cancer risks.35 Growth
hormone levels also decline with age and may be associated
with cognitive performance although the evidence is far from
clear.36

The ageing brain may also suffer from impaired glucose
metabolism20 or a reduced input of glucose or oxygen as
cerebrovascular efficiency falls, although reduction in glucose
may partly be attributable to atrophy rather than any change
in glucose metabolism.37 Change in vasculature is important
and another common finding in elderly brains related to
ischaemia are white matter lesions and stroke.

VASCULAR FACTORS AND DEMENTIA
WML, strokes, and dementia increase with increasing
age.10 12 38 39 WML show levels of heritability,40 are common
in the elderly even when asymptomatic and are not the
benign finding they were once thought to be.11 41 For a review
see Hsu-Ko.42 WML or hyperintensities are related to
increased cardiovascular risk13 42 and a reduction in cerebral
blood flow, cerebral reactivity,43 and vascular density
although it is unclear if the WML prompt the vessel loss or
vice versa.44 They may also associated with further tissue
changes in grey matter visible when using magnetisation
transfer magnetic resonance imaging.45 WML are found more
in frontal rather than posterior brain regions in keeping with
cognitive and morphological findings discussed above10 12)
and the fact that WML are related to poor cognition has been
shown.13 41 46 Other damage associated with ageing and
related to blood pressure and vascular factors include strokes
and small vessel disease. Moderate to high 24 hour
ambulatory blood pressure has been related to increased
brain atrophy as has increased variability of systolic blood
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pressure.47 In Japanese subjects raised systolic blood pressure
was related to grey matter volume loss in a cross sectional
study48 and in the Framingham offspring cohort an increased 10
year risk of first stroke was associated with decrements in
cognitive function.38 The authors suggest that this may be
attributable to cerebrovascular related injuries, accelerated
atrophy, white matter abnormalities, or asymptomatic
infarcts.38 That cerebral vasculature could be related to cognitive
function is not surprising because microvasculature ability to
respond to metabolic demand falls with increasing age and
moreover functional adult neurogenesis49 50 may be related to
good capilliary growth. For reviews see Lie et al and Riddle et
al.51 52 In addition to this there have been many links made
between dementia, even AD, and vascular risk factors.53–55

Increasing evidence points to vascular factors not only
contributing to cognitive problems in ageing but also to the
two most common dementias seen in this population. The
prevalence of dementia increases almost exponentially with
increasing age with around 20% of those aged 80 affected
rising to 40% of those aged 90.39

The dementia types seen most frequently in the elderly are
AD accounting for around 40%–70% of dementias, and
vascular dementia (VaD) 15%–30%.39 56 In recent years, it
has seemed increasingly likely that there is an overlap
between these two dementias57 and there have been calls for
AD to be reclassified as a vascular disorder58 or for dementia
to become a multifactorial disorder59 A postmortem study
found that 77% of VaD cases showed AD pathology60 and
high blood pressure has been associated with increased
neurofibrilliary tangles characteristic of AD.61 Multiple types
of vascular pathology have been associated with AD includ-
ing microvascular degeneration, disorders of the blood-brain
barrier, WML, microinfarctions, and cerebral haemorrhages.62

It has been suggested that large vessel factors, for example,
atherosclerosis, increase the risk of AD63 and may play a part
in cerebral vessel amyloid deposition.64 AD patients do show
significantly higher levels of cerebrovascular pathology when
compared with controls at postmortem examination65

although this did not correlate with severity of cognitive
decline. A similar finding, that small infarcts in AD do not
affect the rate of cognitive decline,66 suggests that vascular
factors may unmask or magnify underlying AD pathology,62 67

or shorten the pre-clinical phase of AD, at least in Western
populations.68 Alternatively multiple risk factors may be
acting together.69 70 The characteristic neurofibrilliary tangles
and plaques found in AD are also evident to some degree in
most elderly brains at postmortem examination even those
without symptoms, as are white matter lesions.71

The issue of normal ageing is a difficult one because there
are studies that show cognitively intact adults aged 100,72 73

and yet a high percentage suffer from dementia and the line
between mild cognitive impairment and normal memory
changes74 is still a little blurred.75 76 What is in no doubt is
that changes in brain vasculature, WML and intra/extra
cellular changes are likely to begin in midlife.71 There are
many influences on the ageing brain, genetics, biological, and
environmental influences all of which contribute to the
physiological and cognitive changes77 78; Mattson79 provided a
review.

Risk factors that have been put forward with regard to
ageing and development of dementia include hypertension,
diabetes, hyperhomocysteinaemia, and a high cholesterol
although the evidence for all but hypertension is far from
clear.80–87 Protective factors include diet, alcohol, exercise, and
intellectual pursuits.

PROTECTIVE FACTORS
That diet may have a part to play in biological ageing and the
development of cognitive decline is raised by studies showing

that a diet higher in energy and lower in antioxidants is a risk
factor88 alongside studies showing that energy restriction may
prolong life,79 89 reduce oxidative damage,90 or ameliorate/
protect against cognitive decline.79 89 91 Increased consump-
tion of fish and seafood, even only once a month, may be
protective and reduce stroke.92 Consumption of antioxidant
supplements93 may be protective although the evidence for
other preparations purported to aid cognitive function, such
as ginkgo biloba or piracetam is mixed.94 In addition to a
healthy diet, low to moderate alcohol intake may reduce
cardiovascular risk and may stimulate the hippocampus.
Alcohol seems to show a U or J shaped curve such that
teetotal people or heavy drinkers are disadvantaged whereas
moderate drinkers show reduced WML, infarcts, and even
dementia.95–98 Exercise is also beneficial and studies have
shown increasing executive functioning and even reduction
in the ageing expected decline of white and grey tissue
density with increased fitness.99 100 As is shown by the studies
mentioned above, biological age is not always synchronised
with chronological age particularly with regard to cardiovas-
cular risk factors.101 Lower cardiovascular risk may be linked
to lower biological age and vice versa. Another factor to
consider with regard to cognitive decline is the effect of
intelligence and environmental factors such as schooling and
occupation contributing to a cognitive reserve that protects
against decline despite neuropathology22 102–104 although there
is not total support for this theory.105

CONCLUSION
That the brain changes with increasing chronological age is
clear, however, less clear is the rate of change, the biological
age of the brain, and the processes involved. The brain
changes that may affect cognition and behaviour occur at the
levels of molecular ageing, intercellular and intracellular
ageing, tissue ageing, and organ change. There are many
areas of research under investigation to elucidate the
mechanisms of ageing and to try to alleviate age associated
disorders, particularly dementias that have the biggest impact
on the population. In terms of personal brain ageing the
studies suggest that a healthy lifestyle that reduces cardio-
vascular risk will also benefit the brain. Medical care in this
area may even offer limited protection in terms of cognitive
decline but this needs to be shown for antihypertensives,
antiplatelet, and anticholesterol agents. It is also important to
take note of the limitations in studies on the ageing brain.
Many studies are cross sectional in nature, have small
numbers of participants with wide ranges in chronological
age, lack control for risk factors or protective factors, take no
account of education that may improve performance on
cognitive tests, and finally lack assessment with regard to
depression that may also affect performance. It must be
remembered that the brains of an elderly group may
show cohort effects related to wider environmental influ-
ences, for example, lack of high energy foods while
growing up.2 It is also extremely difficult to separate out
and measure single cognitive processes to fully understand
any changes.106

Future studies need to take full account of these factors
and ‘‘cross sequential’’, a combination of cross sectional and
longitudinal studies, have been proposed.3 It is clear that our
understanding of the ageing brain continues to grow but still
requires much research that is especially important given the
numbers of elderly people in society and their potential levels
of cognitive impairment. Where appropriate, randomised
controlled trials of therapeutic measures may, in future, lead
the way to greater understanding.
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