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Decline in large elastic artery
compliance with age: a therapeutic
target for habitual exercise
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Aerobic exercise can favourably modify arterial compliance in
middle-aged and older adults

C
ardiovascular diseases are preva-
lent in industrialised societies, and
age is the dominant risk factor for

morbidity and mortality.1 Consequently, a
primary public health concern is to under-
stand the mechanisms by which ageing is
associated with cardiovascular diseases
and to establish appropriate prevention
and intervention strategies. One putative
mechanism that has emerged as an
important risk factor for cardiovascular
disease is the age-associated decline in
large artery compliance.2 3 This single
degenerative alteration to the vasculature
has profound effects on cardiovascular
health, contributing to increased systolic
blood pressure and pulse pressure, iso-
lated systolic hypertension, reduced
cardiovagal baroreflex sensitivity,
increased aortic input impedance, left
ventricular hypertrophy and diastolic
dysfunction, atherosclerosis, and conges-
tive heart failure.1–4 As such, the age-
associated decline in arterial compliance
is an important therapeutic target for
habitual physical activity in the preven-
tion of cardiovascular diseases. The pur-
pose of this article is to highlight recent
studies from our laboratory and other
peer-reviewed literature that provide
compelling experimental evidence that
aerobic exercise can favourably modify
arterial compliance in middle-aged and
older adults.5–8 We will also present
evidence suggesting that resistance train-
ing is potentially detrimental to arterial
compliance unless combined with aerobic
exercise.

ARTERIAL COMPLIANCE AND
AGEING
Arterial compliance (and its inverse,
arterial stiffness) describes the ability of
an artery to distend in response to a
change in intravascular (transmural)
pressure. By distending and recoiling,
the large ‘‘elastic’’ arteries in the cardio-
thoracic region—for example, aorta and
carotid arteries—function to buffer the
oscillation in blood pressure caused by
ventricular pumping, and help to convert
intermittent blood flow from the ventricle

into continuous blood flow in the vascu-
lature.9 This compliant property of the
artery is typically determined by simulta-
neous measurements of changes in arter-
ial blood pressure and volume during the
cardiac cycle6 or by indirect measurement
of indices of arterial stiffness. Indirect
indices include the velocity of the pulse
wave along an arterial segment or mea-
surement of systolic pressure augmenta-
tion caused by early wave reflection from
peripheral sites such as the aortic bifurca-
tion.9

In healthy sedentary men and women,
arterial compliance is progressively
reduced by 40–50% between the ages of
,25 and 75 years.6 The mechanisms by
which arteries stiffen with advancing age
are complex and involve both structural
and functional alterations4 (fig 1). The
structural integrity of the arterial wall is
principally provided by the scaffolding
proteins, elastin and collagen.10 Elastin
becomes frayed and fragmented and total
elastin content of the arterial wall is
diminished with age.1 10 The collagen
matrix becomes unravelled, cross-linking
occurs, total collagen content increases,
and collagen fibre distribution becomes
disorganised and dysfunctional.10 An
unfavourable balance between matrix
metalloproteinases and their inhibitors is
induced by a number of activator mole-
cules, often in the context of a pro-
inflammatory/oxidative stress environ-
ment.10 Both elastin and collagen are
susceptible to non-enzymatic cross-link-
ing, with advanced glycation end products
that further stiffen the arterial wall.10

Vascular smooth muscle cells (VSMCs)
hypertrophy, proliferate and invade the
intima of the arterial wall, with conse-
quent thickening of the wall and intima-
media layer.10 The intimal layer of stif-
fened arteries also contains mononuclear
cells and macrophages, cell adhesion
molecules, cytokines and transforming
growth factors,10 all of which probably
contribute to the age-associated degenera-
tion and stiffening of the arterial wall.

Functional changes to vascular
endothelial cells and VSMCs influence
large artery compliance and have been

reviewed extensively.1–4 10 11 Vascular
endothelial function is impaired with
age, nitric oxide bioavailability is reduced,
and vasoconstrictor reactivity is
increased.12 VSMC tone is probably
increased with advancing age through
increased sympathetic nervous system
activity and a adrenergic receptor stimu-
lation, increased circulating vasoconstric-
tor molecules (for example, angiotensin
II, norepinephrine) and altered bioavail-
ability of locally synthesised vasodilator
molecules (for example, nitric oxide,
prostacyclin) and vasoconstrictor mole-
cules (for example, endothelin-1).1 3 12

Changes in myogenic tone, subclinical
atherosclerosis and a genetic predisposi-
tion for altered arterial function with age
may also be involved.4 Many of these
factors are probably mediated by age-
associated changes in inflammation and
oxidative stress,3 10 although the relative
contribution of these factors to the decline
in arterial compliance and the importance
of an inflammatory/oxidative stress phe-
notype are uncertain.

AEROBIC EXERCISE FAVOURABLY
MODIFIES ARTERIAL
COMPLIANCE WITH AGEING
Regular aerobic exercise appears to
attenuate the age-associated decline in
arterial stiffness and at least partially
restores arterial compliance in previously
sedentary older adults. Cross-sectional
data from the Baltimore Longitudinal
Study on Ageing were the first to show
that older endurance-trained adults had
lower aortic pulse wave velocity than their
sedentary peers, indicating greater arterial
compliance.8 By including cohorts of
younger adults, later cross-sectional stu-
dies were able to establish the effect of
habitual physical activity on the age-
related decline in arterial compliance.
The first of these studies showed that, in
women who undertook chronic vigorous
aerobic exercise, the age-associated
decline in large artery compliance was
slowed or even prevented.7 A follow-up
study showed that, in a cross-section of
men, the decline in arterial compliance
with age in endurance-trained men was
only half that observed in sedentary men
(fig 2).6 These studies found that maximal
aerobic capacity was the strongest phy-
siological correlate of arterial compliance
in men and women (fig 3) and, in
combination, suggest that regular aerobic
exercise attenuates age-associated reduc-
tions in large elastic artery compliance.

Intervention studies have determined
the effect of an aerobic exercise pro-
gramme on arterial compliance in pre-
viously sedentary middle-aged and older
adults. Men who undertook 3 months of
moderate intensity aerobic exercise (pri-
marily walking) increased carotid artery
compliance by ,25%.6 Arterial compliance

LEADER 897

www.bjsportmed.com



was still lower than in younger subjects
but was not significantly different from
middle-aged and older endurance-trained
men.6 Importantly, the change in arterial
compliance was independent of changes
in body composition, blood pressure and
other cardiovascular disease risk factors.

Findings from intervention studies in
women are also promising. A moderate
aerobic exercise intervention improved
arterial compliance in previously

sedentary postmenopausal women to
levels that were not different from
endurance-trained postmenopausal
women.5 Interestingly, arterial compli-
ance was restored to levels similar to
those of younger premenopausal
women after aerobic training in pre-
viously sedentary women who were
taking hormone replacement therapy.5

Greater arterial compliance in habitually
active men and women appears to confer
benefit on cardiovascular function in at
least two respects. Firstly, there is a strong
relationship between age-associated
increases in 24-hour systolic and pulse
pressure and arterial stiffness.13 As such, in
contrast with their sedentary peers, aerobic
exercise-trained women show no age-
associated increases in arterial stiffness or
arterial blood pressure.13 Secondly, the
progressive loss of cardiovagal baroreflex
sensitivity with ageing in healthy men is
strongly related to carotid artery stiffening,
but the decline in both is markedly
attenuated in endurance-trained men.14

Indeed, differences in arterial compliance
explain much or all of the differences in
cardiovagal baroreflex sensitivity asso-
ciated with age and endurance training.14

Taken together, these findings suggest that
habitual aerobic exercise may be an

effective first line of defence against the
age-related decline in arterial compliance
and associated changes in cardiovascular
function and disease risk.

MECHANISMS
There is little direct evidence about the
mechanisms by which habitual physical
activity influences arterial compliance,
but presumably the age-associated
changes to large artery structure and/or
function are attenuated or reversed.3 4

Greater total elastin and reduced collagen
calcification are observed in the aorta of
aerobically trained compared with seden-
tary rats,15 and collagen cross-linking is
,50% in the left ventricle of aerobically
trained middle-aged and older rats com-
pared with age-matched sedentary con-
trol animals.16 If collagen and elastin in
the large arteries of humans are similarly
protected by aerobic exercise, physical
activity across the lifespan may benefit
arterial compliance by attenuating detri-
mental changes to the structural proper-
ties of the arterial wall. It is not known if
short-term exercise interventions alter the
structural composition of the arterial wall,
but it is thought that this is unlikely and
any such alterations would require a
longer period.10

Changes in large artery compliance
following an aerobic exercise intervention
are relatively rapid and may reflect
changes in VSMC tone, mediated at least
partially by vascular endothelial cell
function. Vascular endothelial cells
synthesise nitric oxide which diffuses to
VSMCs causing relaxation.12 This vascular
endothelium-dependent vasodilation
declines with sedentary ageing, but is
preserved in endurance-trained men, and
a short-term programme of aerobic exer-
cise completely restores the age-related
loss of endothelium dependent vasodila-
tion in previously sedentary men.17 An
increase in nitric oxide bioavailability
with habitual exercise may tonically sup-
press VSMC tone in the arterial wall with
a corresponding increase in arterial com-
pliance.11 Arterial stiffness (aortic pulse
wave velocity) is increased in rats if nitric
oxide synthesis is pharmacologically abol-
ished,18 and mRNA and protein expres-
sion of endothelium nitric oxide synthase
are increased in aerobically trained rats.19

Taken together, these studies indicate
that aerobic exercise may increase nitric
oxide bioavailability with a consequent
reduction in VSMC tone and increase in
arterial compliance. However, at present,
there is no direct evidence linking habi-
tual exercise-related improvements in
vascular endothelial function to increases
in large elastic artery compliance.

Several other mechanisms are prob-
ably involved and require further inves-
tigation, including alterations in other
vasodilator factors (for example,

Figure 1 Contrasting effects of physiological ageing and exercise with an aerobic component on
artery compliance, including possible mechanisms and clinical end points. AGEs, Advanced
glycation end products; AI, augmentation index; BRS, baroreflex sensitivity; CAD, coronary artery
disease; CHF, congestive heart failure; EF, ejection fraction; ESV, end-systolic volume; IMT, intima-
media thickness; LV, left ventricle; MI, myocardial infarction; PAD, peripheral arterial disease; PP,
arterial pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; SCD, sudden
cardiac death; V Fib, ventricular fibrillation; VSM, vascular smooth muscle. Adapted from Seals4 to
include the possible role of combined aerobic and resistance training.

Figure 2 The decline in carotid artery
compliance with age is smaller in endurance-
trained than sedentary men. *p,0.05
compared with younger men of similar activity
status. �p,0.05 compared with sedentary men
of similar age. Adapted from Tanaka et al.6
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prostaglandins, endothelial-derived
hyperpolarising factor), vasoconstrictor
molecules (for example, endothelin-1
and angiotensin II), inflammatory med-
iators, reactive oxygen species and/or
anti-oxidant defences. One of the chal-
lenges of future investigations is to
provide further insight into the specific
cellular and molecular mechanisms by
which habitual exercise favourably
modulates the age-associated decline
in arterial compliance in humans, and
the consequences of this modulation for
overall cardiovascular health.1–4 10 11

RESISTANCE TRAINING AND
ARTERIAL COMPLIANCE WITH
AGEING
Evidence has emerged to show that
arterial compliance is lower in both
younger and middle-aged men who
habitually perform intense resistance
training compared with age-matched
sedentary controls.20 21 This potentially
detrimental effect of resistance training
on arterial compliance was subsequently
supported by intervention studies in both
men and women.22 22a In a randomised
control trial, arterial compliance was
reduced after 2 months of resistance
training without further decline after
4 months.22 This effect was fully reversed
after 4 months of detraining, showing
relatively rapid plasticity in arterial com-
pliance with resistance training. One
possible explanation is that the reduction
in arterial compliance is an immediate,
temporary response to a bout of resistance
training without longer-term change in
arterial structure and function. A recent
study found that arterial compliance was
reduced immediately after a single bout of
resistance exercise, but returned to pre-
exercise values by 60 min after exercise.23

In combination, these studies suggest that
arterial stiffening induced by resistance
training is an adaptive response that is
reversed by a period of detraining.
Whether detraining improves arterial

compliance in adults who have engaged
in intensive resistance training over many
years is unknown.

The adverse effect of resistance training
on arterial compliance is of concern
because moderate strength training has
been recommended as a counter-measure
to the loss of muscle mass (sarcopenia)
and frailty with ageing. However, recent
evidence indicates that combining aerobic
exercise training with a programme of
resistance training is an effective strategy
to prevent the negative consequences of
resistance training on arterial stiffness.
Cross-sectional data showed that middle-
aged and older rowers who engaged in
both resistance and aerobic exercise train-
ing had greater arterial compliance than
their sedentary peers.24 Further studies
will need to determine if the addition of
aerobic training improves arterial compli-
ance in middle-aged and older adults who
have engaged in long-term resistance
training. The mechanisms by which
resistance training reduces arterial com-
pliance also need to be elucidated to
determine the optimal aerobic training
strategy to complement resistance train-
ing.

SUMMARY
Arterial compliance progressively declines
with advancing age and increases the risk
of cardiovascular diseases. Aerobic exer-
cise training attenuates this decline and
improves arterial compliance in pre-
viously sedentary middle-aged and older
adults. Intensive resistance training alone
may increase arterial stiffness, but this is
not observed with combined aerobic and
resistance training. As such, the evidence
to date suggests that habitual physical
activity that includes an aerobic exercise
component is a useful therapeutic strat-
egy in the management of the age-
associated decline in arterial compliance.
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Figure 3 Aortic pulse wave velocity (PWV) is
inversely related to maximal aerobic capacity
(V̇O2MAX) in pooled aerobically trained
premenopausal and postmenopausal women.
Adapted from Tanaka et al.7
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