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Elevation in cerebral blood flow velocity with aerobic
fitness throughout healthy human ageing
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It is known that cerebral blood flow declines with age in sedentary adults, although previous
studies have involved small sample sizes, making the exact estimate of decline imprecise and the
effects of possible moderator variables unknown. Animal studies indicate that aerobic exercise
can elevate cerebral blood flow; however, this possibility has not been examined in humans. We
examined how regular aerobic exercise affects the age-related decline in blood flow velocity
in the middle cerebral artery (MCAv) in healthy humans. Maximal oxygen consumption,
body mass index (BMI), blood pressure and MCAv were measured in healthy sedentary
(n = 153) and endurance-trained (n = 154) men aged between 18 and 79 years. The relationships
between age, training status, BMI and MCAv were examined using analysis of covariance
methods. Mean ± s.e.m. estimates of regression coefficients and 95% confidence intervals (95%
CI) were calculated. The age-related decline in MCAv was −0.76 ± 0.04 cm s−1 year−1 (95%
CI = −0.69 to −0.83, r2 = 0.66, P < 0.0005) and was independent of training status (P = 0.65).
Nevertheless, MCAv was consistently elevated by 9.1 ± 3.3 cm s−1 (CI = 2.7–15.6, P = 0.006) in
endurance-trained men throughout the age range. This ∼17% difference between trained and
sedentary men amounted to an approximate 10 year reduction in MCAv ‘age’ and was robust
to between-group differences in BMI and blood pressure. Regular aerobic-endurance exercise is
associated with higher MCAv in men aged 18–79 years. The persistence of this finding in older
endurance-trained men may therefore help explain why there is a lower risk of cerebrovascular
disease in this population.
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Normal ageing is associated with marked structural
and functional alterations in the cardiovascular and
cerebrovascular systems, which are linked to neurophysio-
logical and psychological changes (Matteis et al. 1998;
Niehaus et al. 2001). Given the rapid increase in ageing and
life expectancy, and the related medical costs associated
with treatment of age-related disorders, identifying
effective interventions to ameliorate the normal decline in
cardiovascular and cerebrovascular function are critical.
Engagement in regular aerobic-endurance exercise is
associated with enhanced systemic arterial endothelial
function, reduced large elastic artery stiffness, and a
reduced risk of arterial atherosclerotic clinical disease
in middle-aged and older adults (Clarkson et al. 1999;
DeSouza et al. 2000; Taddei et al. 2000). Furthermore, the

results of longitudinal studies indicate that improvements
in cardiovascular fitness can provide a positive effect on
human cognitive abilities (Kramer et al. 1999), potentially
offsetting declines in cerebral tissue density (Colcombe
et al. 2003) and increasing brain volume in ageing
humans (Colcombe et al. 2006). Animal studies have
clearly identified that voluntary physical exercise improves
long-term stroke outcome by mechanisms related to
improved angiogenesis and elevations in cerebral blood
flow (CBF) (Endres et al. 2003; Gertz et al. 2006). It
therefore seems possible that habitual exercise favourably
maintains cerebral perfusion during otherwise healthy
ageing. The aim of this study was to provide the first
large-scale systematic examination of the association
between physical fitness and cerebral blood flow, as
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estimated using transcranial Doppler ultrasound. The
study used rigorously screened healthy humans to avoid
known effects of some prevalent age-related diseases on
cerebral blood flow.

Methods

Subjects

A total of 307 healthy men aged 18–79 years were studied.
For at least the previous 2 years (range 2–31 years),
participants were either sedentary (no regular physical
activity; n = 153) or were endurance exercise-trained
(vigorous aerobic-endurance exercise more than 4 times
per week and competing in local road running or
cycling races; n = 154). The endurance-trained group and
sedentary group were specifically recruited on the basis
of life-long physical activity or inactivity, respectively.
The training history information revealed that, in the
sedentary group, there were no reports of progressive
training prior to a 2 year period of inactivity. The higher
aerobic capacity throughout ageing in the trained group
was confirmed by means of an incremental exercise
test to volitional exhaustion. Across the full age range
in our study, the mean (S.E.M.) values for V̇O2 peak
were 34.9 (0.4) ml kg−1 min−1 for the sedentary group
compared with 52.4 (0.4) ml kg−1 min−1 for the active
group (P < 0.0005). Participants were included if they
were normotensive (< 140/90 mmHg), non-smokers,
non-obese and free of overt chronic diseases, as assessed
by detailed medical history, physical examination and
12-lead ECG. None of the participants were taking
any medication. The study was approved by the Local
Ethical Committee, conformed to the standards set by the
Declaration of Helsinki, and written informed consent was
obtained.

Experimental design

Following familiarization of each subject, participants
arrived at the laboratory having abstained from exercise
and alcohol for 24 h, and having not consumed a heavy
meal or items containing caffeine for 4 h. To ascertain the
reproducibility of the transcranial Doppler measurements,
71 subjects returned to the laboratory (>1 week) at
the same time of day following the first monitoring
period.

Measurements

Measurements were performed with subjects in the supine
position following a minimum of 15 min of rest. Blood
flow velocity in the right or left middle cerebral artery
was measured using a 2 MHz pulsed Doppler ultrasound

system (DWL Doppler, Sterling VA, USA) using search
techniques described elsewhere (Aaslid et al. 1982). The
Doppler probe was secured with a headband device
(Spencer Technologies, Nicolet Instruments, Madison,
WI, USA) to maintain optimal insonation position and
angle throughout the protocol. End diastolic, peak systolic
and mean cerebral blood flow velocities were recorded
automatically. The mean MCAv was defined as: 1/3 (peak
systolic flow velocity + 2 × end diastolic flow velocity).
In 89 subjects, across the age ranges, bilateral MCAv
was obtained. As there were no significant differences
between right and left MCAv, the average value was
used. Beat-to-beat arterial blood pressure and heart
rate were measured using finger photoplethysmography
(Finometer, TPD Biomedical Instrumentation, the
Netherlands) and ECG, respectively. Manual blood
pressure recordings were intermittently used to confirm
the accuracy of the finger photoplethysmography
measurements. End-tidal CO2 was sampled from a
leak-free mask and measured by a gas analyser (model
CD-3A CO2 analyser, AEI Technologies, Pittsburgh, PA,
USA). All data were acquired continuously at 200 Hz using
an analog-to-digital converter (Powerlab/16SP ML795;
ADInstruments, Colorado Springs, CO, USA) inter-
faced with a computer, and were subsequently analysed
using commercially available software (Chart version
5.02, ADInstruments). Cerebrovascular resistance index
(CVRi) was calculated as MAP/MCAv.

Maximal oxygen consumption

On a different day, subjects performed incremental
treadmill (n = 211) or cycling (n = 96) exercise to
exhaustion for the direct determination of maximal
oxygen consumption (aerobic fitness) from continuous
measurement of their respiratory gas exchanges. The
exercise was considered to be maximal when three of the
following criteria were obtained: no change in oxygen
consumption while increasing workload (levelling off
criterion), respiratory exchange ratio > 1.1, heart rate
(HR) within 10% of maximal predicted value, and
maximal rating of perceived exertion or the inability of the
subjects to maintain the pedalling or running frequency
despite maximum effort and verbal encouragement. The
maximal oxygen consumption rates obtained in cycling
tests were multiplied by 1.06 to adjust for the local
fatigue effects and lower maximal values typically obtained
from cycle tests (J. C. Cotter, unpublished findings).
Following this adjustment, mean (S.E.M.) maximal oxygen
consumption differed by only 0.6 (1.3) ml kg−1 min−1

between the participants who performed the cycling
and treadmill tests. This difference was not statistically
significant (P = 0.65) and was unaffected by the age of
participants (P = 0.48).
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Data analysis

After permitting a 5–10 min period to achieve steady-state
respiratory gas exchange following placement of the
facemask, all data were averaged over the subsequent
3–5 min. The relationships between age, training status,
maximal oxygen consumption and MCAv were examined
with linear least-squares regression analysis. Beta
coefficients for regression slopes and intercepts were
calculated along with the associated 95% confidence
intervals (CI). In the first stage of our analysis, sample
estimates of the slope and intercept for the age–MCAv
and age–CVRi relationships were compared between
physically active and inactive cohorts using analysis
of covariance (Zar, 1999). Using the NQuery Advisor
software (Statistical Solutions Ltd, Cork), statistical power
was estimated for our primary outcome of MCAv and a
regression model with two covariates (age and training
status). For a multiple linear regression model with a
‘moderate’ squared multiple correlation of 0.3, it was
estimated that a sample size of 300 would have 99% power
to detect a ‘small’ increase in R2 of 0.1 due to including
the additional covariate of training status (alpha = 0.05).
In the second stage of our analysis, we examined the
relationships between age, maximal oxygen consumption
and MCAv using multiple regression analysis. Body mass
index and mean arterial pressure were also entered
as possible predictors of MCAv. A step-wise multiple
regression was applied using the backward method of
predictor entry (Field, 2005). Multicollinearity analysis
was performed on all the statistically significant predictor
variables in the model (Field, 2005). All data analysis
was performed using the Statistical Package for the Social
Sciences (version 14).

Results

The day-to-day reproducibility of MCAv had a coefficient
of variation of 4.5%. The 95% repeatability coefficient
(Bland & Altman, 1999) was 6.8 cm s−1. This small
magnitude of measurement error was consistent across
the measurement range (30–80 cm s−1). The relationships
between age, training status and MCAv are presented
in Fig. 1. There was a progressive decline in MCAv
of 0.76 ± 0.04 cm s−1 year−1 (CI = 0.69–0.83, r2 = 0.66,
P < 0.0005 (∼1% year−1)), which was independent
of training status (P = 0.65). Nevertheless, mean
MCAv was consistently elevated by 9.1 ± 3.3 cm s−1

(CI = 2.7–15.6, P = 0.006 (∼17%)) in endurance-trained
men throughout the age range (Fig. 1). The regression
equations, in cm s−1, were:

MCAv = 87.8 − 0.73 age (sedentary individuals) (1)

MCAv = 97.0 − 0.76 age

(aerobically trained individuals) (2)

By solving the above regression equations for age and
interpolating a typical mean MCAv of 50 cm s−1, it
was calculated that the difference between trained and
sedentary men amounted to an approximate 10 year
reduction in MCAv equivalent ‘age’.

The age-related increase in CVRi was found to be
0.034 ± 0.002 mmHg cms−1 year−1 (CI = 0.030–0.038)
for the untrained participants compared with
0.024 ± 0.001 mmHg cms−1 year−1 (CI = 0.022–0.027)
for the trained participants. The difference between
these slopes was statistically significant (P < 0.0005). No
significant difference was found between the intercepts of
these two slopes (P = 0.203).

The multiple regression analysis model was statistically
significant (P < 0.0005). Age and maximal oxygen
consumption were found to be the only statistically
significant (P < 0.05) predictors of MCAv, with slopes
of −0.56 (CI = −0.48 to −0.63) and 0.45 (CI = 0.35 to
0.56), respectively. The partial correlation between age
and MCAv was −0.64 when all other variables were
controlled statistically. The low variance inflation factors
(< 1.8) and high tolerance statistics (> 0.5) indicated that
the multicollinearity between age and maximal oxygen
consumption was not a cause for concern. The coefficient
of determination (r2) for the multiple regression model
was 0.70 and the prediction equation was:

MCAv = 63.4 − 0.56 age + 0.45 V̇O2,max (3)

Discussion

Our findings provide the first evidence in humans
that MCAv is elevated by habitual aerobic-endurance

Age (years)

10 20 30 40 50 60 70 80 90

M
C

A
v
 (

c
m

. s
−1

)

0

20

40

60

80

100

120

Trained

Sedentary

Figure 1. Relationship between age, cerebral blood flow
velocity and physical fitness
The red line represents linear regression for the endurance-trained
group. The blue line represents linear regression for the sedentary
group. MCAv was consistently elevated by 9.1 ± 3.3 cm s−1

[CI = 2.7–15.6, P = 0.006 (∼17%)] in endurance-trained men
throughout ageing.
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exercise, independent of possible confounding variables.
Importantly, our reported decline in MCAv with age is
consistent with previous reports of reductions in total
CBF, as assessed using a variety of imaging techniques
(Kashimada et al. 1994; Buijs et al. 1998; Scheel et al.
2000; Beason-Held et al. 2007; Stoquart-ElSankari et al.
2007). These studies collectively indicate that, because
ageing is associated with global cerebral atrophy, the
observed decreases in CBF reflect a global decrease in
cerebral perfusion, without any disturbance of regional
perfusion or oxygen consumption. Whilst acknowledging
that different mechanisms might underlie the comparable
training benefit in MCAv in the younger age group
compared to that in the old age group, the findings from
the present study strongly indicate that habitual physical
exercise may potentially offset some of the ‘normal’
age-associated process of global cerebral atrophy.

We can only speculate on the mechanisms underlying
these fitness-related changes in MCAv during healthy
ageing. Physical training has beneficial effects on multiple
cardiovascular risk factors such as dyslipidaemia, hyper-
tension, diabetes and cardiovascular events (Clarkson et al.
1999). The effect of exercise on clinical outcome could also
be partially related to a direct and independent positive
effect of physical training on endothelial dysfunction
in the conduit arteries (DeSouza et al. 2000) or in
the peripheral microcirculation (Higashi et al. 1999;
Shephard & Balady, 1999; Rinder et al. 2000; Franzoni
et al. 2004). Thus, regular physical activity is associated
with increased endothelium-dependent vasodilatation
(Taddei et al. 2000) and NO availability. Interestingly,
a link between endothelial function and cerebrovascular
function has been reported (Lavi et al. 2006; Ainslie et al.
2007; Hoth et al. 2007), indicating a common pathway
between these responses. Our results in human subjects
are the first to confirm findings of highly controlled
animal studies which have reported that physical exercise
can elevate CBF (Endres et al. 2003; Gertz et al. 2006).
These animal studies also provide evidence that such
voluntary physical exercise not only improves long-term
stroke outcome but also provides a prophylactic treatment
strategy for increasing angiogenesis, CBF and reducing
brain injury during cerebral ischaemia (Endres et al.
2003; Gertz et al. 2006). Moreover, voluntary exercise has
also been demonstrated to enhance axonal regeneration
and neurogenesis, long-term potentiation and learning
(Carro et al. 2000; Vaynman et al. 2004). Although
an up-regulation of endothelial NO synthase activity
has been implicated as the key mechanism to increase
CBF and reduce brain injury during cerebral ischaemia
(Endres et al. 2003, 2004; Gertz et al. 2006), other factors
such as insulin-like growth factor-1 and brain-derived
neurotrophic factor have also been implicated as down-
stream mediators of the neuroprotective actions of exercise
(Carro et al. 2000; Vaynman et al. 2004). In humans,

the extent to which physical exercise could be used as
a treatment strategy to improve CBF and reduce brain
injury during cerebral ischaemia is unknown, but appears
worthy of further investigation.

A noteworthy observation was that the age-related
increase in CVRi was greater in the untrained participants
compared with the trained participants. These
training-induced differences occurred independently
of any between-group differences in end-tidal PCO2 .
Although sympathetic neural control of the cerebral
circulation is controversial, it is known that cerebral
arteries are richly innervated with sympathetic nerve
fibres (Nielsen & Owman, 1967; Nelson & Rennels, 1970).
Since there is progressive sympathoexcitation with human
ageing (reviewed in Seals & Dinenno, 2004), it seems
plausible that an exaggerated sympathetically mediated
cerebral vasoconstriction might underlie the age-related
increases in CVRi. It should be noted, however, that
the extent to which sympathetically mediated cerebral
vasoconstriction occurs with human ageing – or might be
attenuated with physical training – is unknown. Likewise,
whether this apparent elevation in CVRi during sedentary
ageing was the cause of the reductions in MCAv or merely
the consequence of cerebral atrophy and related cerebral
hypoperfusion remains to be established.

Methodological considerations

Although we used Doppler ultrasound to measure flow
velocity, rather than blood flow, in the MCA, previous
reports indicate that MCAv is a reliable index of cerebral
blood flow (Kirkham et al. 1986; Giller et al. 1993;
Valdueza et al. 1997; Serrador et al. 2000; Peebles et al.
2007). With transcranial Doppler, we monitored blood
flow velocity in the MCA, an area that transports
blood to large brain volumes including both grey and
white matter. Thus, we cannot distinguish between any
regional differences within these areas. Our study included
only healthy non-smoking male adults without evidence
of overt chronic diseases; as such, our results can only
be generalized to this population. The possibility that
habitual exercise could have even greater beneficial effects
on cerebral function in smokers, adults with other risk
factors, and patients with chronic disease (especially
cardiovascular disease, atherosclerosis and type 2 diabetes)
warrants further research. Due to our rigorous inclusion
criteria, it is possible that even our sedentary group may
be genetically protected from developing atherosclerosis;
if so, we may be underestimating the impact of vigorous
exercise on MCAv. It should be noted that we were not
able to assess the possibility of any atherosclerosis of the
intracranial vessels; however, the presence of any early
undetected atherosclerosis of the intracranial cerebral
vessels would tend to elevate, rather than reduce, MCAv
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and therefore would seem unlikely to explain the clear
between fitness-group differences in MCAv.

In summary, the main findings of the present study
indicate that as little as 2 years of regular aerobic-
endurance exercise can improve MCAv throughout
otherwise healthy human ageing. These results may serve
as the point of reference for ‘normal’ responses for
comparison against pathological disorders, and indicate
how active living can potentially delay cerebrovascular-
related brain disease from occurring with ageing.
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