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Physical activity and risk of neurodegenerative
disease: a systematic review of prospective evidence

M. Hamer* and Y. Chida

Psychobiology Group, Department of Epidemiology and Public Health, University College London, UK

Background. The association between physical activity and risk of neurodegenerative diseases is not well
established. We therefore aimed to quantify this association using meta-analytical techniques.

Method. We searched Medline, the Cochrane Database of Systematic Reviews and Web of Science databases from
1990 to 2007 for prospective epidemiological studies of physical activity and incident dementia, Alzheimer’s and
Parkinson’s disease. We excluded studies of physical activity and cognitive decline without diagnosis of a
neurodegenerative disease. Information on study design, participant characteristics, measurement of exposure and
outcome variables, adjustment for potential confounding, and estimates of associations was abstracted independently
by the two investigators.

Results. We included 16 prospective studies in the overall analysis, which incorporated 163797 non-demented
participants at baseline with 3219 cases at follow-up. We calculated pooled relative risk (RR) using a random effects
model. The RR of dementia in the highest physical activity category compared with the lowest was 0.72 [95%
confidence interval (CI) 0.60-0.86, p <0.001], for Alzheimer’s, 0.55 (95% CI 0.36-0.84, p=0.006), and for Parkinson’s
0.82 (95% CI1 0.57-1.18, p=0.28).

Conclusions. Our results suggest that physical activity is inversely associated with risk of dementia. Future studies
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should examine the optimal dose of physical activity to induce protection, which presently remains unclear.
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Introduction

Neurodegenerative diseases result from deterioration
of neurons, which over time lead to neurodegene-
ration and disabilities. Despite neurodegenerative
diseases presenting a major health problem in ageing
communities, modifiable risk factors such as diet
and exercise have gained relatively little attention.
Physical activity is known to prevent a number of
chronic diseases including cardiovascular disease,
hypertension, type II diabetes, and certain cancers
(O'Donovan et al. in press). The association between
physical activity and neurodegenerative diseases is,
however, less well established. Randomized con-
trolled trials have demonstrated that fitness training
has a robust effect on improving certain cognitive
processes (Colcombe & Kramer, 2003), which may be
important for future risk of dementia (Linn ef al.
1995; Small et al. 2000). Research that attempts to
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examine the risk of neurodegenerative disease is,
however, often prone to biases attributable to pre-
existing mental or cognitive dysfunction that may
influence physical activity behaviours. Various cardio-
vascular risk factors might also contribute to the
development of neurodegenerative disease (Kivipelto
et al. 2005; Rosendorff et al. 2007), thus confounding
possible associations with physical activity. Using a
prospective epidemiological design it is possible to
examine the cumulative effects of physical activity
over several years. We therefore sought to review
evidence from prospective epidemiological studies of
physical activity and neurodegenerative disease risk.

Method
Study selection and data extraction

We adhered to the guidelines for reporting meta-
analysis of observational studies in epidemiology
(Stroup et al. 2000). We searched Medline, the
Cochrane Database of Systematic Reviews and Web
of Science databases from 1990 to 2007 using the key
words physical activity or exercise in combination with



Table 1. Cohort studies of physical activity and neurodegenerative disease risk

Age at baseline/

Follow-up Assessment of Assessment of
Source Country/Cohort Sex (years) Cases/N  physical activity outcome Adjustments
Sumic et al. (2007) USA/ Oregon brain 39 =85 38/66 Self-reported, time/week D/CI: MMSE <24 Age, education, ApoE4 genotype,
Aging Study 4.7 (low:<4 h/week; high: and CDR=0.5 cognitive function
>4 h/week)
Larson et al. (2006) ~ USA/ Adult Changes 39 >65 158/1740  Self-reported, frequency/ AD/D: CASI <86, Age, gender
in Thought Study 6.2 week >15 min (regular and clinical
exercisers >3/week) assessment based
on DSM-1V criteria
Wang et al. (2006) China 39 =55 593/5437  Self-reported frequency/ CI: MSSE <24 Age, gender, education,
47 week (daily; weekly; occupation, medical conditions,
monthly) smoking, alcohol, depressive
symptoms, baseline cognitive
function, other activities
Logroscino et al. USA/ Harvard 3 676 101/10714  Self-reported, frequency/ PD: self-report Age, smoking, tea, coffee,
(2006) Alumni 9 duration: quintiles and mortality data history of CVD, cancer
EE (<1000 to >3000
kcal/week)
Chen et al. (2005) USA /Health 39 40-75 387/125828 Self-reported, frequency/ PD: self-report with Age, smoking, energy, caffeine, lactose
Professionals 12-14 duration: quintiles confirmed medical and alcohol intake, BMI
Follow-up MET h/week record
Rovio et al. (2005) Finland /CAIDE 39 39-64 193 /1449 Self-reported, AD/D: clinical Age, gender, education, follow-up time,
study 21 frequency/week assessment based locomotion disorders, ApoE4 genotype,
(“active’” >2/week) on DSM-IV criteria BMI, BP, cholesterol, disease
history, smoking, alcohol
Podewils et al. (2005) USA/CHS study 39 =65 480/3375 Self-reported, frequency/ AD/D: 3MS <380, Age, education, gender, ethnicity,
5.4 duration: quintiles phone interview, ApoE4 genotype, baseline 3MS,

EE (<248 to >1657
kcal/week)

medical records,
medical diagnosis

white matter grade score, impairment
of activities, social support/network
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Abbott et al. (2004)

Verghese et al. (2003)

Yamada ef al. (2003)

Wang et al. (2006)

Wilson et al. (2002)

USA /Honolulu-Asia 3
Aging Study

USA /Bronx 32
Aging Study

Japan/Adult 39
Health study

Sweden/ Kungsholmen 3%
Project

USA/Chicago Health 3%

and Aging Project
Laurin et al. (2001) Canada/Canadian 32
Study of Health
and Aging
Ho et al. (2001) China 39
Fabrigoule et al. France 39
(1995)
Yoshitake et al. (1995) Japan/The 39

Hisayama Study

71-93

75-85
5.1

30-70
25-30

=75
6.4

=75

158/2257

124/469

114/1774

123/1375

139/842

285/4615

139/988

84/2040

103/828

Self-reported
walking distance/day
(<0.25 to >2 miles/day)
Self-reported, frequency
(scale according to
activity days/week)

Self-reported, frequency
including leisure and
occupational activity

Self-reported, frequency
(none, <weekly,
daily-weekly)

Self-reported, frequency/

AD/D: CASI<74,
clinical assessment
based on DSM-IV
AD/D: neurophysiological
tests, worsening of
scores on the Blessed test,

DSM-1V criteria
AD/D: CASI screen,

clinical assessment

based on DSM-IV
D: MMSE screen,

clinical assessment

based on DSM-IV
AD: clinical

duration (high:>5h/week) diagnosis

Self-reported, frequency/
intensity (high level ~
>3 /week vigorous)

Practise exercise
(yes/no)

Sports participation
(yes/no)

Physically active
defined as daily
exercisers or heavily
active at work

D/AD:3MS <77,
clinical assessment
based on DSM-IV

CI: CAPE<7

AD/D: MMSE,
clinical assessment
based on DSM-III

AD: MMSE <21,
clinical assessment
based on DSM-III

Age, education, ApoE4 genotype,
cognitive and physical performance,
BMI, disease history, cholesterol

Age, gender, education, disease history,
baseline cognitive function

Age, gender, education

Age, gender, education, baseline
MMSE, depressive symptoms, disease
history, physical functioning

Age, gender, ethnicity, ApoE4
genotype

Age, gender, education, smoking,
alcohol, anti-inflammatory drugs,
physical functioning, self-rated
health, disease history

Age, education

Age, social class, cognitive and
physical ability

Age, gender, BP, stroke, diabetes,
alcohol

EE, Energy expenditure; MET, metabolic equivalent tasks; AD, Alzheimer’s disease; CI, cognitive impairment; D, dementia; PD, Parkinson’s disease; MMSE, Mini Mental State
Examination; 3MS, Modified Mini Mental State Examination; CDR, Clinical Dementia Rating Scale; CASI, Cognitive Ability Screening Instrument; CAPE, Clifton Assessment
Procedures for the Elderly ; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders; ApoE4, apolipoprotein allele 4; BMI, body mass index; BP, blood pressure;

CVD, cardiovascular disease.
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6 M. Hamer and Y. Chida

dementia, Alzheimer’s disease, Parkinson’s disease, and
cognition and also examined the reference lists of the
retrieved articles. We limited the current systematic
review to prospective cohort epidemiological studies
in an attempt to eliminate selection and recall bias.
Criteria for inclusion were as follows: (1) English-
language full-length publication in a peer-reviewed
journal; (2) prospective cohort studies in non-
demented men and women at baseline, with a
diagnosis of dementia or cognitive impairment at
follow-up; and (3) measures of physical activity
(frequency/time/type) at baseline. Information on
participants and study characteristics, measurement
of exposure and outcome, adjustment for potential
confounders, and hazard ratio (HR) or relative risks
(RRs) with 95% confidence intervals (CIs) was ab-
stracted by one author (M.H.) and verified by another
(Y.C.). Assessment of quality was made based on
the validity and accuracy of the physical activity
exposure measure and adjustment for potential con-
founding. Quality and validity were assessed inde-
pendently by both reviewers and any discrepancies
were resolved by discussion.

Statistical analysis

We used random effects modelling to meta-analyse
the data, which allows for heterogeneity between
studies (Dersimonian & Laird, 1986). HR or RR was
used as a measure of the association between physi-
cal activity and risk of neurodegenerative disease.
For the present analyses we assumed RRs to be a
valid approximation of HRs, thereby enabling the use
of one consistent measure throughout. In each case
we extracted a RR for the highest versus the lowest
reported physical activity group (referent group).
RRs or HRs were transformed by taking their natural
logarithms and standard errors were calculated from
In RR or In HR and corresponding 95% ClIs. In
all analyses we used RRs from multivariate models
with the most complete adjustment for potential con-
founders. If HR or RR was not presented we calcu-
lated RR and 95% CI from the study data with the
use of the number of participants (N) and the number
of cases (A) in both exposed (1, physically active)
and unexposed groups (0, sedentary): RR=(A1/N1
divided by A0/N0) and 95% CI=exp[In RR +1.96
V(1/A1+1/A0)]. We used the Q-test for homogen-
eity between studies, which tests whether the
between-study variability in effect sizes exceeds that
expected from corresponding within-study vari-
ability. To detect publication biases we explored
heterogeneity in funnel plots and the degree of asym-
metry by using Begg’s asymmetry method (Begg &
Berlin, 1989). Data for dementia, Alzheimer’s and

Parkinson’s outcomes were analysed separately. We
also performed sensitivity analyses based on gender
and quality of studies. All analyses were performed
on a Macintosh G4 using a meta-analysis program
(Masui, 2003).

Results

We identified 1866 studies in the literature search, of
which 16 studies met inclusion criteria (see Table 1).
We did not include cohort studies that examined
physical activity and cognitive decline without
diagnosis of a neurodegenerative disease, although
these studies are displayed in Table 2. The included
studies incorporated 163797 participants with 3219
cases (2731 dementia/Alzheimer’s, 488 Parkinson’s)
at follow-up. Two studies were performed in men
only, whereas the remainder were mixed cohorts. For
dementia and Alzheimer’s disease outcomes we
identified five high-quality studies (Laurin et al. 2001;
Wilson et al. 2002; Abbott et al. 2004; Podewils et al.
2005; Rovio et al. 2005) that had used an adequate
and valid assessment of physical activity and
adjusted for relevant confounders, including age,
education, vascular risk factors, existing medical con-
ditions, and the apolipoprotein allele 4 (ApoE4)
genotype. The two studies that examined risk of
Parkinson’s disease were also both considered to be
high quality (Chen et al. 2005; Logroscino et al. 2006).

Figures 1-3 show the associations between physi-
cal activity and Alzheimer’s disease, dementia and
Parkinson’s disease respectively. The pooled RR of
overall dementia in the highest physical activity
category compared with the lowest was 0.72 (95%
CI 0.60-0.86, p<0.001), for Alzheimer’s 0.55 (95%
CI 0.36-0.84, p=0.006), and for Parkinson’s 0.82
(95% CI 0.57-1.18, p=0.28). There was significant
heterogeneity for the association between physical
activity and dementia [y* (13)=46.66, p <0.001] and
Alzheimer’s [y* (6)=29.12, p<0.001], but not for
Parkinson’s [y* (2)=3.09, p=0.21]. We found no
evidence of publication biases in any analyses using
Begg’s asymmetry method (p’s>0.1). To further
explore the heterogeneity issue we performed sensi-
tivity analyses based on gender and study quality. In
studies that presented separate gender effects, the RR
was more robust for men [0.72, 95% CI 0.57-0.90,
p=0.004; * (3)=0.99, p=0.80] than for women [0.46,
95% CI 0.18-1.14, p=0.09; x* (2)=9.95, p=0.007]
in relation to risk of dementia. There was also a
more robust effect in high-quality studies [0.61,
95% CI 0.46-0.82, p=0.001; x* (10)=43.96, p<0.001]
compared with lower quality studies [0.75, 95%
CI 0.60-0.93, p=0.01; x* (9)=33.99, p<0.001] in re-
lation to dementia and Alzheimer’s risk, although
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Table 2. Cohort studies of physical activity and cognitive decline (excluded from analyses)

N/follow-up

Study Country/Cohort (years) Findings
Sturman ef al. USA /Chicago Health 405539 Each additional physical activity (h/week) was
(2005) and Aging Project 6.4 associated with slower rate of cognitive decline
although not significant in fully adjusted model
Singh-Manoux et al. UK/Whitehall II 623639 Low physical activity associated with poorer
(2005) Study 11 performance on test of fluid intelligence
Weuve et al. USA/Nurse’s 16 4662 Women in highest physical activity quintiles
(2004) Health Study 1.8 had lower cognitive decline after adjustments
van Gelder et al. Finland, Italy and 2953 Men who reduced activity (>60 min/day) and
(2004) Netherlands Elderly 10 remained sedentary had greatest cognitive
Study decline over follow-up
Lytle et al. USA /Pittsburgh study, 114639 High activity (>30 min, 3 times/week) protective
(2004) community sample 2 against cognitive decline (decline >3 MMSE
points)
Richards et al. British 1946 birth 191939 Physical activity at age of 36 years associated
(2003) cohort study 10 with slower decline in memory at follow-up
Yaffee ef al. USA Study of 59259 Women in highest quartile of walking (175
(2001) Osteoporotic 6-8 blocks/week) 35 % less likely to experience
Fractures cognitive decline (decline >3 MMSE points)
Schuit et al. Netherlands Aging 3473 Greater than 60 min/day exercise associated with
(2001) Study 3 a twofold reduction in risk of cognitive decline
(decline >3 MMSE points)
Albert et al. USA /MacArthur 119232 Structural equation modelling identified
(1995) Studies 2-2.5 strenuous activity as a direct predictor of
cognitive decline
Broe et al. Sydney Older 32739 No associations between physical activities
(1998) Persons Study 3 and decline in MMSE scores
MMSE, Mini Mental State Examination.
Hazard ratio (95% Cl)
Author (year) Exposure Sample size Hazard ratio (95% Cl) 0.0 1.0 2.0
1 Ravio et al. (2005) 32 x 2 times/week 1449 0.35 (0.16-0.80) ————
2 Podewils et al. (2005) 3% x 2 times/week 3375 0.55 (0.34-0.88) ——
3 Abbott et al. (2004) & > 2 miles/day walking 2257 0.61(0.36-1.02) ——
4 Wilson et al. (2002) 3 x 5 hiweek 1249 1.04 (0.98-1.10) >
5a Laurin et al. (2001) & x 3 times/week vigorous 1831 0.73 (0.27-1.98) >
5b Laurin et al. (2001)? x 3 times/week vigorous 2784 0.27 (0.08-0.90) —
6b Yoshitake et al. (1995) 3% Daily physical activity 826 0.20 (0.06-0.68) ————
Total 13771 0.55 (0.36-0.84) —_—y—
Test for heterogeneity x2(6)=29.12, p < 0.001
Test for overall effect %2(1)=7.63, p = 0.006
0.0 1.0 2.0

Favours physical activity ~ Favours physical inactivity

Fig. 1. The association between physical activity and Alzheimer’s disease in prospective cohorts.

heterogeneity was displayed in both. In two studies
that examined gene interactions with the ApoE4
genotype, one observed more pronounced associ-
ations of physical activity and dementia among ApoE
€4 carriers (Rovio et al. 2005) whereas in a different
cohort the effects were absent in the carriers
(Podewils et al. 2005).

Discussion

The present meta-analysis of prospective cohort
studies suggests that physical activity reduces the
risk of dementia and Alzheimer’s disease by 28%
and 45% respectively. Physical activity was not as-
sociated with a significant reduction in risk of
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Hazard ratio (95% ClI)

Author (year) Exposure Sample size Hazard ratio (95% Cl) 0.0 1.0 3.5
1a Sumic et al. (2007) & > 4 h/week 27 0.91 (0.25-3.40) <
1b  Sumic et al. (2007) ? > 4 h/week 39 0.12 (0.03-0.41) >—
2 Larson et al. (2006) 39 x 3 times/week 1740 0.68 (0.48-0.96) ——
3 Wang et al. (2006) 39 Highest quintile 5437 0.98 (0.95-1.01) <
4 Ravio et al. (2005) 32 x 2 times/week 1449 0.47 (0.25-0.90) —>—
5  Podewils et al. (2005)32 x 2 times/week 3375 0.58 (0.41-0.83) -—
6  Abbott et al. (2004) 3 > 2 miles/day walking 2257 0.63 (0.43-0.93) —>—
7  Verghese et al. (2003) 32 Highest quintile 469 1.27 (0.78-2.06) I E am——
8 Wang et al. (2002) 3% Daily physical activity 732 0.41(0.13-1.31) — |
9a Laurin et al. (2001) % x 3 times/week vigorous 1831 0.91 (0.45-1.83) —
9b Laurin et al. (2001) ? x 3 times/week vigorous 2784 0.55 (0.25-1.21) ——1—
10a Ho et al. (2001)? Any exercise 519 0.73 (0.53-1.01) ——1
10b Ho et al. (2001)% Any exercise 469 0.84 (0.71-0.99) -
11 Fabrigoule et al. (1995)32 Any sports 2040 0.33 (0.10-1.04) ——
Total 23168 0.72 (0.60-0.86) -‘-
Test for heterogeneity X2(13): 46.66, p < 0.001
Test for overall effect %2(1)= 12.57, p < 0.001

0.0 1.0 3.5

Favours physical activity Favours physical inactivity

Fig. 2. The association between physical activity and dementia in prospective cohorts.

Hazard ratio (95% Cl)

Author (year) Exposure Sample size Hazard ratio (95% CI) 0.0 1.0 25
1 Logroscino et al. (2006)39 > 3000 kcal/week 10714 0.63 (0.36-1.12) ———
2a Chen etal. (2005)8 > 34 MET h/week 48574 0.70 (0.50-1.10) ——
2b Chen et al. (2005) 2 > 21.7 MET h/week 77254 1.30 (0.70-2.30) g
Total 136542 0.82 (0.57-1.18) ——
Test for heterogeneity x2(2)=3.09, p=0.214
Test for overall effect x4(1)=1.14 p=0.284 .

0.0 1.0 25
Favours physical activity =~ Favours physical inactivity

Fig. 3. The association between physical activity and Parkinson’s disease in prospective cohorts.

Parkinson’s disease, although this finding should be
viewed in light of limited evidence in this area.
Further evidence presented in Table 2 also strongly
supports the role of physical activity in preventing
cognitive decline.

There was a large amount of heterogeneity in our
findings that was possibly due to different gender
effects although there were limited studies to specifi-
cally examine this issue. Possible gender effects
might reflect differences in biological responses to
exercise in men and women (Day, 2008) that have
relevance for cognitive health, although future
studies should be conducted to confirm this finding.
The higher quality studies demonstrated more robust
effects and this may have been partly due to more
precise categorization of physical activity exposure.
A substantial proportion of the included studies did
not accurately define physical activity levels in terms
of frequency, duration and intensity, which may be
important in relation to risk of neurodegenerative
disease. Nevertheless, in studies that examined rela-
tive risk of dementia across well-defined physical
activity quintiles, a linear dose-response relationship
was not consistently demonstrated. For example,
Abbott et al. (2004) showed a linear reduction in risk

of dementia across quintiles of increasing daily walk-
ing distance, although in other reports that assessed
physical activity from combined frequency, duration
and intensity data, there was weaker evidence for
a dose-response relationship (Laurin et al. 2001;
Podewils et al. 2005). Data from the Nurse’s Health
Study (Weuve et al. 2004) have demonstrated that
walking for a minimum of 1.5 h per week is associ-
ated with better cognitive performance and in a co-
hort of Dutch men, decreasing activity duration by
more than 60 min/day over 10 years resulted in sig-
nificant cognitive decline (van Gelder et al. 2004). The
optimal dose of physical activity for risk reduction
therefore remains to be accurately defined.

One important factor that is likely to bias the
association between physical activity and neuro-
degenerative disease risk is the presence of subtle
cognitive changes at baseline that may influence
physical activity and other lifestyle behaviours. Thus
studies with short follow-ups and a lack of adjust-
ment for cognitive function at baseline may be
particularly vulnerable to such biases. In addition,
the timing of physical activity assessment in relation
to neurodegeneration might be crucial. For example,
it is not clear at what stage in an individual’s



life physical activity is most important for future
protection.

Physical activity may be protective against cogni-
tive decline and neurodegenerative diseases through
a number of possible mechanisms. Regular exercise is
likely to promote vascular health by lowering blood
pressure, lipids, obesity and inflammatory markers,
and improving endothelial function, which are
risk factors for dementia and Alzheimer’s disease
(Kivipelto et al. 2005; Rosendorff et al. 2007). In par-
ticular, cerebral circulation appears to be important
for cognitive performance and exercise adaptations
may involve improved blood flow and oxygen sup-
ply to these areas. Beneficial effects of exercise on
reducing amyloid 8 plaques in the frontel cortex have
been demonstrated recently in a transgenic mouse
model (Adlard et al. 2005; Lazarov et al. 2005), which
might be mediated through insulin control (Farris
et al. 2003). Studies of physical activity and cerebro-
vascular structural abnormalities have reported no
association between physical activity levels and
white matter lesions (Carmelli et al. 1999; Podewils
et al. 2007), although improvements in aerobic fitness
were shown be related to greater white matter integ-
rity in select brain regions (Marks et al. 2007). Other
mechanisms may involve effects on brain plasticity
and cognitive reserve, angiogenesis, neurogenesis,
synaptogenesis, and increased levels of neurotrophic
factors (Cotman & Berchtold, 2002; Kramer et al.
2005; Cotman et al. 2007). An emerging theory is that
exercise enhances several growth factors, such as
brain-derived neurotrophic factor and insulin-like
growth factor, which mediate the protective and
therapeutic effects of exercise on brain function
(Cotman et al. 2007). There is evidence to suggest
the pro-inflammatory cytokines impair some of
the growth factor signalling pathways in the brain,
thus anti-inflammatory actions of exercise may be
important.

In conclusion, our results suggest that physical
activity is protective against future risk of dementia
and Alzheimer’s disease. However, the optimal dose
of physical activity for risk reduction remains to be
accurately defined and this should be a focus of
future research.

Acknowledgements

Dr Hamer is supported by a British Heart Founda-
tion (UK) grant.

Declaration of Interest

None.

Physical activity and risk of neurodegenerative disease 9
References

Abbott RD, White LR, Ross GW, Masaki KH, Curb ]JD,
Petrovitch H (2004). Walking and dementia in physically
capable elderly men. Journal of the American Medical
Association 292, 1447-1453.

Adlard PA, Perreau VM, Pop V, Cotman CW (2005).
Voluntary exercise decreases amyloid load in a transgenic
model of Alzheimer’s disease. Journal of Neuroscience 25,
4217-4221.

Albert MS, Jones K, Savage CR, Berkman L, Seeman T,
Blazer D, Rowe JW (1995). Predictors of cognitive change
in older persons: MacArthur studies of successful aging.
Psychology and Aging 10, 578-589.

Begg CB, Berlin JA (1989). Publication bias and dissemi-
nation of clinical research. Journal of the National Cancer
Institute 81, 107-115.

Broe GA, Creasey H, Jorm AF, Bennett HP, Casey B,
Waite LM, Grayson DA, Cullen J (1998). Health habits
and risk of cognitive impairment and dementia in old
age: a prospective study on the effects of exercise,
smoking and alcohol consumption. Australian and New
Zealand Journal of Public Health 22, 621-623.

Carmelli D, Swan GE, Reed T, Miller BL, DeCarli C
(1999). Midlife cardiovascular risk factors and brain
morphology in identical older male twins. Neurology 52,
1119-1124.

Chen H, Zhang SM, Schwarzschild MA, Hernan MA,
Ascherio A (2005). Physical activity and the risk of
Parkinson disease. Neurology 64, 664—669.

Colcombe S, Kramer AF (2003). Fitness effects on the
cognitive function of older adults: a meta-analytic study.
Psychological Science 14, 125-130.

Cotman CW, Berchtold NC (2002). Exercise: a behavioral
intervention to enhance brain health and plasticity. Trends
in Neurosciences 25, 295-301.

Cotman CW, Berchtold NC, Christie L-A (2007). Exercise
builds brain health: key roles of growth factor cascades
and inflammation. Trends in Neurosciences 30, 464—472.

Day DS (2008). Exercise physiologists talk about sex
differences. Medicine and Science in Sports and Exercise
40, 646-647.

Dersimonian R, Laird N (1986). Meta-analysis in clinical
trials. Controlled Clinical Trials 7, 177-188.

Fabrigoule C, Letenneur L, Dartigues JF, Zarrouk M,
Commenges D, Barberger-Gateau P (1995). Social and
leisure activities and risk of dementia: a prospective
longitudinal study. Journal of the American Geriatrics
Society 43, 485-490.

Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA,
Frosch MP, Eckman CB, Tanzi RE, Selkoe DJ, Guenette
S (2003). Insulin-degrading enzyme regulates the levels
of insulin, amyloid beta-protein, and the beta-amyloid
precursor protein intracellular domain in vivo.
Proceedings of the National Academy of Sciences USA 100,
4162-4167.

Ho SC, Woo J, Sham A, Chan SG, Yu AL (2001). A 3-year
follow-up study of social, lifestyle and health predictors
of cognitive impairment in a Chinese older cohort.
International Journal of Epidemiology 30, 1389-1396.



10 M. Hamer and Y. Chida

Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M,
Kareholt I, Winblad B, Helkala EL, Tuomilehto J,
Soininen H, Nissinen A (2005). Obesity and vascular
risk factors at midlife and the risk of dementia and
Alzheimer disease. Archives of Neurology 62, 1556-1560.

Kramer AF, Colcombe SJ, McAuley E, Scalf PE, Erickson
KI (2005). Fitness, aging and neurocognitive function.
Neurobiology of Aging 26 (Suppl. 1), 124-127.

Larson EB, Wang L, Bowen JD, McCormick WC, Teri L,
Crane P, Kukull W (2006). Exercise is associated with
reduced risk for incident dementia among persons
65 years of age and older. Annals of Internal Medicine
144, 73-81.

Laurin D, Verreault R, Lindsay J, MacPherson K,
Rockwood K (2001). Physical activity and risk of
cognitive impairment and dementia in elderly persons.
Archives of Neurology 58, 498-504.

Lazarov O, Robinson J, Tang YP, Hairston IS, Korade-
Mirnics Z, Lee VM, Hersh LB, Sapolsky RM, Mirnics K,
Sisodia SS (2005). Environmental enrichment reduces
Abeta levels and amyloid deposition in transgenic mice.
Cell 120, 701-713.

Linn RT, Wolf PA, Bachman DL, Knoefel JE, Cobb JL,
Belanger AJ, Kaplan EF, D’Agostino RB (1995). The
‘preclinical phase’ of probable Alzheimer’s disease.

A 13-year prospective study of the Framingham cohort.
Archives of Neurology 52, 485—490.

Logroscino G, Sesso HD, Paffenbarger Jr. RS, Lee IM
(2006). Physical activity and risk of Parkinson’s disease:
a prospective cohort study. Journal of Neurology,
Neurosurgery and Psychiatry 77, 1318-1322.

Lytle ME, Vander Bilt J, Pandav RS, Dodge HH, Ganguli
M (2004). Exercise level and cognitive decline: the
MOoVIES project. Alzheimer Disease and Associated Disorders
18, 57-64.

Marks BL, Madden DJ, Bucur B, Provenzale JM, White LE,
Cabeza R, Huettel SA (2007). Role of aerobic fitness and
aging on cerebral white matter integrity. Annals of the
New York Academy of Sciences 1097, 171-174.

Masui K (ed.) (2003). Meta-analysis Software User’s Guide.
Shinko-Koueki Medical Press: Tokyo, pp. 91-121.

O’Donovan G, Biddle S, Blazevich A, Boreham C, Cooper
A, Crank H, Ekelund U, Fox K, Gately P, Gill J, Hamer
M, McDermott I, Murphy M, Mutrie N, Reilly J,
Riddoch C, Saxton J, Stamatakis E (in press). Physical
activity in the prevention of chronic diseases: the
consensus statement of the British Association of
Sports and Exercise Sciences. Journal of Sport Sciences.

Podewils L], Guallar E, Beauchamp N, Lyketsos CG,
Kuller LH, Scheltens P (2007). Physical activity and
white matter lesion progression: assessment using MRI.
Neurology 68, 1223-126.

Podewils L], Guallar E, Kuller LH, Fried LP, Lopez OL,
Carlson M, Lyketsos CG (2005). Physical activity,
APOE genotype, and dementia risk: findings from the
Cardiovascular Health Cognition Study. American
Journal of Epidemiology 161, 639—-651.

Richards M, Hardy R, Wadsworth ME (2003). Does active
leisure protect cognition? Evidence from a national birth
cohort. Social Science and Medicine 56, 785-792.

Rosendorff C, Beeri MS, Silverman JM (2007).
Cardiovascular risk factors for Alzheimer’s disease.
American Journal of Geriatric Cardiology 16, 143-149.

Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B,
Tuomilehto J, Soininen H, Nissinen A, Kivipelto M
(2005). Leisure-time physical activity at midlife and the
risk of dementia and Alzheimer’s disease. Lancet
Neurology 4, 705-711.

Schuit AJ, Feskens EJ, Launer L], Kromhout D (2001).
Physical activity and cognitive decline, the role of the
apolipoprotein e4 allele. Medicine and Science in Sports
and Exercise 33, 772-777.

Singh-Manoux A, Hillsdon M, Brunner E, Marmot M
(2005). Effects of physical activity on cognitive
functioning in middle age: evidence from the Whitehall
II prospective cohort study. American Journal of Public
Health 95, 2252-2258.

Small BJ, Fratiglioni L, Viitanen M, Winblad B,

Backman L (2000). The course of cognitive impairment
in preclinical Alzheimer disease: 3- and 6-year follow-up
of a population-based sample. Archives of Neurology

57, 839-844.

Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson
GD, Rennie D, Moher D, Becker BJ, Sipe TA,

Thacker SB (2000). Meta-analysis of observational
studies in epidemiology: a proposal for reporting.
Meta-analysis Of Observational Studies in Epidemiology
(MOQOSE) group. Journal of the American Medical
Association 283, 2008-2012.

Sturman MT, Morris MC, Mendes de Leon CF, Bienias JL,
Wilson RS, Evans DA (2005). Physical activity, cognitive
activity, and cognitive decline in a biracial community
population. Archives of Neurology 62, 1750-1754.

Sumic A, Michael YL, Carlson NE, Howieson DB, Kaye JA
(2007). Physical activity and the risk of dementia in oldest
old. Journal of Aging and Health 19, 242-259.

van Gelder BM, Tijhuis MA, Kalmijn S, Giampaoli S,
Nissinen A, Kromhout D (2004). Physical activity in
relation to cognitive decline in elderly men: the FINE
Study. Neurology 63, 2316-2321.

Verghese J, Lipton RB, Katz M]J, Hall CB, Derby CA,
Kuslansky G, Ambrose AF, Sliwinski M, Buschke H
(2003). Leisure activities and the risk of dementia in
the elderly. New England Journal of Medicine 348,
2508-2516.

Wang JY, Zhou DH, Li J, Zhang M, Deng ], Tang M,

Gao C, Li ], Lian Y, Chen M (2006). Leisure activity and
risk of cognitive impairment: the Chongging aging study.
Neurology 66, 911-913.

Weuve J, Kang JH, Manson JE, Breteler MM, Ware JH,
Grodstein F (2004). Physical activity, including walking,
and cognitive function in older women. Journal of the
American Medical Association 292, 1454-1461.

Wilson RS, Bennett DA, Bienias JL, Aggarwal NT,
Mendes De Leon CF, Morris MC, Schneider JA,

Evans DA (2002). Cognitive activity and incident AD in
a population-based sample of older persons. Neurology
59, 1910-1914.

Yaffe K, Barnes D, Nevitt M, Lui LY, Covinsky K (2001).

A prospective study of physical activity and cognitive



Physical activity and risk of neurodegenerative disease 11

decline in elderly women: women who walk. Archives of Yoshitake T, Kiyohara Y, Kato I, Ohmura T, Iwamoto H,

Internal Medicine 161, 1703-1708. Nakayama K, Ohmori S, Nomiyama K, Kawano H,
Yamada M, Kasagi F, Sasaki H, Masunari N, Mimori Y, Ueda K, Sueishi K, Tsuneyoshi M, Fujishima M (1995).

Suzuki G (2003). Association between dementia and Incidence and risk factors of vascular dementia

midlife risk factors: the Radiation Effects Research and Alzheimer’s disease in a defined elderly

Foundation Adult Health Study. Journal of the American Japanese population: the Hisayama Study. Neurology

Geriatrics Society 51, 410-414. 45,1161-1168.



