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Midlife physical activity is associated with
lower incidence of vascular dementia but
not Alzheimer’s disease
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Abstract

Background: Physical activity might reduce the risk of developing dementia. However, it is still unclear whether
the protective effect differs depending on the subtype of dementia. We aimed to investigate if midlife physical
activity affects the development of vascular dementia (VaD) and Alzheimer’s disease (AD) differently in two large
study populations with different designs.

Methods: Using a prospective observational design, we studied whether long-distance skiers of the Swedish
Vasaloppet (n = 197,685) exhibited reduced incidence of VaD or AD compared to matched individuals from the general
population (n = 197,684) during 21 years of follow-up (median 10, interquartile range (IQR) 5–15 years). Next, we
studied the association between self-reported physical activity, stated twice 5 years apart, and incident VaD and AD in
20,639 participants in the Swedish population-based Malmo Diet and Cancer Study during 18 years of follow-up
(median 15, IQR 14–17 years). Finally, we used a mouse model of AD and studied brain levels of amyloid-β, synaptic
proteins, and cognitive function following 6months of voluntary wheel running.

Results: Vasaloppet skiers (median age 36.0 years [IQR 29.0–46.0], 38% women) had lower incidence of all-cause
dementia (adjusted hazard ratio (HR) 0.63, 95% CI 0.52–0.75) and VaD (adjusted HR 0.49, 95% CI 0.33–0.73), but not AD,
compared to non-skiers. Further, faster skiers exhibited a reduced incidence of VaD (adjusted HR 0.38, 95% CI 0.16–0.95),
but not AD or all-cause dementia compared to slower skiers. In the Malmo Diet and Cancer Study (median age 57.5 years
[IQR 51.0–63.8], 60% women), higher physical activity was associated with reduced incidence of VaD (adjusted HR 0.65,
95% CI 0.49-0.87), but not AD nor all-cause dementia. These findings were also independent of APOE-ε4 genotype. In AD
mice, voluntary running did not improve memory, amyloid-β, or synaptic proteins.
Conclusions: Our results indicate that physical activity in midlife is associated with lower incidence of VaD. Using three
different study designs, we found no significant association between physical activity and subsequent development of
AD.
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Background
Alzheimer’s diseases (AD) followed by vascular dementia
(VaD) are the most common types of dementia. Risk factor
control is an important strategy to postpone dementia onset,
and physical inactivity is regarded as one of the main modifi-
able risk factors that can be targeted [1, 2]. However, recent
intervention trials involving physical activity report mixed re-
sults, thereby highlighting the lack of consistency within the
field [3–5]. A systematic review showed that physical activity
interventions improved cognition in demented persons [6],
but revealed that most trials do not distinguish between pure
AD and pure VaD patients. Published trials are often multi-
domain interventions, making it difficult to draw any conclu-
sions regarding the effect of only physical activity. Among
trials with physical activity as the only intervention, improved
cognition was reported in patients with mild AD after 16
weeks of exercise [7], whereas no cognitive effects were seen
in demented patients after 12months [8]. An ongoing trial
with a 2-year exercise intervention will provide further infor-
mation if physical exercise can be beneficial in preventing de-
mentia [9]. As summarized in reviews and meta-analyses,
findings from previous prospective cohort studies differ but
pooled results indicate protective effects [10–14]. Neverthe-
less, there are important concerns within the prevailing lit-
erature, such as possible publication bias and follow-up
effects [11].
Beneficial effects are mainly found in late-life assess-

ments with short-term follow-up [10, 13, 15, 16] and
tend to become non-significant after longer follow-up
[11, 15, 16]. These discrepancies may be attributable to
reverse causation where cognitive dysfunction may lead
to reduced physical activity. A recent population-based
study on physical activity and dementia (n = 10,308) pro-
vide repeated physical activity assessments and reports
that physical activity begins to decline up to 9 years be-
fore diagnosis of dementia [17], thus emphasizing the
possible impact of reverse causation in studies with
shorter follow-up. In this study, no association between
midlife physical activity and dementia was found during
27 years of follow-up [17].
Further, the different diseases causing cognitive im-

pairment are associated with very different underlying
disease mechanisms, such as gradual accumulation of
amyloid-β (Aβ) and tau in AD and arteriosclerosis
and ischemia in VaD. Therefore, it is unlikely that
the same preventive strategies are equally effective
against different pathological mechanisms causing de-
mentia. Literature reports variable effects of physical
activity on incident VaD [12, 18] and AD [15, 18–21].
Furthermore, it is unclear whether individuals carry-
ing the genetic risk factor APOE-ε4 [22] might benefit
specifically from physical exercise [16, 23, 24]. Work-
ing in transgenic animal models makes it easier to
study the mechanistic effects of physical activity on

different molecular hallmarks of AD, such as Aβ and
synaptic proteins, as well as cognitive symptoms.
Indeed, several studies have been conducted to inves-
tigate the effect of physical activity on AD pathology
[25]. For example, exercise resulted in improved cog-
nition [25] as well as reduction of both Aβ soluble
and insoluble Aβ species in a dose-dependent manner
[26]. However, the effects are inconsistent between
studies [25], since other studies show lack of effects
[25, 27]. The majority of studies also investigate the
effect of physical activity in a relatively short period
of time [25]. Thus, additional experimental studies are
needed to investigate the long-term effects of physical
activity, starting in the pre-manifest stage, on AD
hallmarks.
As mentioned, the setup and quality of published stud-

ies in the field are limited [11, 13]. Long follow-up periods
are needed to reduce the effect of reverse causation, and
large study populations are necessary to study differences
between dementia subtypes. To address these limitations,
we investigated if physical activity in midlife affects the
development of VaD and AD in two separate large study
populations with different study designs and long follow-
up. Further, to study the long-term effect on AD path-
ology such as Aβ and synaptic proteins, we exposed
transgenic AD mice to voluntary wheel running.

Materials and methods
Dementia diagnoses
Dementia diagnoses were made by physicians in clinical
routine and retrieved from the Swedish National Patient
Register (NPR). It started in 1964, and since 1987, it
provides information on all primary and secondary diag-
noses, covering 99% of all hospital-based diagnoses. Pri-
mary care diagnoses are not included. Dementia was
defined as any dementia diagnosis according to the Inter-
national Classification of Diseases, tenth revision or ninth
revision. Diagnoses included are AD (F00, G30, 331A/
3310, 29010), VaD (F01, 290E/2904), or other forms in-
cluded among all-cause dementia (2900, 2901, F023,
2941/294B, 3320/332A, F028, G318A, 331/331X, 33182/
331H, F020, G310, 3311/331B, F03, F070, 290, or 2942/
294C). Based on this classification, AD cases include atyp-
ical and mixed cases (F002), thus also covering AD with a
vascular component. In the Vasaloppet cohort, the differ-
entiation between AD and VaD was done by the diagnos-
ing physician in line with the available clinical diagnostic
criteria and no further information on the diagnostic rou-
tine was available. In the Malmo Diet and Cancer study
(MDCS), we reviewed and verified all register diagnoses in
medical records as part of the research protocol. Among
MDCS dementia cases (n = 1375), electronic charts pro-
vided history regarding cognitive symptoms in 92%, cogni-
tive test results in 92%, and neuroimaging (mainly CT) in
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connection to diagnosis in 99.6%, which were all reviewed
by us in depth to determine the type of dementia diagnosis
(see below). Further, 82% were assessed at a tertiary unit
specializing in memory disorders, where CSF analyses of
AD biomarkers were often part of the diagnostic work-up.

Vasaloppet cohort
Physical activity
The Vasaloppet study population comprises non-demented
participators of the world’s largest long-distance (30 to 90
km) cross-country ski race (Vasaloppet) between 1989 and
2010 (n = 197,685), together with frequency-matched, non-
demented individuals from the general population (n = 197,
684). Frequency matching was done from the population
register according to age group (5-year intervals), sex, re-
gion of residency, and year of participation in ski race as
previously described [28]. In the first matching process, a
control individual from the general population was assigned
for every ski race, so that skiers participating in Vasaloppet
several times got several controls. We performed a re-
matching procedure to get equally many skiers as non-
skiers. Since we only used the index race for each skier, the
non-skiers would have been older as a group if we had in-
cluded one control for every time a skier participated in the
race. The total study cohort (n = 395,369) was prospectively
followed in the Swedish NPR throughout 2010. Skiers are
considered to be physically active since it is necessary to
undergo regular physical training in order to complete such
a demanding long-distance race. For example, the majority
of skiers exercise for at least 4 h a week [29]. On average,
Vasaloppet skiers have higher leisure time physical activity
than the general Swedish population [30]. Regarding fitness,
the oxygen consumption (VO2MAX) has been shown to be
45–80ml/kg/min in skiers, compared to around 35ml/kg/
min in the general population [31].

Covariates
Information on date of birth, sex, and education level was
derived from Swedish registries [28]. We categorized edu-
cation as primary/elementary school (≤ 8 years), secondary
school/high school (9–12 years), or higher education/uni-
versity (≥ 13 years). No further data were available in this
cohort.

Attrition
In addition to having higher physical activity, the average
Vasaloppet skier also smokes less and has a healthier
diet and lower mortality than the general Swedish popu-
lation [30]. To avoid bias due to inability to participate
in the race because of poor health, individuals with se-
vere disease were excluded as previously described [31].
We additionally excluded participants with Parkinson’s
disease (G20, 332A, 3420), meningitis/encephalitis (G00,
G01, G03, G04, G05, 3200, 320A, 320B, 320C, 320D,

320W 320X, 321A, 321B, 321C, 321D, 321E, 321X,
322A, 322B, 322C, 320X, 323, 3230), epilepsy (G40, 345,
3450), depressive episode (F32, F33, F34, F38, F399,
296B, 296X, 29620, 29800), manic episode (F30, F29,
296A, 29610), bipolar disorder (F310, F311, F312, F313,
F314, F315, F316, F317, F318, F319, 296C, 296D, 296E,
29600, 29610, 29620, 29630, 29688, 29699), anxiety dis-
orders (F40, F41, F42, 300A, 300B, 300C, 300D, 300D,
3000, 3001, 3002, 3003), and mental disorders due to the
use of alcohol (F10, 291, 2910, 2919). A flow diagram
describing numbers excluded can be seen in Fig. 1a.

Malmo Diet and Cancer study (MDCS) cohort
The MDCS population is part of a large prospective
population-based study, where baseline investigations
were performed between 1991 and 1996. At baseline,
participants responded to questionnaires and underwent
a basic clinical examination. Research nurses draw blood
samples and measured height, weight, and blood pres-
sure [32]. Five years later, between 1997 and 2001, par-
ticipants were invited to respond to the questionnaire
again as part of a reexamination. The present study
cohort (n = 20,639) consists of all participants who were
non-demented at the reinvestigation and provided data
on physical activity at both baseline and reinvestigation
(Fig. 1b).

Physical activity assessment
Information on physical activity during leisure time was
stated in both questionnaires as the form of physical ac-
tivity (e.g., walking, gardening, and running) and minutes
per week the activity was performed at every season
(spring, summer, autumn, winter). The activity was
multiplied with an activity-specific factor, where heavier
activities were graded with a higher factor [33]. This
generated a total physical activity score calculated as the
sum of minutes per week for all four seasons multiplied
with the activity-specific factor, for every activity stated.
We calculated the combined physical activity score as
the sum of the scores from the two time points.

Review of dementia diagnoses
The MDCS cohort was followed in the Swedish NPR
throughout 2014, when all registered dementia diagnoses
were extracted. A diagnostic evaluation was performed by
medical doctors at the Memory Clinic at Skåne University
Hospital. All register diagnoses were reviewed in medical
records and evaluated based on symptom presentation, test
results, and brain imaging in accordance with DSM-5 (The
Diagnostic and Statistical Manual of Mental Disorder, Fifth
Edition) [34]. One thousand four hundred forty-six demen-
tia diagnoses were first identified in the register. Based on
the diagnostic review process, 54 out of 1446 individuals
(3.7%) did not meet criteria for dementia (e.g., reversible
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disorientation, major depression, or mild cognitive impair-
ment) and were instead regarded as non-demented partici-
pants. Further, 17 out of 1446 individuals (1.2%) received
their dementia diagnosis within the time of the reinvestiga-
tion and were excluded (Fig. 1b). Among the 20,639 partici-
pants in the final study population, 1375 individuals (6.7%)
fulfilled the criteria for dementia. The diagnosis was refined
in 322 of 1446 cases (22%), mainly from unspecified de-
mentia to AD with concomitant vascular disease. One
hundred three participants (7%) remained classified as un-
specified dementia since available medical records did not
provide enough information to diagnose with further accur-
acy. In 172 individuals, no e-chart was available (mainly
due to emigration or death before conversion to the current
e-chart system) and then the last diagnosis in the register
was used.

Covariates
Covariates were selected based on previous literature
and availability [35]. Information on education, smoking,

alcohol consumption, medication use, and work-related
physical activity was self-reported and derived from the
baseline questionnaire. We categorized education as pri-
mary/elementary school (≤ 8 years), secondary school/
high school (9–12 years), or higher education/university
(≥ 13 years). Smoking was categorized as ever smoker
(current or former) or never smoker. Alcohol consump-
tion was entered numerically as grams of alcohol per
day, computed from the units of beer, wine, and liquor
participants stated to have consumed during the last
month. Drugs were classified according to the inter-
national Anatomical Therapeutic Chemical Classification
(ATC). Blood pressure-lowering medication was defined
as any drug with blood pressure-lowering effect regard-
less of indication and consisted of diuretics (ATC group
C03), beta-blocking agents (ATC group C07), calcium
channel blockers (ATC group C08), or agents acting on
the renin-angiotensin system (ATC group C09). Lipid-
lowering medication was defined as any drug with serum
lipid-reducing effect (ATC group C10). Work activity

Fig. 1 Vasaloppet and MDCS study populations. Flow diagram describing the Vasaloppet Study population (a) and MDCS population (b)
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was stated as “what degree of physical activity is usually
demanded in your work” with options (1) very light, (2)
light or medium heavy, (3) heavy, or (4) very heavy. We
categorized heavy or very heavy as physically heavy
work. Baseline information on the prevalence of diabetes
mellitus (type 1 or 2) was derived from the Swedish Na-
tional Diabetes Register and the NPR. Cardiovascular
disease was defined as ischemic or hemorrhagic stroke
or ischemic heart disease and originates from the NPR
and the Stroke register of Malmo.

Attrition
In the MDCS database, there are data on 30,446 individ-
uals. When comparing baseline data for participants
included in the present study (n = 20,639) and the
remaining original cohort (n = 9807), included partici-
pants were younger (mean age [SD] 57.8 [7.5] years vs
58.5 [7.8] years, p < 0.001) and had a higher physical ac-
tivity score at baseline (mean score 8292 [6746] vs 7532
[6344], p < 0.0001). Further, included participants were
higher educated and generally healthier (e.g., had lower
blood pressure, less cardiovascular disease, and less dia-
betes) than non-included individuals (p < 0.0001). Fur-
ther, the incidence rate per 1000 person-years (based on
time from baseline till event or end of study) differs be-
tween included participants (3.5 for any dementia, 0.8
for VaD, and 2.1 for AD) and non-participants (4.7 for
any dementia, 1.5 for VaD, and 2.4 for AD). There were
no differences in sex or APOE-ε4 carrier status. Further
information on recruitment bias has been described in
previous publications [36].

5xFAD mouse model
The 5xFAD strain is a mouse model co-expressing five
mutations associated with familial form of AD, resulting
in increased production of Aβ42. These mice have a fast
development of AD pathology, showing accumulation of
Aβ plaques as early as 2–3months of age, cognitive dys-
functions already at 5 months of age, and neuronal and
synaptic losses at 9 months of age [37–39]. Taken to-
gether, this makes the 5xFAD a suitable mouse model to
study the effects of exercise on the development of Aβ
plaque load, as well as cognitive dysfunctions seen in
AD patients.
We used female 5xFAD mice (n = 30), aged 9–12 weeks,

from Jackson Laboratories, weighing 14–20 g when start-
ing the experiment. Mice were housed two animals/cage
in standard laboratory cages with sawdust bedding and
free access to water and food. They acclimatized for at
least 5 days before starting the experiment. The holding
room had a 12:12 h light-dark cycle. There were no differ-
ences in body weight, age, and general motor function be-
tween the groups when the experiment was initiated.

Voluntary running wheel exercise
Mice were randomly assigned to sedentary (n = 14) or
exercising (n = 16) group. At 9–12 weeks of age, mice in
the running group were provided with low-profile wire-
less running wheels for mouse (ENV-047; med-associ-
ates.com) in their home cage, allowing the mice to run
as much as and whenever they wanted, during 24 weeks,
until the end of the study.

Cognitive tests
Y-maze spontaneous alternation test was performed to
examine any defects in working-memory after 18 weeks
of running as previously described [40]. For this purpose,
a Y-maze arena (21 × 4 cm/arm) was used. Mice with
less than five arm entries were excluded from the ana-
lysis. Y-maze spatial memory test was performed to
examine any defects in hippocampus-dependent spatial
memory after 21 weeks of running as described previ-
ously [41]. To examine hippocampus-independent object
memory, the mice were subjected to a novel object rec-
ognition test after 19–20 weeks of running. This test was
conducted in an open field arena (30 cm × 30 cm) as
described previously [42]. Both training and trial session
duration was 5 min. Mice that did not explore both
objects at least one time during the trial session were
excluded.

Collection of samples
After 24 weeks of running, samples were collected. The
mice were anesthetized with isofluorane and perfused
with saline solution before the brains were dissected out.
The right hemisphere was fixed in 4% paraformaldehyde
in phosphate buffer for 24 h before they were stored in
30% sucrose solution at 4 °C until analysis. From the left
hemisphere, the hippocampus and cortex were dissected,
snap frozen on dry ice, and stored at − 80 °C until
analysis.

Western blot
The hippocampus was homogenized as previously de-
scribed [43] with some modifications. Briefly, we used
120 μl of TBS buffer (20 mM Tris-HCl, 137 mM NaCl,
pH 7.6) containing protease and phosphatase inhibitors
and 1% Triton-X100 in a dounce homogenizer. After
30-min incubation on ice, it was centrifuged at 14000g
at 4 °C for 30 min. The supernatant was collected. Pro-
tein concentrations were determined (Pierce microplate
BCA Protein Assay kit, thermofisher.com). Western blot
was used as previously described [44]. The levels of the
synaptic proteins PSD-95 (1:3000, MAB1596, Millipore)
and synaptophysin (1:1000, Ab14692, Abcam,) were
measured and normalized to beta-actin.
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Immunohistochemistry
Immunohistochemistry was performed as previously de-
scribed [44] with some modifications. Briefly, 30-μm sagittal
sections were stained with 6E10 (1:500; BioLegend, San
Diego, USA) and secondary antibody labeled with Alexa
Fluor® 594 (1:500; Invitrogen, Carlsbad, CA, USA). Three
sections per brain (lateral 0.84–1.2mm) were analyzed
using an epifluorescence microscope (Nikon Eclipse 80i
microscope, Europe). The 6E10-positive Aβ were analyzed
in dentate gyrus/CA4 in the hippocampus and cortical layer
4 and 5 in the neocortex area above/dorsally of the lateral
ventricle. The immunofluorescence intensity was measured
in 0.25mm2 within regions of interest using ImageJ.

ELISA
The concentration of Aβ species (Aβ40 and Aβ42) in
the homogenized hippocampus was measured as previ-
ously described [44], with the MSD MULTI-SPOT Hu-
man (4G8) Aβ Assay (K15199G-1, Mesoscale) using
QuickPlex SQ120 (Mesoscale Discovery, Rockville, USA)
Plate Reader according to the manufacturer’s instruc-
tions. The recorded data was analyzed using MSD Dis-
covery Workbench software. Aβ concentrations were
normalized to total protein concentrations measured in
the BCA or Bradford assay.

Statistical analyses
We used R statistical software and SPSS statistical soft-
ware (v.22, Windows). Two-tailed p values < 0.05 were
considered statistically significant. Demographic data are
presented as median and interquartile range (IQR) or
numbers (n) and percent (%). Numeric and categorical
group differences were estimated with Mann-Whitney U

test and Pearson’s χ2 test, respectively. Based on tertiles,
participants in the MDCS were divided into three groups
according to their reported physical activity in leisure
time, referred to as high, intermediate, and low. Cox re-
gression models were used to compare risk of dementia
for skiers vs non-skiers in the Vasaloppet cohort and per
SD increase in physical activity score (continuous vari-
able converted to z-score) and per physical activity
group (categorical variable) in the MDCS cohort. Time
of event was defined as the date of first registered de-
mentia diagnosis in the NPR. Censoring appeared when
subjects died or at the time of register outtake/end of
follow-up. In the Vasaloppet cohort, the time variable
was calculated as years between participation in the ski
race and event/censoring. In the MDCS cohort, the time
variable was calculated as years between the reinvestiga-
tion and event/censoring since individuals who were di-
agnosed with dementia before the reinvestigation were
excluded (i.e., no events occurred between baseline and
reinvestigation based on the study design). Information
on the date of death for deceased study individuals was
available through Statistics Sweden and the Causes of
Death Register, held at the National Board of Health and
Welfare. In the MDCS, we also performed analyses
treating death as a competing risk event, using the
cmprsk (competing risk) package in R.
Risk of all-cause dementia, VaD and AD are presented

as hazard ratios (HR) with 95% confidence intervals (CI).
In the Vasaloppet cohort, we present both a crude
model and an age-, sex-, and education-adjusted model
(model 1). Education is categorized as noted in Table 1.
In the MDCS cohort, adjustments were performed in a
stepwise manner, where model 1 is adjusted for age, sex,

Table 1 Characteristics of the Vasaloppet study population

All Skiers Non-skiers

n = 395,369 n = 197,685 n = 197,684

Characteristics 1989–2010 Median (IQR) or n (%) Median (IQR) or n (%) Median (IQR) or n (%)

Age at baseline, years 36.0 (29.0–46.0) 36.0 (29.0–46.0) 36.0 (29.0–46.0)

Women 149,796 (38) 74,897 (38) 74,899 (38)

Education

Primary/elementary school (≤ 8 years) 49,344 (13) 14,538 (7.4) 34,806 (18)***

Secondary school/high school (9–12 years) 176,571 (45) 76,635 (39) 99,936 (51)

Higher education/university (≥ 13 years) 166,133 (42) 106,147 (54) 59,986 (31)

Dementia diagnoses at follow-up N events (incidence rate/1000 person-years)

All-cause dementia 542 (0.14) 223 (0.11) 319 (0.16)

Vascular dementia 112 (0.03) 40 (0.02) 72 (0.04)***

Alzheimer’s disease dementia 181 (0.05) 86 (0.04) 95 (0.05)

Characteristics of the Vasaloppet study population presented for the whole cohort and by skiers and non-skiers separately
***p < 0.001. Group difference between skiers and non-skiers, estimated with Mann-Whitney U test (numeric variables) and Pearson’s χ2 test (categorical variables).
Only significant differences are noted in the table
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and education and model 2 is further adjusted for smok-
ing, systolic blood pressure, body mass index, alcohol
consumption, diabetes, cardiovascular disease, blood
pressure-lowering medication, lipid-lowering medication,
and physically heavy work.
Overall, we performed complete case analyses, ren-

dering fewer individuals in adjusted models. We mod-
eled Schoenfeld residuals graphically to confirm the
proportionality assumption. Figure data were con-
structed using Kaplan-Meier curves. The same time
and event variables were used as in the Cox regres-
sions, and the hazards are presented for skiers vs
non-skiers. Numbers at risk were derived from sur-
vival tables specifying the number of individuals en-
tering each 5-year interval, as presented in the graph
(Fig. 2).
Since physical activity has been shown to be reduced

up to 9 years before diagnosis [17] and beneficial effects

of physical activity on dementia was shown to disappear
after 4 years [15], we decided to set 5 years as a cut-off
for sensitivity analyses. All individuals who developed
dementia within 5 years of participation in the Vasalop-
pet ski race and within 5 years of the second physical
activity assessment in the MDCS were excluded. In the
MDCS, we performed further sensitivity analyses where
we used pure AD and AD with cerebrovascular disease
as separate event variables. We also added APOE-ε4 as a
covariate in the subpopulation with available data and
stratified this subpopulation on APOE-ε4 carrier status.
Interaction statistics for APOE-ε4 was applied by simul-
taneously entering physical activity score and APOE-ε4
together with a variable consisting of their product in
Cox regression models. In order to account for attrition
bias, we also investigated if the physical activity at base-
line (only one assessment) was associated with the differ-
ent event variables (all-cause dementia, VaD, and AD).

Fig. 2 The effects of physical activity on the incidence of dementia, VaD, and AD in the Vasaloppet. The risk of developing all-cause dementia (a),
VaD (b), or AD (c). The risk of developing all-cause dementia (d), VaD (e), or AD (f) more than 5 years after completing Vasaloppet. The risk of
developing all-cause dementia (g), VaD (h), or AD (i) in skiers completing the Vasaloppet at a finishing time above or below median. HR
represents hazard ratios from an unadjusted Cox regression
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Results
Vasaloppet skiers had a reduced risk of developing
vascular dementia but not Alzheimer’s dementia
Demographic data for the Vasaloppet cohort is pre-
sented in Table 1. The total number of deaths was less
than 2%. After a median follow-up of 10 years (IQR 5–
15 years), 542 dementia diagnoses were identified in the
NPR. Out of these, 112 (21%) were diagnosed with VaD
and 181 individuals (33%) with AD. Participation in the
Vasaloppet ski race was associated with a lower risk of
developing all-cause dementia and VaD, but there was
no significant difference between skiers and non-skiers
for AD (Table 2, Fig. 2a–c). Skiers had higher education
than non-skiers (Table 1), but adjustments for age, gen-
der, and education did not alter the results (model 1,
Table 2). When we excluded cases that developed de-
mentia within 5 years of the ski race (baseline), results
were not altered (Table 2, Fig. 2d–f). Furthermore, faster
skiers (accomplishing Vasaloppet with a finishing time
below median) had a lower incidence of VaD (adjusted
hazard ratio (HR) 0.38, 95% CI 0.16–0.95), but not all-
cause dementia (HR 0.80, 95% CI 0.59–1.09) or AD (HR
1.17, 95% CI 0.73–1.88), compared to slower skiers
(Fig. 2g–i, unadjusted HR).

Higher physical activity was associated with reduced risk
of vascular dementia but not Alzheimer’s dementia in the
MDCS
Demographics for all participants can be seen in
Table 3. Participants were followed for a median of

20 years (IQR 19–22) from baseline and 15 years
(IQR 14–17 years) from the reinvestigation. Based on
the diagnostic review process, 1375 individuals were
diagnosed with dementia during the follow-up
period. Out of these, 300 (22%) were classified as
VaD and 834 (61%) were classified as AD, out of
which 436 were classified as pure AD and 398 as
AD with concomitant cerebrovascular disease. In
age-, sex-, and education-adjusted Cox regression
models (model 1), higher physical activity score,
modeled linearly, reduced the risk of developing VaD
(HR 0.81 per SD increase, 95% CI 0.72–0.93), but
not all-cause dementia (HR 0.96 per SD increase,
95% CI 0.91–1.02) nor AD (HR 1.03 per SD in-
crease, 95% CI 0.97–1.09). In the fully adjusted
model (model 2), the results were robust for VaD
(HR 0.83 per SD increase, 95% CI 0.73–0.95). There
was still no significant association between physical
activity score and incident all-cause dementia (HR
0.97 per SD increase, 95% CI 0.92–1.02) or AD (HR
1.03 per SD increase, 95% CI 0.97–1.10) after full
adjustments (model 2). When the population was
categorized based on tertiles, high physical activity
decreased the risk of developing VaD, even when we
adjusted for multiple confounders (Table 4). We
found no significant associations between physical
activity categories and incident all-cause dementia or
AD (Table 4). These results were not altered when
cases who developed dementia within the first 5
years of the reinvestigation were excluded (Table 4).

Table 2 Association between physical activity and incident dementia in the Vasaloppet cohort

All-cause dementia p Vascular dementia p Alzheimer’s dementia p

HR (95% CI) HR (95% CI) HR (95% CI)

Physical activity

Unadjusted model 542 events 112 events 181 events

Non-skiers (reference) 1 1 1

Skiers 0.68 (0.58–0.81) < 0.001 0.54 (0.37–0.80) 0.002 0.88 (0.66–1.18) 0.40

Model 1 533 events 112 events 177 events

Non-skiers (reference) 1 1 1

Skiers 0.63 (0.52–0.75) < 0.001 0.49 (0.33–0.73) < 0.001 0.74 (0.55–1.00) 0.052

Excluding dementia cases
< 5 years

Unadjusted model 483 events 104 events 169 events

Non-skiers (reference) 1 1 1

Skiers 0.78 (0.65–0.93) 0.005 0.61 (0.41–0.91) 0.014 0.94 (0.69–1.27) 0.68

Model 1 477 events 104 events 166 events

Non-skiers (reference) 1 1 1

Skiers 0.68 (0.57–0.82) < 0.001 0.54 (0.36–0.80) 0.002 0.78 (0.57–1.07) 0.12

Association between physical activity and incident dementia in the Vasaloppet cohort, based on participation in a long-distance ski race (skiers) compared to non-
skiers. Cox regression models showing hazard ratio (HR) with 95% confidence interval (CI) for risk of all-cause dementia, vascular dementia, or Alzheimer’s
dementia, respectively. Model 1 adjusted for age, sex, and education
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Further, we found no significant association between
physical activity and pure AD (HR 1.06 per SD in-
crease, 95% CI 0.98–1.14) nor between physical ac-
tivity and AD with concomitant cerebrovascular
disease (HR 1.04 per SD increase, 95% CI 0.92–1.17)
in fully adjusted models (model 2).
Data on APOE genotype was available in a subpart of

the MDCS cohort (n = 10,971), and 3306 participants
(30%) were hetero- or homozygote APOE-ε4 carriers.
Three hundred five APOE-ε4 carriers (9.1%) were diag-
nosed with AD during the study period, compared to
2.6% among non-carriers and 4.6% in the total cohort

(with available APOE data). When APOE-ε4 status was
entered as a dichotomous covariate in the Cox regres-
sion models, the results per SD increase in physical ac-
tivity score were not affected for any of the outcome
variables (all-cause dementia, VaD, or AD) (data not
shown). There was no significant interaction between
APOE-ε4 and physical activity for any of the dependent
variables (p = 0.68 for AD, p = 0.40 for vascular demen-
tia, and p = 0.32 for all-cause dementia). When the
population was stratified based on APOE-ε4 carrier sta-
tus, physical activity did not affect the risk of developing
AD among APOE-ε4 carriers (HR 1.00 per SD increase,

Table 3 Characteristics of the MDCS population at baseline investigation (1991–1996)

All Low physical activity
group

Intermediate physical activity
group

High physical activity
group

n = 20,639 n = 6882 n = 6882 n = 6875

Characteristics at baseline Median (IQR) or n
(%)

Median (IQR) or n (%) Median (IQR) or n (%) Median (IQR) or n (%)

Age at baseline, years 57.5 (51.0–63.8) 57.0 (50.9–63.7) 57.1 (50.8–63.4) 58.3 (51.6–64.2)***

Women 12,460 (60) 4205 (61) 4335 (63)* 3920 (57)***

Education

Primary/elementary school (≤ 8 years) 8159 (40) 3041 (44) 2515 (37)*** 2603 (38)***

Secondary school/high school (9–12
years)

7449 (36) 2387 (35) 2568 (37) 2494 (36)

Higher education/university (≥ 13
years)

5001 (24) 1443 (21) 1793 (26) 1765 (26)

Smoking, ever 12,573 (61) 40,239 (62) 4151 (60) 4183 (61)

Systolic blood pressure, mmHg 140 (126–152) 140 (128–152) 140 (126–150)** 140 (126–152)

Diastolic blood pressure, mmHg 85 (80–90) 85 (80–90) 85 (80–90)** 85 (80–90)**

Body mass index, kg/m2 25.2 (22.9–27.7) 25.6 (23.2–28.3) 25.0 (22.8–27.5)*** 25.0 (22.9–27.4)***

Alcohol, g/day 7.6 (1.9–15.6) 6.8 (1.3–15.3) 7.8 (2.3–15.7)*** 8.1 (2.3–15.9)***

Physically heavy work 7659 (38) 2613 (39) 2444 (36)** 2602 (38)

Physical activity score combined 13,300 (8460–19,
785)

6720 (4589–8460) 13,304 (11602–15,076)*** 23,320 (19790–29,050)***

Cardiovascular disease 543 (2.6) 205 (3.0) 166 (2.4)* 172 (2.5)

Diabetes mellitus 790 (3.8) 305 (4.4) 235 (3.4)** 250 (3.6)*

Blood pressure-lowering medication 3568 (17) 1323 (19) 1177 (17)** 1068 (16)***

Lipid-lowering medication 629 (3.0) 207 (3.0) 205 (3.0) 217 (3.2)

APOE-ε4 carriersa 3306 (30) 1146 (31) 1055 (30) 1105 (30)

Dementia diagnoses at follow-up N events (incidence rate/1000 person-years)

All-cause dementia 1375 (4.7) 455 (4.8) 460 (4.7) 460 (4.7)

Vascular dementia 300 (1.0) 112 (1.2) 101 (1.0) 87 (0.9)

Alzheimer’s dementia 834 (2.9) 266 (2.8) 271 (2.8) 297 (3.0)

Age at dementia diagnosis 80.0 (75.7–83.7) 79.7 (75.8–83.2) 80.2 (75.7–84.1) 80.3 (75.8–84.1)

Characteristics of the MDCS population at baseline investigation (1991–1996) for the total cohort, and by physical activity tertiles. Blood pressure and body mass
index were measured at the baseline investigation in the Malmo Diet and Cancer Study. Cardiovascular disease (coronary disease or stroke) and diabetes mellitus
(type 1 or 2) were derived from hospital registries at baseline. Dementia diagnoses were derived from registries and validated in e-charts. All other data was self-
reported, derived from the baseline questionnaire. Group differences between participants in the lowest physical activity group compared to intermediate and
high respectively were estimated with Mann-Whitney U test (numeric variables) and Pearson’s χ2 test (categorical variables). Only significant differences are noted
in the table
***p < 0.001, **p < 0.01, *p < 0.05
aData on 10,971 participants (53% of the study cohort)
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95% CI 0.89–1.13), nor among non-carriers (HR 1.04
per SD increase, 95% CI 0.92–1.16) in fully adjusted
models (model 2).
By the end of the follow-up, 5220 individuals (25%) in

the MDCS cohort were deceased, and among individuals
without a dementia diagnosis, this number was 23%. In
analyses treating death as a competing risk event, the as-
sociation between physical activity and VaD was attenu-
ated (fully adjusted HR 0.88 per SD increase, 95% CI
0.74–1.04 and HR 0.74 for the highest vs lowest physical
activity group, 95% CI 0.56–0.98). There was still no as-
sociation between physical activity and all-cause demen-
tia (fully adjusted HR 1.00 per SD increase, 95% CI
0.95–1.05), but higher physical activity indicated a bor-
derline increased risk of AD (fully adjusted HR 1.05 per
SD increase, 95% CI 1.00–1.10), though not significant
when modeled categorically (fully adjusted HR 1.13 for
the highest vs lowest physical activity group, 95% CI
0.95–1.33).
Finally, to address attrition bias, we also performed

analyses including all individuals who provided data on
physical activity at baseline (n = 28,360), thus only asses-
sing physical activity once in midlife. Still, no association

was found between physical activity and incident all-
cause dementia nor AD in either model 1 or 2 (all p >
0.20 per SD increase in physical activity score, data not
shown). There was a significant association between
physical activity at baseline and incident VaD in model 1
(HR per SD increase 0.87, 95% CI 0.78–0.96) and in
model 2 (HR per SD increase 0.89, 95% CI 0.80–0.99).

Physical activity does not protect against Alzheimer
pathology in Alzheimer’s disease mice
Running did not affect the object memory (p= 0.21) or
working memory (p= 0.38) (Fig. 3a). However, running mice
had reduced spatial memory as they entered the new arm of
the maze less frequently compared to sedentary mice
(p= 0.03) (Fig. 3a). The levels of the synaptic proteins PSD-
95 (p= 0.09) and synaptophysin (p= 0.79) in the hippocam-
pus were not affected by running (Fig. 3b). Furthermore, the
levels of amyloid-β did not differ between the running and
sedentary mice, neither as measured by immunohistochemis-
try in the hippocampus (p= 0.77) or cortex (p= 0.40) (Fig. 3c
and Additional file 1: Figure S1), nor as measured by ELISA
in the hippocampus (p= 0.46 and p= 0.44 for Aβ40 and
Aβ42 respectively, Fig. 3d).

Table 4 Association between midlife physical activity and incident dementia in the MDCS cohort

All-cause dementia p Vascular dementia p Alzheimer’s dementia p

HR (95% CI) HR (95% CI) HR (95% CI)

Physical activity

Model 1 1373 events 300 events 832 events

Low (reference) 1 1 1

Intermediate 0.99 (0.87–1.12) 0.84 0.87 (0.66–1.14) 0.30 1.01 (0.85–1.19) 0.95

High 0.90 (0.79–1.02) 0.11 0.63 (0.48–0.84) 0.002 1.04 (0.88–1.23) 0.64

Model 2 1341 events 293 events 815 events

Low (reference) 1 1 1

Intermediate 0.97 (0.85–1.11) 0.68 0.88 (0.67–1.16) 0.36 0.98 (0.82–1.16) 0.79

High 0.90 (0.79–1.03) 0.11 0.65 (0.49–0.87) 0.003 1.03 (0.87–1.22) 0.75

Excluding dementia cases < 5 years

Model 1 1204 events 270 events 714 events

Low (reference) 1 1 1

Intermediate 1.02 (0.89–1.18) 0.75 0.92 (0.69–1.22) 0.55 1.06 (0.88–1.28) 0.54

High 0.95 (0.83–1.09) 0.47 0.65 (0.48–0.88) 0.005 1.14 (0.95–1.37) 0.16

Model 2 1172 events 263 events 697 events

Low (reference) 1 1 1

Intermediate 1.01 (0.88–1.17) 0.85 0.93 (0.70–1.24) 0.63 1.04 (0.86–1.25) 0.71

High 0.96 (0.83–1.10) 0.53 0.66 (0.49–0.90) 0.008 1.14 (0.95–1.37) 0.16

Association between midlife physical activity and incident dementia in the MDCS cohort, based on self-reported physical activity at two different occasions in
midlife categorized as low, intermediate, or high activity group. Cox regression models showing hazard ratio (HR) with 95% confidence interval (CI) per physical
activity group for risk of all-cause dementia, vascular dementia, or Alzheimer’s dementia, respectively. Number of events per model is presented for transparency,
since we used complete case analyses. Model 1 adjusted for age, sex, and education. Model 2 adjusted for age, sex, education, smoking, systolic blood pressure,
body mass index, alcohol consumption, diabetes, cardiovascular disease, blood pressure-lowering medication, lipid-lowering medication, and physically
heavy work
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Discussion
Our study setup offered a unique possibility to study the
effect of midlife physical activity on the development of
different forms of dementia in very large study popula-
tions over long time periods. We found physical activity
to be associated with lower incidence of VaD, but not
AD, in both our epidemiological study populations. In
addition, individuals carrying APOE-ε4, did not exhibit
any specific beneficial protection from physical activity
on the development of AD. The lack of protective effect
of physical activity on the development of AD was also
seen in an experimental setup subjecting AD transgenic
mouse to voluntary wheel running.

The effect of physical activity on all-cause dementia
differed in our study cohorts, in line with inconsistent
results from previous studies [15, 17, 19, 20]. This
might be due to the fact that all-cause dementia consti-
tutes different underlying pathologies, identifying the
need to differentiate between dementia subtypes. In-
deed, for VaD and AD, our results were consistent in
both cohorts. In line with a meta-analysis [12], we
found physical activity to be associated with a lower in-
cidence of VaD, presumably resulting from improved
cerebral perfusion and reduction of cerebrovascular
pathology [45]. In an attempt to use a more objective
measure of physical activity, we stratified skiers based

Fig. 3 The effect of running on AD pathology in the 5xFAD mouse model. The effect on cognitive function (a), synaptic proteins (b) in the
hippocampus, amyloid-β levels in the cortex and hippocampus (c), and Aβ-species in the hippocampus (d). Box plot represents the median
values for each group with interquartile ranges and error bars indicating the minimum and maximum. *p < 0.05 in Mann-Whitney U test. For
cognitive tests, n = 13–14 in each group; for amyloid-β and synaptic proteins, n = 9–14 in each group
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on the speed of race accomplishment. Interestingly,
physically well-trained skiers had a lower incidence of
VaD compared to less well-trained skiers, which further
strengthen our results. Many previous studies suggest a
beneficial effect of physical activity on the incidence of
AD specifically [10, 19, 20, 46], but this was not con-
firmed in our study together with others [15, 18, 47].
Reasons for discrepancies between these studies may be
that physical activity reduces cerebrovascular comor-
bidity in individuals with AD and thereby delays the
onset of cognitive symptoms, rather than affecting AD
pathology per se. Joint pathologies (generally concur-
rent cerebrovascular disease) are common in individ-
uals diagnosed with AD [48]. Hence, studies that do
report significant associations between physical activity
and AD may represent effects that lower the cerebro-
vascular burden and thus postpone the onset of cogni-
tive symptoms due to AD rather than affecting the
specifc AD pathology per se. Studies using AD bio-
markers and MRI as an outcome, rather than clinical
dementia diagnoses, may help elucidate the specific
effects. In recently published clinical studies, physical
activity did not affect amyloid-β levels in the cerebro-
spinal fluid [49], but still resulted in improved cogni-
tion [7]. Further, physical inactivity was not associated
with amyloid-β deposition measured with PET [50].
Another possible explanation to the beneficial effects of
physical activity on dementia incidence shown in previ-
ous studies is the study setup. Lack of exclusion of par-
ticipants developing dementia soon after physical
activity assessment may increase the risk that some of
them are affected by reverse causation, where reduced
physical activity may be caused by cognitive decline and
preclinical dementia symptoms [15, 17]. Indeed, when
studies with follow-up time ≥ 10 years were assessed
separately in a meta-analysis, the impact of physical ac-
tivity on dementia was more conservative [11]. Consist-
ently, physical activity was associated with reduced risk
for dementia with cerebrovascular disease, but not AD,
in a recent study following 800 women over 44 years
[51]. In the present study, we tried to limit reverse
causation by excluding individuals who developed de-
mentia within 5 years of the ski race or the physical ac-
tivity assessment. Further, publication bias may have
influenced the prevailing literature, since a large num-
ber of smaller studies showed larger-than-average ef-
fects [11].
Lately, intervention trials have been carried out to test

if physical activity may reduce cognitive decline and de-
mentia. The overall effects seem limited [3, 4], but one
study with a multi-domain intervention found beneficial
effects on cognitive performance [5]. In the study with
the longest follow-up (mean 6.7 years), the risk of devel-
oping non-AD dementia was significantly reduced, with

a trend towards protection against VaD specifically [3].
Moreover, when assessing the intervention effects of
physical activity on cognitive performance in APOE-ε4
carriers and non-carriers separately, there was no effect
difference depending on the genetic risk [52], which
agrees with the present study.
In experimental settings, we have not been able to find

any data on the effect of physical activity on pathological
processes in animal models of VaD. However, the effects
of exercise on AD pathology have been thoroughly studied
in mice [25]. Many studies report the ability of exercise to
improve cognition in aged wild-type mice as well as trans-
genic AD mice [25]. Nevertheless, some studies show no
effect of exercise on cognition in transgenic AD models
[27, 33] and some experimental studies can be biased by
chronic stress, as reported by us [41]. In the present study,
voluntary physical activity did not improve cognition in
transgenic 5xFAD mice. Furthermore, physical activity did
not reduce the levels of amyloid-β or formation of pla-
ques, which is congruent with some previous studies [25,
27]. Important parameters to consider for the discrepan-
cies between studies are the duration and timing of the ex-
ercise interventions and sample collection. As noted by
Ryan et al., longer durations of exercise interventions are
needed to investigate the long-term effects of an active
lifestyle [25]. Many published studies have limitations in
the timings and durations in order to study the effect of a
long-term active lifestyle from middle age and onwards
[25]. We initiate the exercise at an age of 2months, just
before the onset of Aβ pathology. Further, our interven-
tion lasts for as long as 6months, until the mice are 8
months old, an age with fully developed pathology. Given
the genetically driven pathology in most transgenic AD
models, the effects of exercise investigated might not be
fully transferable to late-onset AD.
Limitations of the study include that physical activ-

ity was self-reported in the MDCS cohort, which in-
troduces subjectivity into the estimation. We tried to
compensate this with the use of a validated physical
activity score [33] and by using data from two separate
time points (5 years apart), thereby estimating the de-
gree of physical activity over an extended time period
in midlife. Further, we assume there is a healthy selec-
tion bias considering that individuals included in
MDCS were generally healthier and more physically
active at baseline than those excluded due to lack of
data (see “Attrition” in the MDCS methods section).
This may underestimate any true associations, but this
was partly accounted for in sensitivity analyses where
we included all individuals with baseline data on phys-
ical activity (only one assessment), thus minimizing
attrition during follow-up. Still, no significant associ-
ation was found for all-cause dementia nor AD. The
association between physical activity and vascular
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dementia was weaker in the analyses with one physical
activity assessment (see results for MDCS). This may
be due to the possibility that the potential effects of
physical activity require an active lifestyle during a
prolonged period, better reflected when physical activ-
ity was reported twice. In the Vasaloppet cohort, we
lack data on physical activity among non-skiers and
thereby include physically active individuals in the ref-
erence category as well, which may attenuate the true
association. Skiers were considered physically active
based on the assumption that it is necessary to
undergo regular physical training in order to complete
such a demanding long-distance race, and previous
studies have indeed showed that this is the case [30].
This may induce bias dependent on other con-
founders, such as diet, BMI, and smoking habits. Since
this information cannot be found in the Swedish regis-
tries, we could not adjust for these potential con-
founders. Still, the results of the association between
physical activity and incidence of VaD and AD were in
accordance with those from the fully adjusted model
in the MDCS cohort. Nevertheless, we were able to
adjust for age, sex, and education in the statistical
models in the Vasaloppet. In addition, we clearly dem-
onstrated that faster skiers had reduced incidence of
VaD but not AD, implicating that the associations
seen can be attributable to physical fitness level per se.
In the MDCS, the study protocol provided data on
several possible confounders that were included in the
analyses. Lastly, the use of register-based diagnoses
can be considered a limitation. All dementia diagnoses
were derived from hospital registries, which most
likely underestimates the true incidence. However, the
Swedish National Patient Register covers 99% of all
hospital-based diagnoses, and both primary and sec-
ondary diagnoses are represented. Another explan-
ation to the relatively low incidence of dementia
within the Vasaloppet cohort is that the study design
excluded individuals that were already diagnosed with
a severe disease that could prevent them from being
active at baseline. This was necessary in order to re-
duce the potential bias due to inability to participate
in the ski race. Hence, this design is likely to result in
a lower incidence number due to elimination of co-
morbidity. In Sweden as a whole, the incident rate of
dementia is 2 cases per 1000 person-years (2017, Sta-
tistics Sweden). The incident rate in MDCS is around
this number, mainly due to participants being older
(around 58 years). In the Vasaloppet cohort, the inci-
dent rates are below this, mainly due to the exclusion
of comorbidities and a low age at baseline (around 36
years). Finally, since we aimed to study differences
between dementia subtypes, possible diagnostic mis-
classification needs to be acknowledged. Clinically

derived diagnoses may be insufficiently characterized,
and concordance between clinical and neuropatho-
logical diagnoses does vary [53]. Nevertheless, in the
MDCS, over 80% of individuals with dementia
attended specialized Memory Clinics, and all medical
records and brain imaging were retrospectively
reviewed to determine the type of dementia diagnosis.
Taken together, we used two very different study de-

signs, one in which physical activity was measured in a
more objective way (participation in long-distance ski
race), and the other where it was subjectively measured
(by a self-reported questionnaire). Still, both these study
setups revealed concurrent results where physical activ-
ity was associated with a lower incidence of VaD but not
AD, despite differences in strengths and limitations
within the separate cohorts. This consistency likely re-
duces the risk that the found associations are driven by
confounding factors.

Conclusion
In conclusion, higher physical activity in midlife was as-
sociated with a lower incidence of VaD. No association
between physical activity and AD was found, neither
among individuals predisposed to develop AD by carry-
ing the APOE-ε4 risk allele. Altogether, physical activity
could be an important strategy to prevent the develop-
ment of VaD, especially considering the lack of available
treatments for this disease.
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Abbreviations
5xFAD: 5x familial Alzheimer’s disease; AD: Alzheimer’s disease; HR: Hazard
ratio; IQR: Interquartile range; MDCS: Malmo Diet and Cancer Study;
NPR: National Patient Register; VaD: Vascular dementia

Acknowledgements
We are grateful to Johan Österman, without whom the Vasaloppet study on
dementia would not have been initiated. We also thank Olle Melander, the
principal investigator of the Malmo Diet and Cancer Study, and all research
nurses involved in collecting the data.

Authors’ contributions
OH was responsible for the study coordination as well as drafting and
revising the manuscript. MS was responsible for the planning and
conduction of the experimental study, including running intervention,
behavioral tests, collection of samples, processing of tissue, image analysis,
and statistical analyses of the experimental data. AMG was responsible for
the statistical analyses of the MDCS data. MS and AMG did the literature
search and wrote the main parts of the manuscript. EA was involved in the
conduction of the experimental study and performed the
immunohistochemistry. YY performed the western blots. KN was responsible
for the MDCS collaboration and critically revised the manuscript. UH and SJ

Hansson et al. Alzheimer's Research & Therapy           (2019) 11:87 Page 13 of 15

https://doi.org/10.1186/s13195-019-0538-4
https://doi.org/10.1186/s13195-019-0538-4


were responsible for establishing and extracting data in the Vasaloppet
cohort and critically revised the manuscript. TD was responsible for the
planning of the experimental study and the Vasaloppet study as well as
coordinating the collaborations and revising the manuscript. All authors read
and approved the final manuscript.

Funding
The study was funded by the Strategic Research Area MultiPark
(Multidisciplinary Research focused on and Parkinson’s disease and
neurodegenerative disorders) at Lund University, the Swedish Alzheimer
Foundation, the Swedish Brain Foundation, the European Research Council,
the Swedish Research Council, the Knut and Alice Wallenberg Foundation,
the Marianne and Marcus Wallenberg Foundation, Crafoord Foundation,
Swedish Dementia Association, G&J Kock Foundation, A&E Berger
Foundation, Olle Engkvist Foundation, and governmental funding of clinical
research within the Swedish National Health Services.

Availability of data and materials
The data sets supporting the conclusions of this article can be made
available upon request. MDCS data can be requested through an application
to the MDCS steering committee. Vasaloppet database can be requested
from Uppsala Clinical Research Center. Data used in the mouse model
analyses can be requested through the corresponding author.

Ethics approval and consent to participate
The Ethical Review Board in Uppsala, Sweden, approved the Vasaloppet
study (2010, Dnr 2010/305). The Regional Ethical Review Board of Lund
University gave ethical approval for the Malmo Diet and Cancer Study in
several stages (2002, Dnr 244-02, 2004, Dnr 154-2004, 2009, Dnr 633-2009,
2011, Dnr 83-2011, and 2013, Dnr 489-2013.) All MDCS participants provided
informed consent at the study entry, when no cognitive disorder was
present/diagnosed. Animal experiments were approved by Malmö/Lund ani-
mal ethics committee (2012, Dnr: M427-12) and performed in accordance to
the Directive of the European Parliament.

Consent for publication
Not applicable

Competing interests
Oskar Hansson acquired research support (for the institution) from Roche, GE
Healthcare, Biogen, AVID Radiopharmaceuticals, Fujirebio, and Euroimmun. In
the past 2 years, he has received consultancy/speaker fees (paid to the
institution) from Biogen, Roche, and Fujirebio. The remaining authors declare
that they have no competing interests.

Author details
1Clinical Memory Research Unit, Department of Clinical Sciences Malmö,
Lund University, Malmö, Sweden. 2Memory Clinic, Skåne University Hospital,
Malmö, Sweden. 3Experimental Neuroinflammation Laboratory, Department
of Experimental Medical Science, Lund University, 221 84 Lund, Sweden.
4Department of Acute Internal Medicine and Geriatrics, Linköping University,
Linköping, Sweden. 5Department of Medical Sciences, Cardiology, Uppsala
University, Uppsala, Sweden.

Received: 26 March 2019 Accepted: 10 September 2019

References
1. Rakesh G, Szabo ST, Alexopoulos GS, Zannas AS. Strategies for dementia

prevention: latest evidence and implications. Ther Adv Chronic Dis. 2017;
8(8–9):121–36.

2. Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for primary
prevention of Alzheimer’s disease: an analysis of population-based data.
Lancet Neurol. 2014;13(8):788–94.

3. Moll van Charante EP, Richard E, Eurelings LS, van Dalen JW, Ligthart SA,
van Bussel EF, et al. Effectiveness of a 6-year multidomain vascular care
intervention to prevent dementia (preDIVA): a cluster-randomised
controlled trial. Lancet. 2016;388(10046):797–805.

4. Andrieu S, Guyonnet S, Coley N, Cantet C, Bonnefoy M, Bordes S, et al.
Effect of long-term omega 3 polyunsaturated fatty acid supplementation
with or without multidomain intervention on cognitive function in elderly

adults with memory complaints (MAPT): a randomised, placebo-controlled
trial. Lancet Neurol. 2017;16(5):377–89.

5. Ngandu T, Lehtisalo J, Solomon A, Levalahti E, Ahtiluoto S, Antikainen R,
et al. A 2 year multidomain intervention of diet, exercise, cognitive training,
and vascular risk monitoring versus control to prevent cognitive decline in
at-risk elderly people (FINGER): a randomised controlled trial. Lancet. 2015;
385(9984):2255–63.

6. Groot C, Hooghiemstra AM, Raijmakers PG, van Berckel BN, Scheltens P,
Scherder EJ, et al. The effect of physical activity on cognitive function in
patients with dementia: a meta-analysis of randomized control trials. Ageing
Res Rev. 2016;25:13–23.

7. Hoffmann K, Sobol NA, Frederiksen KS, Beyer N, Vogel A, Vestergaard K,
et al. Moderate-to-high intensity physical exercise in patients with
Alzheimer’s disease: a randomized controlled trial. J Alzheimers Dis. 2016;
50(2):443–53.

8. Lamb SE, Sheehan B, Atherton N, Nichols V, Collins H, Mistry D, et al.
Dementia And Physical Activity (DAPA) trial of moderate to high intensity
exercise training for people with dementia: randomised controlled trial.
BMJ. 2018;361:k1675.

9. Iuliano E, di Cagno A, Cristofano A, Angiolillo A, D'Aversa R, Ciccotelli S,
et al. Physical exercise for prevention of dementia (EPD) study: background,
design and methods. BMC Public Health. 2019;19(1):659.

10. Hamer M, Chida Y. Physical activity and risk of neurodegenerative disease: a
systematic review of prospective evidence. Psychol Med. 2009;39(1):3–11.

11. Blondell SJ, Hammersley-Mather R, Veerman JL. Does physical activity
prevent cognitive decline and dementia?: a systematic review and meta-
analysis of longitudinal studies. BMC Public Health. 2014;14:510.

12. Aarsland D, Sardahaee FS, Anderssen S, Ballard C, Alzheimer’s Society Systematic
Review g. Is physical activity a potential preventive factor for vascular dementia?
A systematic review. Aging Ment Health 2010;14(4):386–395.

13. Stephen R, Hongisto K, Solomon A, Lonnroos E. Physical activity and
Alzheimer’s disease: a systematic review. J Gerontol A Biol Sci Med Sci. 2017;
72(6):733–9.

14. Xu W, Wang HF, Wan Y, Tan CC, Yu JT, Tan L. Leisure time physical activity
and dementia risk: a dose-response meta-analysis of prospective studies.
BMJ Open. 2017;7(10):e014706.

15. de Bruijn RF, Schrijvers EM, de Groot KA, Witteman JC, Hofman A, Franco
OH, et al. The association between physical activity and dementia in an
elderly population: the Rotterdam study. Eur J Epidemiol. 2013;28(3):277–83.

16. Tan ZS, Spartano NL, Beiser AS, DeCarli C, Auerbach SH, Vasan RS, et al.
Physical activity, brain volume, and dementia risk: the Framingham study. J
Gerontol A Biol Sci Med Sci. 2017;72(6):789–95.

17. Sabia S, Dugravot A, Dartigues JF, Abell J, Elbaz A, Kivimaki M, et al. Physical
activity, cognitive decline, and risk of dementia: 28 year follow-up of
Whitehall II cohort study. BMJ. 2017;357:j2709.

18. Yamada M, Kasagi F, Sasaki H, Masunari N, Mimori Y, Suzuki G. Association
between dementia and midlife risk factors: the radiation effects research
foundation adult health study. J Am Geriatr Soc. 2003;51(3):410–4.

19. Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B, Tuomilehto J, et al.
Leisure-time physical activity at midlife and the risk of dementia and
Alzheimer’s disease. Lancet Neurol. 2005;4(11):705–11.

20. Andel R, Crowe M, Pedersen NL, Fratiglioni L, Johansson B, Gatz M.
Physical exercise at midlife and risk of dementia three decades later: a
population-based study of Swedish twins. J Gerontol A Biol Sci Med
Sci. 2008;63(1):62–6.

21. Carlson MC, Helms MJ, Steffens DC, Burke JR, Potter GG, Plassman BL.
Midlife activity predicts risk of dementia in older male twin pairs. Alzheimers
Dement. 2008;4(5):324–31.

22. Raber J, Huang Y, Ashford JW. ApoE genotype accounts for the vast
majority of AD risk and AD pathology. Neurobiol Aging. 2004;25(5):641–50.

23. Head D, Bugg JM, Goate AM, Fagan AM, Mintun MA, Benzinger T, et al.
Exercise engagement as a moderator of the effects of APOE genotype on
amyloid deposition. Arch Neurol. 2012;69(5):636–43.

24. Podewils LJ, Guallar E, Kuller LH, Fried LP, Lopez OL, Carlson M, et al. Physical
activity, APOE genotype, and dementia risk: findings from the Cardiovascular
Health Cognition Study. Am J Epidemiol. 2005;161(7):639–51.

25. Ryan SM, Kelly AM. Exercise as a pro-cognitive, pro-neurogenic and
anti-inflammatory intervention in transgenic mouse models of
Alzheimer’s disease. Ageing Res Rev. 2016;27:77–92.

26. Moore KM, Girens RE, Larson SK, Jones MR, Restivo JL, Holtzman DM,
et al. A spectrum of exercise training reduces soluble Abeta in a

Hansson et al. Alzheimer's Research & Therapy           (2019) 11:87 Page 14 of 15



dose-dependent manner in a mouse model of Alzheimer’s disease.
Neurobiol Dis. 2016;85:218–24.

27. Xu ZQ, Zhang LQ, Wang Q, Marshall C, Xiao N, Gao JY, et al. Aerobic
exercise combined with antioxidative treatment does not counteract
moderate- or mid-stage Alzheimer-like pathophysiology of APP/PS1 mice.
CNS Neurosci Ther. 2013;19(10):795–803.

28. Hallmarker U, Lindback J, Michaelsson K, Arnlov J, Asberg S, Wester P, et al.
Survival and incidence of cardiovascular diseases in participants in a long-
distance ski race (Vasaloppet, Sweden) compared with the background
population. Eur Heart J Qual Care Clin Outcomes. 2018;4(2):91–7.

29. Carlsson S, Olsson L, Farahmand BY, Hallmarker U, Ahlbom A. Skiers in
the long-distance ski race invest in their health. Lakartidningen. 2007;
104(9):670–1.

30. Farahmand BY, Ahlbom A, Ekblom O, Ekblom B, Hallmarker U, Aronson D,
et al. Mortality amongst participants in Vasaloppet: a classical long-distance
ski race in Sweden. J Intern Med. 2003;253(3):276–83.

31. Hallmarker U, Michaelsson K, Arnlov J, Hellberg D, Lagerqvist B, Lindback J, et al.
Risk of recurrent ischaemic events after myocardial infarction in long-distance ski
race participants. Eur J Prev Cardiol. 2016;23(3):282–90.

32. Berglund G, Elmstahl S, Janzon L, Larsson SA. The Malmo Diet and Cancer
study. Design and feasibility. J Intern Med. 1993;233(1):45–51.

33. Taylor HL, Jacobs DR Jr, Schucker B, Knudsen J, Leon AS, Debacker G. A
questionnaire for the assessment of leisure time physical activities. J Chronic
Dis. 1978;31(12):741–55.

34. American Psychiatric Association. Diagnostic and statistical manual of mental
disorders. 5th ed. Washington, DC: American Psychiatric Publishing; 2013.

35. Qiu C, Xu W, Fratiglioni L. Vascular and psychosocial factors in Alzheimer’s
disease: epidemiological evidence toward intervention. J Alzheimers Dis.
2010;20(3):689–97.

36. Manjer J, Carlsson S, Elmstahl S, Gullberg B, Janzon L, Lindstrom M,
et al. The Malmo Diet and Cancer Study: representativity, cancer
incidence and mortality in participants and non-participants. Eur J
Cancer Prev. 2001;10(6):489–99.

37. Webster SJ, Bachstetter AD, Nelson PT, Schmitt FA, Van Eldik LJ. Using
mice to model Alzheimer’s dementia: an overview of the clinical
disease and the preclinical behavioral changes in 10 mouse models.
Front Genet. 2014;5:88.

38. Girard SD, Jacquet M, Baranger K, Migliorati M, Escoffier G, Bernard A, et al.
Onset of hippocampus-dependent memory impairments in 5XFAD
transgenic mouse model of Alzheimer’s disease. Hippocampus. 2014;24(7):
762–72.

39. Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, et al. Intraneuronal beta-
amyloid aggregates, neurodegeneration, and neuron loss in transgenic
mice with five familial Alzheimer’s disease mutations: potential factors in
amyloid plaque formation. J Neurosci. 2006;26(40):10129–40.

40. George S, Petit GH, Gouras GK, Brundin P, Olsson R. Nonsteroidal selective
androgen receptor modulators and selective estrogen receptor beta
agonists moderate cognitive deficits and amyloid-beta levels in a mouse
model of Alzheimer’s disease. ACS Chem Neurosci. 2013;4(12):1537–48.

41. Svensson M, Rosvall P, Boza-Serrano A, Andersson E, Lexell J, Deierborg T.
Forced treadmill exercise can induce stress and increase neuronal damage in a
mouse model of global cerebral ischemia. Neurobiol Stress. 2016;5:8–18.

42. Vieira-Brock PL, McFadden LM, Nielsen SM, Smith MD, Hanson GR,
Fleckenstein AE. Nicotine administration attenuates methamphetamine-
induced novel object recognition deficits. Int J Neuropsychopharmacol.
2015;18(12):1-12.

43. Rijal Upadhaya A, Capetillo-Zarate E, Kosterin I, Abramowski D, Kumar S,
Yamaguchi H, et al. Dispersible amyloid beta-protein oligomers, protofibrils,
and fibrils represent diffusible but not soluble aggregates: their role in
neurodegeneration in amyloid precursor protein (APP) transgenic mice.
Neurobiol Aging. 2012;33(11):2641–60.

44. Boza-Serrano A, Yang Y, Paulus A, Deierborg T. Innate immune alterations
are elicited in microglial cells before plaque deposition in the Alzheimer’s
disease mouse model 5xFAD. Sci Rep. 2018;8(1):1550.

45. Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, Iadecola C, et al.
Vascular contributions to cognitive impairment and dementia: a statement
for healthcare professionals from the American Heart Association/American
Stroke Association. Stroke. 2011;42(9):2672–713.

46. Guure CB, Ibrahim NA, Adam MB, Said SM. Impact of physical activity on
cognitive decline, dementia, and its subtypes: meta-analysis of prospective
studies. Biomed Res Int 2017;2017:9016924.

47. Ravaglia G, Forti P, Lucicesare A, Pisacane N, Rietti E, Bianchin M, et al.
Physical activity and dementia risk in the elderly: findings from a
prospective Italian study. Neurology. 2008;70(19 Pt 2):1786–94.

48. Rabinovici GD, Carrillo MC, Forman M, DeSanti S, Miller DS, Kozauer N, et al.
Multiple comorbid neuropathologies in the setting of Alzheimer’s disease
neuropathology and implications for drug development. Alzheimers
Dement (N Y). 2017;3(1):83–91.

49. Steen Jensen C, Portelius E, Siersma V, Hogh P, Wermuth L, Blennow K, et al.
Cerebrospinal fluid amyloid beta and tau concentrations are not modulated
by 16 weeks of moderate- to high-intensity physical exercise in patients
with Alzheimer disease. Dement Geriatr Cogn Disord. 2016;42(3–4):146–58.

50. Vemuri P, Knopman DS, Lesnick TG, Przybelski SA, Mielke MM, Graff-Radford
J, et al. Evaluation of amyloid protective factors and Alzheimer disease
neurodegeneration protective factors in elderly individuals. JAMA Neurol.
2017;74(6):718–26.

51. Najar J, Ostling S, Gudmundsson P, Sundh V, Johansson L, Kern S, et al.
Cognitive and physical activity and dementia: a 44-year longitudinal
population study of women. Neurology. 2019;92:e1322–30.

52. Solomon A, Turunen H, Ngandu T, Peltonen M, Levalahti E, Helisalmi S, et al.
Effect of the apolipoprotein E genotype on cognitive change during a
multidomain lifestyle intervention: a subgroup analysis of a randomized
clinical trial. JAMA Neurol. 2018;75(4):462–70.

53. Jellinger KA. Clinicopathological analysis of dementia disorders in the
elderly--an update. J Alzheimers Dis. 2006;9(3 Suppl):61–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Hansson et al. Alzheimer's Research & Therapy           (2019) 11:87 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Dementia diagnoses
	Vasaloppet cohort
	Physical activity
	Covariates
	Attrition

	Malmo Diet and Cancer study (MDCS) cohort
	Physical activity assessment
	Review of dementia diagnoses
	Covariates
	Attrition

	5xFAD mouse model
	Voluntary running wheel exercise
	Cognitive tests
	Collection of samples
	Western blot
	Immunohistochemistry
	ELISA

	Statistical analyses

	Results
	Vasaloppet skiers had a reduced risk of developing vascular dementia but not Alzheimer’s dementia
	Higher physical activity was associated with reduced risk of vascular dementia but not Alzheimer’s dementia in the MDCS
	Physical activity does not protect against Alzheimer pathology in Alzheimer’s disease mice

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

