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Abstract
Subcortical ischemic vascular cognitive impairment (SIVCI) is
the most preventable form of cognitive dysfunction. There is
converging evidence from animal and human studies that
indicate vascular injury as the primary cause of SIVCI.
Currently, there are no curative pharmaceutical treatments
for vascular dementia; however, exercise may be a promising
strategy to combat SIVCI. This review will focus on the role of
exercise as a strategy to prevent or slow the progression of
SIVCI, with particular emphasis on the mechanisms by which

exercise may improve cerebrovascular function. We propose
that exercise may be an effective strategy to combat SIVCI by
improving cognitive function, increasing the bioavailability of
neurotrophins, stimulating endothelial function, and controlling
vascular risk factors.
Keywords: endothelial function, exercise, subcortical
ischemic vascular cognitive impairment, white matter
hyperintensities.
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The World Health Organization estimates that 47.5 million
people worldwide are living with dementia with an expected
increase of 7.7 million new cases each year (World Health
Organization 2012). Dementia is a common cause of
disability and dependency among older adults; thus, the
high prevalence and incidence of dementia is a great burden
to health, social, and financial systems (World Health
Organization 2012). Vascular cognitive impairment (VCI)
is the second leading cause of cognitive impairment and
dementia (van Norden et al. 2012). Vascular cognitive
impairment is an umbrella term that encompasses the full
spectrum of cognitive and functional impairments associated
with cerebrovascular disease, from frank dementia to mild
cognitive deficits (Gorelick et al. 2011). Subcortical
ischemic vascular cognitive impairment (SIVCI) is the most
common form of VCI and is caused by cerebral small vessel
disease (SVD) (Moorhouse and Rockwood 2008). Cerebral
SVD is caused by chronic and diffuse ischemia and is most
often associated with damage to cerebral white matter.
Specifically, it manifests as white matter hyperintensities

(WMH), lacunes, enlarged perivascular spaces, and microb-
leeds (Wardlaw et al. 2013b).
Overall, there is converging evidence from animal and

human studies that indicate vascular injury as the primary
cause of SIVCI (Iadecola 2013). Vascular risk factors such as
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hypertension, diabetes mellitus, hypercholesteremia, smok-
ing, and obesity are implicated in the vascular pathology
associated with SIVCI (Gorelick et al. 2011). Currently,
there are no curative pharmaceutical treatments for vascular
dementia. However, exercise may be a promising primary
and secondary prevention strategy. We propose that exer-
cise may be an effective method to combat SIVCI by
improving cognitive function, increasing the bioavailability
of neurotrophins, stimulating endothelial function, and
controlling vascular risk factors. First, we begin by
reviewing the biological networks and pathophysiology of
SIVCI.

The vascular network and cerebral white matter

Subcortical ischemic vascular cognitive impairment is caused
by vascular injury in the wall or lumen of cerebral small
vessels. Vascular lesions can include arteriolosclerosis,
lipohyalinosis, fibrinoid necrosis, and small vessel
atherosclerosis in perforating cerebral arterioles and capillar-
ies (Sachdev et al. 2014). Arteriolosclerosis is the most
common form of SVD and is highly correlated with aging,
hypertension, diabetes, and is directly associated with WMH
(Erkinjuntti et al. 1996; Schmidt et al. 2004; van Swieten
et al. 1991; Hainsworth et al. 2015). It is characterized by
smooth muscle loss and collagenization of small arteries and
arterioles. These vessels become elongated and tortuous
causing chronic and diffuse ischemia. Together, these
changes cause endothelial dysfunction, which has been
proposed as the primary pathogenesis in SVD (Hainsworth
et al. 2015).
The endothelium is a thin, flat cellular monolayer that lines

the entire vascular tree. These cells have many important
functions that include: (i) diffusion of oxygen and carbon-
dioxide across capillary walls; (ii) sprouting and revascular-
ization in response to cell signaling molecules such as
vascular endothelial growth factor (VEGF) and forms of
fibroblast growth factor, and (iii) autoregulation of local
cerebral blood flow (CBF), which is a special feature of the
brain vasculature (Hainsworth et al. 2015). Autoregulation
protects cerebral blood vessels from changes in arterial
pressure associated with daily activities and provides a stable
CBF baseline (Iadecola 2013). The endothelium has the
ability to increase or decrease vessel diameter and distal
blood flow by modulating vascular smooth muscle tone. It
does this by releasing several effectors, most notably nitric
oxide (NO). Nitric oxide is produced by NO synthase (NOS)
proteins, of which the dominant form in endothelial cells is
endothelial NOS (eNOS). Nitric oxide is one of the most
important vasodilator mechanisms; it causes contractile
smooth muscle cells to relax allowing the vessels to dilate.
Dysfunctional endothelial cells may synthesize less NOS
resulting in reduced vascular dilation affecting local CBF
(Griendling et al. 2011).

Endothelial dysfunction is also associated with smooth
muscle cell proliferation on the abluminal side and platelet
adhesion on the luminal side. This can cause platelet
aggregation, white blood cell adhesion, and inflammation,
which may initiate and advance vascular pathology (Rajani
and Williams 2017). Dysfunctional endothelial cells secrete
factors such as VEGF, tumor necrosis factor-a, and endothe-
lin 1 that may have negative effects on other brain cells
(Griendling et al. 2011; Rajani and Williams 2017). In
addition, it can cause leakiness of the blood–brain barrier,
which is associated with WMH and lacunar strokes
(Wardlaw et al. 2008; Iadecola 2013). Vascular risk factors
associated with SIVCI including hypertension, hypercholes-
terolemia, diabetes, and aging all result in identical
endothelial damage (Brunner et al. 2005). Thus, the preser-
vation of endothelial function is a potential strategy for the
prevention of SIVCI.
Endothelial cells can also have a direct impact on

oligodendrocytes, which are derived from oligodendrocyte
precursor cells (OPC) (Rajani and Williams 2017). Oligo-
dendrocyte precursor cells arise from many different regions
of the brain during development and are also present
throughout the adult brain. The main function of oligoden-
drocytes is to form the myelin sheath around axons, which
make up the bulk of white matter. It forms the myelin by
wrapping its membrane around the axon several times to
form short segments called nodes of Ranvier. Myelin is
necessary for fast transmission of electrical signals through
the axon, as the signal can ‘jump’ between the nodes of
Ranvier by saltatory conduction (Baumann and Pham-Dinh
2001). Oligodendrocytes are also involved in the trophic
support of axons by secreting insulin-like growth factor 1
(IGF-1) and brain-derived neurotrophic factor (BDNF) (Du
and Dreyfus 2002). Thus, the proper function of oligoden-
drocytes is essential for brain health.
Endothelial function plays an important role in the support

of OPC (Rajani & Williams 2017). Endothelial cells can
secrete factors, such as fibroblast growth factor and BDNF,
that promote OPC proliferation (Leventhal et al. 1999).
There are studies linking endothelial cell dysfunction with
SVD. For example, increased levels of systemic endothelial
activation markers, such as intercellular adhesion molecule 1,
tissue factor pathway inhibitor, and thrombomodulin, are
associated with cerebral SVD. Critically, these changes may
be mediating the formation of WMH and lacunes (Hassan
et al. 2003). Furthermore, the Austrian Stroke Prevention
Study found an association between intercellular adhesion
molecule levels and WMH progression at 3 and 6 years
(Markus et al. 2005). Overall, these studies indicate that
altered endothelial cell signaling might cause oligodendro-
cytes to be more vulnerable to damage, either by reducing
their exposure to pro-survival factors or by reducing the
ability of white matter to repair itself after injury (Rajani &
Williams 2017).
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In summary, endothelial dysfunction is a pathological
hallmark of SVD (Poggesi et al. 2016). Immunohistological
labeling shows evidence of vessel wall thickening and up-
regulation of hypoxia-related markers within white matter
lesions (Fernando et al. 2006). Endothelium NO signaling is
an important factor in local CBF regulation and a large
number of studies have found greater reductions in CBF in
patients with more severe WMH (Markus et al. 2014) and
within the WMH region compared with the surrounding
normal-appearing white matter (van Dalen et al. 2016). In
addition, the endothelium is linked to the health and function
of oligodendrocytes and the brain’s general regenerative
capacities, further strengthening the association between
WMH and vasculopathy (Hainsworth et al. 2015).

White matter hyperintensities in small vessel
disease

Epidemiology and pathophysiology of white matter

hyperintensities

Cerebral SVD is caused by chronic and diffuse ischemia and
is associated with damage to cerebral white matter. Specif-
ically, it manifests as WMH, lacunes, enlarged perivascular
spaces, and microbleeds (Wardlaw et al. 2013b). White
matter hyperintensities are the most common manifestation
of SVD and are present on magnetic resonance imaging
(MRI) in over 90% of older adults (Schmidt et al. 2011).
Lacunes and microbleeds occur less commonly among older
adults with frequencies ranging from 6 to 20% and 5 to 15%,
respectively (Cavalieri et al. 2012). Epidemiological evi-
dence consistently suggests that WMH are progressive in
nature (Prins and Scheltens 2015). White matter hyperinten-
sity progression was observed in 39% (of 668 participants)
and 73.6% (of 394 participants) at 3 years’ follow-up in the
Rotterdam Scan Study (van Dijk et al. 2008) and the
Leukoaraiosis and Disability Study (Schmidt et al. 2012),
respectively. In the Austrian Stroke Prevention Study,
participants with confluent lesions displayed a 2.7–9.3 cm3

median increase, with a maximum increase of 21.0 cm3 after
6 years (Schmidt et al. 2003). Generally, people with
confluent lesions will experience greater progression over
time (Schmidt et al. 2003; Schmidt et al. 2012) – the annual
increase in WMH volume in those with early confluent
lesions is 0.23 cm3 and those with established confluent
lesions is 1.60 cm3 (Ovbiagele and Saver 2006).
White matter hyperintensities are typically imaged using

MRI where lesions appear hyperintense on T2-weighted,
proton density weighted, and fluid-attenuated inversion-
recovery scans. They commonly occur in the periventricular
or deep white matter regions. In the periventricular regions,
WMH appear as ‘caps’ around the frontal horns of the lateral
ventricles and as a pencil-thin lining or a smooth ‘halo’ along
the side of the lateral ventricles. In the deep white matter,
changes can occur as punctate or confluent lesions that have

not cavitated (signal is different from cerebrospinal fluid)
(Wardlaw et al. 2013a). As the disease progresses, WMH
typically expand outward toward the subcortical white
matter. Pathology studies suggest that several histologic
processes are involved in these radiologic lesions. Subtle
WMH are associated with microglial and endothelial activa-
tion. Punctate lesions are associated with dilated perivascular
spaces and perivascular gliosis. Periventricular WMH are
associated with discontinuous ependyma, gliosis, loosening
of the white matter fibers, and myelin loss around tortuous
venules in perivascular spaces. Caps are associated with
myelin pallor, gliosis, and arteriosclerosis; and rims are
associated with subependymal gliosis and loss of the
ependymal lining. As periventricular WMH worsen, gliosis,
demyelination, and fiber loss become more apparent. Gen-
erally, pathology reports have predominantly associated
WMH with changes to oligodendrocytes resulting in
demyelination and axonal loss (Chimowitz et al. 1992;
Wardlaw et al. 2015).

White matter hyperintensities are associated with cognitive

impairment
White matter hyperintensities are consistently associated
with executive dysfunctions in SIVCI (Prins and Scheltens
2015). The term ‘executive functions’ refer to the ability to
orchestrate different cognitive tasks to attain a specific goal.
Executive functions are necessary if, for example, attentional
resources have to be efficiently distributed among different
sensory inputs or when predominant behavioral tendencies
have to be inhibited (Perry and Hodges 1999). Thus, it
includes the many stages necessary for goal-directed behav-
ior. A deficit in executive functions result in an inability to
participate in everyday activities and is a major component of
cognitive disability within the context of SIVCI (Roman
et al. 1993; Roman and Royall 1999).
Executive dysfunctions in SIVCI is supported by several

large population studies (Debette and Markus 2010),
including cross-sectional data from the Cardiovascular
Health Study, Framingham Heart Study, Rotterdam Scan
Study, and Leukoaraiosis and Disability Study (Longstreth
et al. 1996; de Groot et al. 2000; Au et al. 2006; Verdelho
et al. 2007; Poggesi et al. 2011). Specifically, increased
WMH is correlated with poorer performance on tests of
executive functions, processing speed, global cognition, and
in some cases memory. Critically, the progression of WMH
is associated with subsequent cognitive decline. The Cardio-
vascular Health Study (5-year follow-up) (Longstreth et al.
2005) and the Rotterdam Study (3-year follow-up) (van Dijk
et al. 2008) reported an association between WMH progres-
sion with declines in global cognition (Longstreth et al.
2005; van Dijk et al. 2008) and information processing
speed (van Dijk et al. 2008). A meta-analysis found that
progression of WMH (1–1.5-year follow-up) was associated
with greater declines in attention and executive functions

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

Exercise and vascular cognitive impairment 3



(Kloppenborg et al. 2014). Generally, the presence and
progression of WMH is associated with cognitive decline.
In summary, SVD is associated with arteriolosclerosis and

endothelial dysfunction causing chronic and diffuse ische-
mia. Ischemic damage predominantly results in WMH in the
periventricular and deep white matter regions. Histopathol-
ogy studies suggest that demyelination is a major component
of the microstructural changes in SVD. White matter
hyperintensities are associated with impairments in executive
functions as well as global cognition. Critically, WMH are
progressive in nature and result in worse cognitive outcomes
over time. Thus, it is crucial that we develop strategies to
combat SIVCI as it can interfere with the ability to function
autonomously. Below we review the potential for exercise to
mitigate SIVCI.

Role of exercise in mitigating SIVCI

Evidence suggests that regular exercise is a promising
strategy to combat SIVCI. Exercise is a subcategory of
physical activity that is planned, structured, and purposive to
improve physical health (Bherer et al. 2013). Generally,
there are two types of exercise: (i) aerobic training, which
targets cardiovascular fitness (Myers 2003), and (ii) resis-
tance training, which targets muscle mass and strength
(Peterson et al. 2010). Below, we will review the role of
exercise in reducing the risk for cognitive decline and
promoting cerebral white matter health. Next, we will review
the role of exercise in mitigating vascular injury in SIVCI.

Exercise reduces the risk for cognitive decline and promotes

cerebral white matter health
Several longitudinal cohort studies have suggested that
increased physical activity may slow the progression of
cognitive decline (Rockwood and Middleton 2007; Middle-
ton and Yaffe 2009; Geda et al. 2010). The Nurses’ Health
Study in women (follow-up of up to 15 years) (Weuve et al.
2004) and the Honolulu-Asia Aging Study in men (follow-up
of over 30 years) (Abbott et al. 2004; Taaffe et al. 2008),
found that higher levels of physical activity were associated
with better cognitive performance and lower risk of cognitive
decline. Similarly, the Monongahela Valley Independent
Elders Survey project (Lytle et al. 2004) reported that higher
exercise level (defined as aerobic exercise for ≥ 30 min
performed ≥ 3 times per week) was associated with a
reduced risk of cognitive decline. The Canadian Health and
Aging Study reported that physical activity was associated
with a 42% reduced risk of cognitive impairment–no
dementia (Laurin et al. 2001). Overall, observational studies
indicate that exercise may be beneficial for cognitive
function.
Furthermore, several randomized controlled trials (RCT)

support the efficacy of exercise in people with mild cognitive
impairment (MCI). A study by Baker and colleagues (Baker

et al. 2010) found that an aerobic training program improved
executive functions in people with MCI, with more pro-
nounced benefits for women than men despite comparable
gains in cardiorespiratory fitness. In women with subjective
cognitive complaints, Lautenschlager and colleagues (Laut-
enschlager et al. 2008) found that moderate intensity phys-
ical activity (predominantly involving aerobic activity)
improved memory performance. In addition, an RCT con-
ducted by Nagamatsu and colleagues (Nagamatsu et al.
2013) found that both aerobic and resistance training
improved memory performance and executive functions in
women with probable MCI. Another RCT in people with
MCI found that progressive resistance training significantly
improved global cognitive function, as measured by the
Alzheimer’s Disease Assessment Scale-cognitive subscale.
Of note, participants maintained executive and global
cognitive benefits for over 18 months (Fiatarone Singh et al.
2014). Conversely, other reports have indicated that exercise
may not improve cognitive function in healthy older adults
and people with MCI (Gates et al. 2013; Ohman et al. 2014;
Young et al. 2015). A Cochrane Review found that aerobic
exercise did not improve cognitive function in older adults
without known cognitive impairment (Young et al. 2015).
Furthermore, the Lifestyle Interventions and Independence
for Elders (LIFE) randomized trial, the largest and longest
RCT to assess the effect of exercise on cognitive function in
sedentary older adults with no cognitive impairment, found
that a 24-month moderate intensity exercise intervention did
not result in better global or domain specific cognition
compared with a health education program (Sink et al.
2015). However, the exercise intervention in the LIFE trial
did not meet exercise prescription guidelines outlined by the
American College of Sports Medicine for older adults; thus,
the exercise prescription may have been insufficient to
produce changes in cognitive function (Poulin et al. 2016).
Similarly, a meta-analysis of RCT in people with MCI found
that a majority of outcomes were non-significant providing
no strong or consistent evidence that exercise improves
cognitive function in MCI. However, these authors note that
there were methodological problems in defining MCI,
exercise prescription, blinding, inadequate sample sizes,
and not reporting dropout rates or compliance (Gates et al.
2013). A systematic review of seven good or moderate
quality RCT found that exercise was associated with positive
outcomes in global cognition, executive functions, and
attention in people with MCI (Ohman et al. 2014). Although
more RCT are needed to ascertain the efficacy of exercise on
cognitive function, there is evidence to suggest that regular
exercise may be beneficial for cognitive performance in older
adults with MCI.
Only one study has specifically assessed the impact of

exercise in people with SIVCI (Liu-Ambrose et al. 2016).
An RCT conducted by Liu-Ambrose and colleagues
(Liu-Ambrose et al. 2016) demonstrated that 6 months of
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aerobic training improved general cognitive function, as
measured by the Alzheimer’s Disease Assessment Scale-
cognitive subscale, in people with mild SIVCI. Improved
cognitive performance was associated with reduced diastolic
blood pressure suggesting that reduced blood pressure may
be a pathway by which aerobic exercise promotes cognitive
health in SIVCI (Liu-Ambrose et al. 2016). Furthermore, a
secondary analysis of neuroimaging data acquired from this
trial found that participants in the aerobic training interven-
tion group showed improvement in selective attention and
conflict resolution, as measured by the flanker task. Improve-
ment on the flanker task was associated with reduced task-
related neural activation in the left lateral occipital cortex and
right superior temporal gyrus, as measure by functional MRI
(fMRI) (Hsu et al. 2017). Previous studies reported increased
task-related neural activation, as a compensatory process, in
people with SVD (Li et al. 2012) and older adults with
higher cardiovascular risk (Chuang et al. 2014). This was
supported by another study that reported an association
between decreased white matter integrity and increased fMRI
signal (i.e. less-wiring-more-firing) (Daselaar et al. 2015).
Thus, it was postulated that aerobic training may maintain or
increase neural efficiency among older adults with mild
SIVCI by reducing the need for compensatory neural
processes (Hsu et al. 2017).
Although not specific to people with SIVCI, other studies

have assessed the impact of exercise on WMH in healthy
older adults and people with MCI. A cross-sectional study
found that moderate to vigorous levels of physical activity
was associated with lower WMH volume in healthy older
adults (Burzynska et al. 2014). An RCT in community
dwelling older women reported that resistance training
reduced WMH progression over 12 months (Bolandzadeh
et al. 2015). These results are supported by the SMART
Trial, an RCT conducted in people with MCI. This trial
reported that high-intensity progressive resistance training
resulted in a modest regression of WMH in periventricular
and parietal zones while non-progressive resistance training
groups displayed WMH progression; however, these results
did not survive whole-brain correction (Suo et al. 2016).
White matter hyperintensities are also associated with
reduced white matter integrity in both projection and
association fiber tracts (Chao et al. 2013). One study
reported that light physical activity was associated with
greater white matter integrity in parahippocampal regions in
healthy older adults (Burzynska et al. 2014). In addition,
another study found that greater aerobic fitness derived from
a walking program was associated with increased white
matter integrity in the frontal and temporal lobes, though
there were no group differences in white matter integrity in
this 1 year aerobic exercise intervention (Voss et al. 2013b).
Together, these studies suggest that exercise, both aerobic
and resistance training and of various intensities, are
important for maintaining white matter health.

Despite the mounting literature showing that physical
activity has favorable effects on cognition in older adults, the
underlying mechanisms remain unknown (Colcombe and
Kramer 2003). Animal models suggest that exercise enhances
brain health, and thus cognitive health, by increasing the
availability of several growth factors in the neurotrophin
family including BDNF, IGF-1, and VEGF. Exercise can
increase the bioavailability of BDNF directly in the brain and
in the periphery. Animal studies found that voluntary wheel
running increased levels of BDNF gene expression in the
hippocampus, an area important for learning and memory.
Brain-derived neurotropic factor may modulate exercise-
induced synaptic plasticity mechanisms that underlie learning
and memory, such as long-term potentiation (Cotman et al.
2007). Exercise facilitated long-term potentiation in the
dentate gyrus, a subregion of the hippocampus, was paralleled
by increases to dendritic length, dendritic complexity, spine
density, and neural progenitor proliferation (van Praag et al.
1999). Overall, BDNF plays an important role in neuronal
survival, growth, and synaptic plasticity (Cotman and
Berchtold 2002; Cotman et al. 2007; Erickson et al. 2012).
Peripheral changes in BDNF expression and quantity have

been observed in neurodegenerative and metabolic diseases.
For example, in MCI, decreases in peripheral concentrations
of BDNF are associated with age-related hippocampal
dysfunction and memory impairment (Coelho et al. 2013).
In type-2 diabetes, changes in glucose metabolism and
insulin resistance are associated with decreased BDNF
concentrations (Krabbe et al. 2007; Fujinami et al. 2008).
Critically, several studies have reported that exercise,
specifically aerobic training, increases peripheral concentra-
tions of BDNF in healthy older adults and in people with
MCI. Specifically, a study by Baker and colleagues (Baker
et al. 2010) found that high-intensity exercises (75–85% of
heart rate reserve) increased peripheral concentrations of
BDNF in older men and maintained concentrations of BDNF
in older women with MCI. It is known that BDNF is
modulated by estrogen, such that BDNF expression is
increased with increased estrogen levels (Singh et al.
1995). Thus, the decline in estrogen levels in women after
menopause may result in a lower expression of BDNF
(Simpkins et al. 1997). Furthermore, Erickson and col-
leagues (Erickson et al. 2011) found that increased serum
BDNF levels mediated increased hippocampal volume after a
1-year aerobic exercise training program. Overall, there is
evidence to suggest that aerobic exercise may improve
cognitive function by increasing the bioavailability of BDNF.
Data from animal studies also suggest that both IGF-1 and

VEGF can increase neurogenesis and angiogenesis (Cotman
et al. 2007). Blocking IGF-1 or VEGF from crossing the
blood–brain barrier can prevent exercise-induced neurogen-
esis in the hippocampus (Trejo et al. 2001; Fabel et al.
2003). Blocking IGF-1 signaling can also prevent the
expression of hippocampal BDNF in response to exercise
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(Ding et al. 2006). Furthermore, IGF-1 is involved in
vascular maintenance and remodeling (Lopez-Lopez et al.
2004) as age-related reductions in IGF-1 are associated with
decreased cerebral vascular density and blood flow (Sonntag
et al. 1997). Studies in rodents found that aerobic exercise
training prevents and protects the brain from ischemic injury
and impedes progression of ongoing neurodegeneration
through increased uptake of circulating IGF-1 by the brain
(Carro et al. 2001). Although animal studies implicate
VEGF and IGF-1 as key mediators in exercise-induced brain
responses, evidence from human studies remain equivocal.
Both a 1-year (Voss et al. 2013a) and 3-month (Maass et al.
2016) aerobic exercise intervention in healthy older adults
did not reveal significant effects on serum levels of VEGF or
IGF-1 compared to a control intervention involving muscle
stretching. However, a systematic review suggested that
aerobic exercise (as opposed to resistance training) would be
the most efficacious method for increasing VEGF concen-
trations in older adults though the authors note that the
limited number of studies and different populations analyzed
make it difficult to reach a definitive conclusion (Vital et al.
2014). In contrast, resistance training is more efficacious in
up-regulating IGF-1 levels. A study in young adults found
that both low and high intensity resistance exercise increases
levels of IGF-1, though low exercise intensity is sufficient to
achieve the potential IGF-1-related benefits on brain neuro-
plasticity (Rojas Vega et al. 2010). Compared with a study
conducted by Schwarz and colleagues (Schwarz et al. 1996)
the rate of IGF-1 increase was modest with 7% for low-
intensity aerobic exercise compared with 28% for low-
intensity resistance exercise. To our knowledge, no studies
have assessed the efficacy of aerobic or resistance training on
VEGF or IGF-1 concentrations in people with SIVCI.
However, the available literature suggests that different
forms of exercise may initiate different pathways, such that
aerobic training may up-regulate BDNF and VEGF and
resistance training may increase IGF-1 concentrations.
There is mounting evidence suggesting that exercise, both

aerobic and resistance training, can reduce the risk of
cognitive decline and improve cognitive function. Currently,
animal studies suggest that exercise training may improve
cognitive function via growth factors such as BDNF, IGF-1,
and VEGF that induce neuroplastic, neurotrophic, and
neuroprotective factors (Cotman and Berchtold 2002).
However, more studies in humans are needed to fully
understand the interaction between exercise, neurotrophins,
and cognitive function.

Exercise may mitigate vascular injury in subcortical ischemic

vascular cognitive impairment

Exercise training may combat SIVCI by controlling vascular
risk factors such as diabetes, hypercholesterolemia, and
hypertension (Lakka and Laaksonen 2007; Fleg 2012;
Phillips et al. 2015). For example, in a 4.1-year average

follow-up Finnish study people who spent at least 2.5 h/
week walking for exercise were 63-69% less likely to
develop type 2 diabetes compared with those who walked
< 1 h/week (Laaksonen et al. 2005). In addition, a
meta-analysis of aerobic training trials in older adults
found significant increases in high density lipoprotein
(HDL – ‘good’ cholesterol) and reduced total cholesterol/
HDL cholesterol ratio, independent of changes in body
composition (Kelley et al. 2005). Regular physical activity
can also have favorable effects on elevated blood pressure. A
meta-analysis of 54 RCTs found that aerobic training
decreased both systolic and diastolic blood pressure in
normotensive and hypertensive adults (Whelton et al. 2002).
Much evidence points to the benefits of regular physical
activity in the prevention and control of type 2 diabetes,
hypercholesterolemia, hypertension, and cardiovascular dis-
ease (Warburton et al. 2006).
Reducing vascular risk factors may have a direct impact on

WMH progression. One longitudinal population based study
of non-demented older adults found that people with
untreated hypertension had significantly more WMH pro-
gression than people with treated hypertension over a 5-year
period, after adjusting for age, sex, cardiovascular risk
factors, and baseline WMH volume (Verhaaren et al. 2013).
In another longitudinal study, subjects taking antihyperten-
sive drugs and who had controlled blood pressure had less
severe WMH compared with those who had high blood
pressure at 4-year follow-up (Dufouil et al. 2001). Results
from RCTs also suggested that controlling hypertension
might reduce the risk of WMH progression. The Evaluation
of Vascular Care in Alzheimer’s Disease (EVA) trial
assessed the impact of intensive vascular care compared
with standard care in patients with AD who exhibited
concomitant cerebrovascular lesions on MRI, and found that
people receiving vascular care showed less WMH progres-
sion. However, the two groups were similar in the number of
new lacunes (Richard et al. 2010) and no differences were
observed in clinical function between the intervention and
control group (Richard et al. 2009). In the PROGRESS MRI
substudy of patients with symptomatic stroke, patients
treated for high blood pressure were less likely to have
new WMH at a mean 3-year follow-up (Dufouil et al. 2005).
Overall, data from both observational studies and RCT
indicate that reducing blood pressure may directly reduce the
incidence and progression of WMH (Smith et al. 2017). For
statin treatments, trials have provided conflicting evidence as
to whether statin treatment reduces WMH progression (ten
Dam et al. 2005; Mok et al. 2009; Xiong et al. 2014; Smith
et al. 2017). In people with type 2 diabetes mellitus, glucose-
lowering therapy did not reduce WMH progression (Launer
et al. 2011), though the association between type 2 diabetes
and WMH remains unclear – most studies have found no
association or only a weak association between diabetes and
WMH (Prins and Scheltens 2015). These results suggest that
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hypercholesterolemia and diabetes may cause cognitive
impairment through other mechanisms.
Vascular risk factors for SIVCI are associated with

impaired endothelial-dependent vasodilation that is detect-
able before any morphological changes could be observed in
the vessel wall. Increased aerobic activity may reduce
vascular risk factors through NO-mediated vasodilation
(DeSouza et al. 2000; Tanaka et al. 2000). Many factors
can regulate the release of NO, including shear stress.
Exercise training dramatically increases eNOS expression in
endothelial cells, likely because of the increased shear stress
caused by high cardiac output in sustained exercise. Direct
shear-stress-mediated effects on the vascular endothelium
may therefore be a possible mechanism by which exercise
can mitigate SVD (Bolduc et al. 2013; Lucas et al. 2015).
Animal studies investigating both peripheral and coronary

vasculature suggest that aerobic training enhances eNOS, and
NO production and bioactivity (Green et al. 2004). For
example, short-term exercise training in rats increased
endothelial NO synthesis in skeletal muscle and muscle
arterioles and increased vasodilator responses (Sun et al.
1994). In large conduit vessels, improved endothelium-
dependent vasodilation was observed after 7 days of aerobic
exercise in pigs (McAllister and Laughlin 1997). In cerebral
arterioles, aerobic training was associated with increased
NOS-dependent vasodilation in female rats (Arrick et al.
2016). In contrast, in human studies exercise training of
healthy subjects with normal endothelial function does not
seem to induce NO-vasodilation. In a study of young males,
4 weeks of handgrip training reduced minimum vascular
resistance following an ischemic stimulus in the trained limb
but forearm blood flow response to endothelium-dependent
vasodilators was not altered in response to training (Green
et al. 1994). A randomized cross-over study of combined
aerobic and resistance training in healthy middle-aged men
found that training did not significantly affect endothelium-
dependent function. However, these results may be related to
exercise intensity (Maiorana et al. 2001b). A study by Goto
and colleagues (Goto et al. 2003) found changes in endothe-
lium-dependent forearm vasodilation in the moderate inten-
sity exercise group (50% of VO2 max) but not in the low (25%
of VO2 max) and high (75% of VO2 max) intensity groups. In
the high-intensity group, there was evidence of increased
oxidative stress, which may have abrogated any improve-
ments in vascular function. The authors also postulated that
low-intensity training may fall below a given threshold for
improvement in endothelial function (Goto et al. 2003).
In contrast to healthy adults, the majority of studies

performed in people with impaired endothelial function have
reported improvements after exercise (Green et al. 2004).
Studies in people with chronic heart failure (Maiorana et al.
2000) and type 2 diabetes (Maiorana et al. 2001a) suggest
that depressed endothelial function is more capable of
augmentation by exercise training compared with well-

preserved vascular function in healthy subjects (Green et al.
2004). In subjects with chronic heart failure, combined
aerobic and resistance training improved endothelium-
dependent and -independent vascular function. These effects
on the vasculature were evident in a vascular bed not directly
involved in the exercise stimulus suggesting that exercise
effects on the vasculature are generalized (Maiorana et al.
2000). In people with type 2 diabetes, a similar exercise
program reported improved resistance and conduit vessel
vasodilator function, potentially because of endothelium-
dependent mechanisms (Maiorana et al. 2001a). Data from
animal and human studies suggest that exercise training
increases NO-dependent vascular function, including up-
regulation of constitutive eNOS expression, particularly in
people with compromised endothelial function. This suggests
that people with impaired endothelial function may be more
amenable to improvements in NO function as a result of
exercise training (Green et al. 2004). This is particularly
pertinent for people with SVD because increased NO
bioavailability is considered a key factor in the maintenance
of cerebrovascular function and for optimal regulation of CBF
(Padilla et al. 2011).
Exercise mediated increases in NO and CBF may guard

against vascular ischemic injury. In mice with mild brain
ischemia, Gertz and colleagues (Gertz et al. 2006) reported
that voluntary exercise training increased resting CBF in the
ischemic lesion as well as better functional and cognitive
outcomes. Importantly, the protective effects of physical
activity were not present in animals that were either treated
with an NOS inhibitor or in animals lacking eNOS gene
expression (eNOS�/�) (Gertz et al. 2006). Similarly, Endres
and colleagues (Endres et al. 2003) demonstrated that
3 weeks of exercise training led to an increase in resting
CBF and a reduction in cerebral infarct size in wild-type, but
not eNOS�/� mice. Furthermore, Arrick and colleagues
(Arrick et al. 2012) studied the effects of exercise training on
ischemic damage in the brain of diabetic rats and found that
the total infarct volume in cortical and subcortical regions
were reduced in rats enrolled in a treadmill pre-training
protocol of 6–8 weeks. The authors suggested that aerobic
exercise training has beneficial effects on cerebral circulation
and may have significant therapeutic potential for mitigating
ischemic brain injury (Arrick et al. 2012). It is hypothesized
that exercise training protects the cerebrovasculature by: (i)
inducing endothelial cerebrovascular shear stress (shear
stress increases NO bioavailability) required to match local
CBF with neuronal activity associated with exercise (aware-
ness, balance, concentration, etc.); (ii) increasing sympathetic
activity to coordinate blood delivery and energy supply, and
thus stimulating endothelial function and increasing NO
bioavailability, and; (iii) delaying age-related stiffening of
large arteries that may cause downstream problems for
cerebral artery endothelial function and maintenance of
cerebral perfusion (Bolduc et al. 2013).
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Several findings suggest that the increase in flow is
regional to the cortical activity reflective of the exercising
extremity (Ogoh and Ainslie 2009). However, a study by
Delp and colleagues (Delp et al. 2001) found that aerobic
exercise in miniature swine resulted in local increases in CBF
in several subcortical areas involved in: locomotion and
integration of sensory inputs and motor outputs (anterior and
dorsal cerebellar vermis), maintenance of equilibrium
(vestibular nuclei), cardiorespiratory control (medulla and
pons), and vision (dorsal occipital cortex, superior colliculi,
and lateral geniculate body). In human subjects, fMRI data
reported greater task-related activity in brain regions that
control attention (i.e. middle frontal gyrus, superior frontal
gyrus, superior parietal lobule) and reduced activity in the
anterior cingulate cortex, a region associated with behavioral
conflict and adaption of attentional control processes in older
adults, after 6 months of aerobic exercise training (Colcombe
et al. 2004).
There are several limitations associated with studies

assessing the effect of exercise on endothelial function.
First, most of these studies are in large vessels and it remains
unclear whether these same mechanisms exist in small
vessels. Second, each vascular bed has tissue-specific
morphology, physiology, biochemistry, pathology, and phar-
macology. There are major differences between endothelial

cells lining large conduit arteries, small resistant arteries, and
microvessels, which further increase the complexity of
molecular mechanisms activated in the presence of vascular
risk factors. Third, research on endothelial function in the
cerebral vasculature is currently not possible in humans; as
such, studies are reliant on animal models of hypertension or
stroke (Katusic and Austin 2014). Notwithstanding these
limitations, current knowledge indicates that damage to the
endothelium is a major component of SVD. Thus, improving
endothelial function is an important therapeutic target for the
prevention and treatment of SIVCI.

Conclusion

In the past several decades there have been great scientific
strides in understanding the pathophysiology of dementia;
yet, no pharmacological treatment is available to halt or
reverse the effects of dementia. Thus, risk reduction is
currently a fundamental strategy in combating cognitive
decline. Epidemiological studies have identified several
potential modifiable risk and protective factors that could
be targeted in dementia prevention. For example, factors that
may increase the risk for cognitive decline include: history of
depression, sleep disturbances, smoking, traumatic brain
injury, mid-life obesity, hyperlipidemia, diabetes, and

Exercise 

Vascular risk factors 
Hypertension 
Diabetes mellitus 
Hypercholesteremia

SIVCI 
Prevention 
Delaying/slowing 
progression 

Cognitive function 
Executive functions 
Global cognition 

Bioavailability of neurotrophins
Brain-derived neurotrophic factor 
Insulin-like growth factor 1 
Vascular endothelial growth factor 

Endothelial function 
Nitric oxide mediated cerebral 
blood flow 
Oligodendrocyte support 

Fig. 1 There are several pathways by which exercise may mitigate the
effects of subcortical ischemic vascular cognitive impairment (SIVCI):
(i) Exercise increases the bioavailability of neurotrophins to prevent
and protect the brain from ischemic injury, increase angiogenesis, and

enhance neuronal function (and thus, cognitive function) (Cotman and
Berchtold 2002); (ii) Both aerobic (Ohman et al. 2014) and resistance
training (Fiatarone Singh et al. 2014) improves cognitive function and

may reduce white matter hyperintensity progression (Bolandzadeh
et al. 2015; Suo et al. 2016) and increase white matter intergrity (Voss
et al. 2013b); (iii) Exercise may protect the cerebrovasculature by

inducing the shear stress required to increase cerebral blood flow by
increasing the bioavailability of nitric oxide and delaying arterial
stiffening (Bolduc et al. 2013). Proper endothelial function is also
important for the health of oligodendrocytes and the regenerative

capacity of cerebral white matter (Rajani and Williams 2017) and; (iv)
Vascular risk factors such as hypertension, diabetes mellitus, and
hypercholesteremia are associated with SIVCI and endothelial dys-

function. Exercise is an effective strategy to reduce key vascular risk
factors associated with SIVCI (Phillips et al. 2015).
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hypertension. Factors that may reduce the risk of cognitive
decline include: increasing years of formal education, social
engagement, cognitive training, Mediterranean diet, and
physical activity (Baumgart et al. 2015). In this review, we
focus on the potential efficacy of aerobic and resistance
exercise in combating SIVCI. However, we note that this is a
targeted review of the literature and a systematic scope of the
available information is not provided. Here, we propose that
exercise may be an effective strategy for reducing the risk of
cognitive decline, promoting brain health by increasing the
bioavailability of neurotrophins, reducing vessel damage by
targeting endothelial function, and controlling vascular risk
factors (Fig. 1). Although more evidence from RCT are needed
to ascertain the role of physical activity and exercise in
combating SIVCI, there is support from scientific literature to
suggest that regular physical activity and management of
cardiovascular risk factors (diabetes, obesity, smoking, and
hypertension) can reduce the risk or slow the progression of
cognitive decline and dementia (Baumgart et al. 2015).
Epidemiological research from large population studies in
western Europe suggests that the prevention and treatment of
vascular disease and chronic conditions may play an important
role in the reduced or stable occurrence of dementia over the
past 20–30 years (Wu et al. 2016). These findings highlight
the importance of regular physical activity in the prevention of
SIVCI.

Acknowledgments and conflict of interest
disclosure

This work was supported by funding from the Heart and Stroke
Foundation of Canada and the Jack Brown and Family Alzheimer
Research Foundation Society. TLA is a Canada Research Chair
(Tier II) in Physical Activity, Mobility and Cognitive Neuroscience.
The authors declare that they have no conflicts of interest.

References

Abbott R. D., White L. R., Ross G. W., Masaki K. H., Curb J. D. and
Petrovitch H. (2004) Walking and dementia in physically capable
elderly men. JAMA 292, 1447–1453.

Arrick D. M., Sun H. and Mayhan W. G. (2012) Influence of exercise
training on ischemic brain injury in type 1 diabetic rats. J. Appl.
Physiol. 113, 1121–1127.

Arrick D. M., Li C. and Mayhan W. G. (2016) Sex-related differences in
reactivity of cerebral arterioles during moderate exercise training.
Microcirculation 23, 549–557.

Au R., Massaro J. M., Wolf P. A., Young M. E., Beiser A., Seshadri S.,
D’Agostino R. B. and DeCarli C. (2006) Association of white matter
hyperintensity volume with decreased cognitive functioning: the
Framingham Heart Study. Arch. Neurol. 63, 246–250.

Baker L. D., Frank L. L., Foster-Schubert K. et al. (2010) Effects of
aerobic exercise on mild cognitive impairment: a controlled trial.
Arch. Neurol. 67, 71–79.

Baumann N. and Pham-Dinh D. (2001) Biology of oligodendrocyte and
myelin in the mammalian central nervous system. Physiol. Rev. 81,
871–927.

Baumgart M., Snyder H. M., Carrillo M. C., Fazio S., Kim H. and Johns
H. (2015) Summary of the evidence on modifiable risk factors for
cognitive decline and dementia: a population-based perspective.
Alzheimers Dement. 11, 718–726.

Bherer L., Erickson K. I. and Liu-Ambrose T. (2013) A review of the
effects of physical activity and exercise on cognitive and brain
functions in older adults. J. Aging Res. 2013, 657508.

Bolandzadeh N., Tam R., Handy T. C., Nagamatsu L. S., Hsu C. L.,
Davis J. C., Dao E., Beattie B. L. and Liu-Ambrose T. (2015)
Resistance training and white matter lesion progression in older
women: exploratory analysis of a 12-month randomized controlled
trial. J. Am. Geriatr. Soc. 63, 2052–2060.

Bolduc V., Thorin-Trescases N. and Thorin E. (2013) Endothelium-
dependent control of cerebrovascular functions through age:
exercise for healthy cerebrovascular aging. Am. J. Physiol. Heart
Circ. Physiol. 305, H620–H633.

Brunner H., Cockcroft J. R., Deanfield J. et al. (2005) Endothelial
function and dysfunction. Part II: association with cardiovascular
risk factors and diseases. A statement by the Working Group on
Endothelins and Endothelial Factors of the European Society of
Hypertension. J. Hypertens. 23, 233–246.

Burzynska A. Z., Chaddock-Heyman L., Voss M. W. et al. (2014)
Physical activity and cardiorespiratory fitness are beneficial for
white matter in low-fit older adults. PLoS ONE 9, e107413.

Carro E., Trejo J. L., Busiguina S. and Torres-Aleman I. (2001)
Circulating insulin-like growth factor I mediates the protective
effects of physical exercise against brain insults of different
etiology and anatomy. J. Neurosci. 21, 5678–5684.

Cavalieri M., Schmidt H. and Schmidt R. (2012) Structural MRI in
normal aging and Alzheimer’s disease: white and black spots.
Neurodegener. Dis. 10, 253–256.

Chao L. L., Decarli C., Kriger S. et al. (2013) Associations between
white matter hyperintensities and beta amyloid on integrity of
projection, association, and limbic fiber tracts measured with
diffusion tensor MRI. PLoS ONE 8, e65175.

Chimowitz M. I., Estes M. L., Furlan A. J. and Awad I. A. (1992) Further
observations on the pathology of subcortical lesions identified on
magnetic resonance imaging. Arch. Neurol. 49, 747–752.

Chuang Y. F., Eldreth D., Erickson K. I., Varma V., Harris G., Fried L.
P., Rebok G. W., Tanner E. K. and Carlson M. C. (2014)
Cardiovascular risks and brain function: a functional magnetic
resonance imaging study of executive function in older adults.
Neurobiol. Aging 35, 1396–1403.

Coelho F. G., Gobbi S., Andreatto C. A., Corazza D. I., Pedroso R. V.
and Santos-Galduroz R. F. (2013) Physical exercise modulates
peripheral levels of brain-derived neurotrophic factor (BDNF): a
systematic review of experimental studies in the elderly. Arch.
Gerontol. Geriatr. 56, 10–15.

Colcombe S. and Kramer A. F. (2003) Fitness effects on the cognitive
function of older adults: a meta-analytic study. Psychol. Sci. 14,
125–130.

Colcombe S. J., Kramer A. F., Erickson K. I. et al. (2004)
Cardiovascular fitness, cortical plasticity, and aging. Proc. Natl
Acad. Sci. USA 101, 3316–3321.

Cotman C. W. and Berchtold N. C. (2002) Exercise: a behavioral
intervention to enhance brain health and plasticity. Trends
Neurosci. 25, 295–301.

Cotman C. W., Berchtold N. C. and Christie L. A. (2007) Exercise builds
brain health: key roles of growth factor cascades and inflammation.
Trends Neurosci. 30, 464–472.

ten Dam V. H., vanden Heuvel D. M., vanBuchem M. A., Westendorp
R. G., Bollen E. L., Ford I., de Craen A. J., Blauw G. J. and Group
P. S. (2005) Effect of pravastatin on cerebral infarcts and white
matter lesions. Neurology, 64, 1807–1809.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

Exercise and vascular cognitive impairment 9



van Dalen J. W., Mutsaerts H. J., Nederveen A. J., Vrenken H., Steenwijk
M. D., Caan M. W., Majoie C. B., van Gool W. A. and Richard E.
(2016)WhiteMatter Hyperintensity Volume and Cerebral Perfusion
in Older Individuals with Hypertension Using Arterial Spin-
Labeling. AJNR. American Journal of Neuroradiology.

Daselaar S. M., Iyengar V., Davis S. W., Eklund K., Hayes S. M. and
Cabeza R. E. (2015) Less wiring, more firing: low-performing
older adults compensate for impaired white matter with greater
neural activity. Cereb. Cortex 25, 983–990.

Debette S. and Markus H. S. (2010) The clinical importance of white
matter hyperintensities on brain magnetic resonance imaging:
systematic review and meta-analysis. BMJ 341, c3666.

Delp M. D., Armstrong R. B., Godfrey D. A., Laughlin M. H., Ross C.
D. and Wilkerson M. K. (2001) Exercise increases blood flow to
locomotor, vestibular, cardiorespiratory and visual regions of the
brain in miniature swine. J. Physiol. 533, 849–859.

DeSouza C. A., Shapiro L. F., Clevenger C. M., Dinenno F. A., Monahan
K. D., Tanaka H. and Seals D. R. (2000) Regular aerobic exercise
prevents and restores age-related declines in endothelium-dependent
vasodilation in healthy men. Circulation 102, 1351–1357.

van Dijk E. J., Prins N. D., Vrooman H. A., Hofman A., Koudstaal P. J.
and Breteler M. M. (2008) Progression of cerebral small vessel
disease in relation to risk factors and cognitive consequences:
rotterdam Scan study. Stroke 39, 2712–2719.

Ding Q., Vaynman S., Akhavan M., Ying Z. and Gomez-Pinilla F.
(2006) Insulin-like growth factor I interfaces with brain-derived
neurotrophic factor-mediated synaptic plasticity to modulate
aspects of exercise-induced cognitive function. Neuroscience
140, 823–833.

Du Y. and Dreyfus C. F. (2002) Oligodendrocytes as providers of
growth factors. J. Neurosci. Res. 68, 647–654.

Dufouil C., de Kersaint-Gilly A., Besancon V., Levy C., Auffray E.,
Brunnereau L., Alperovitch A. and Tzourio C. (2001) Longitudinal
study of blood pressure and white matter hyperintensities: the EVA
MRI Cohort. Neurology 56, 921–926.

Dufouil C., Chalmers J., Coskun O. et al. (2005) Effects of blood
pressure lowering on cerebral white matter hyperintensities in
patients with stroke: the PROGRESS (Perindopril Protection
Against Recurrent Stroke Study) Magnetic Resonance Imaging
Substudy. Circulation 112, 1644–1650.

Endres M., Gertz K., Lindauer U. et al. (2003) Mechanisms of stroke
protection by physical activity. Ann. Neurol. 54, 582–590.

Erickson K. I., Voss M. W., Prakash R. S. et al. (2011) Exercise training
increases size of hippocampus and improves memory. Proc. Natl
Acad. Sci. USA 108, 3017–3022.

Erickson K. I., Miller D. L. and Roecklein K. A. (2012) The aging
hippocampus: interactions between exercise, depression, and
BDNF. Neuroscientist 18, 82–97.

Erkinjuntti T., Benavente O., Eliasziw M., Munoz D. G., Sulkava R.,
Haltia M. and Hachinski V. (1996) Diffuse vacuolization
(spongiosis) and arteriolosclerosis in the frontal white matter
occurs in vascular dementia. Arch. Neurol. 53, 325–332.

Fabel K., Fabel K., Tam B., Kaufer D., Baiker A., Simmons N., Kuo C.
J. and Palmer T. D. (2003) VEGF is necessary for exercise-induced
adult hippocampal neurogenesis. Eur. J. Neuorsci. 18, 2803–2812.

Fernando M. S., Simpson J. E., Matthews F. et al. (2006) White matter
lesions in an unselected cohort of the elderly: molecular pathology
suggests origin from chronic hypoperfusion injury. Stroke 37,
1391–1398.

Fiatarone Singh M. A., Gates N., Saigal N. et al. (2014) The study of
mental and resistance training (SMART) study—resistance training
and/or cognitive training in mild cognitive impairment: a
randomized, double-blind, double-sham controlled trial. J. Am.
Med. Dir. Assoc. 15, 873–880.

Fleg J. L. (2012) Aerobic exercise in the elderly: a key to successful
aging. Discov. Med. 13, 223–228.

Fujinami A., Ohta K., Obayashi H., Fukui M., Hasegawa G., Nakamura
N., Kozai H., Imai S. and Ohta M. (2008) Serum brain-derived
neurotrophic factor in patients with type 2 diabetes mellitus:
relationship to glucose metabolism and biomarkers of insulin
resistance. Clin. Biochem. 41, 812–817.

Gates N., Fiatarone SinghM. A., Sachdev P. S. and Valenzuela M. (2013)
The effect of exercise training on cognitive function in older adults
with mild cognitive impairment: a meta-analysis of randomized
controlled trials. Am. J. Geriatr. Psychiatry 21, 1086–1097.

Geda Y. E., Roberts R. O., Knopman D. S. et al. (2010) Physical
exercise, aging, and mild cognitive impairment: a population-based
study. Arch. Neurol. 67, 80–86.

Gertz K., Priller J., Kronenberg G. et al. (2006) Physical activity
improves long-term stroke outcome via endothelial nitric oxide
synthase-dependent augmentation of neovascularization and
cerebral blood flow. Circ. Res. 99, 1132–1140.

Gorelick P. B., Scuteri A., Black S. E. et al. (2011) Vascular
contributions to cognitive impairment and dementia: a statement
for healthcare professionals from the american heart association/
american stroke association. Stroke 42, 2672–2713.

Goto C., Higashi Y., Kimura M. et al. (2003) Effect of different
intensities of exercise on endothelium-dependent vasodilation in
humans: role of endothelium-dependent nitric oxide and oxidative
stress. Circulation 108, 530–535.

Green D. J., Cable N. T., Fox C., Rankin J. M. and Taylor R. R. (1994)
Modification of forearm resistance vessels by exercise training in
young men. J. Appl. Physiol. 77, 1829–1833.

Green D. J., Maiorana A., O’Driscoll G. and Taylor R. (2004) Effect of
exercise training on endothelium-derived nitric oxide function in
humans. J. Physiol. 561, 1–25.

Griendling K. K., Harrison D. G. and Alexander R. W. (2011) Chapter 8.
Biology of the Vessel Wall, in Hurst’s The Heart, 13e, (Fuster V.,
Walsh R. A. and Harrington R. A. eds), pp. 153–171. The
McGraw-Hill Companies, New York, NY.

de Groot J. C., de Leeuw F. E., Oudkerk M., van Gijn J., Hofman A.,
Jolles J. and Breteler M. M. (2000) Cerebral white matter lesions
and cognitive function: the Rotterdam Scan Study. Ann. Neurol.
47, 145–151.

Hainsworth A. H., Oommen A. T. and Bridges L. R. (2015) Endothelial
cells and human cerebral small vessel disease. Brain Pathol. 25,
44–50.

Hassan A., Hunt B. J., O’Sullivan M., Parmar K., Bamford J. M., Briley
D., Brown M. M., Thomas D. J. and Markus H. S. (2003) Markers
of endothelial dysfunction in lacunar infarction and ischaemic
leukoaraiosis. Brain 126, 424–432.

Hsu C. L., Best J. R., Davis J. C. et al. (2017) Aerobic exercise promotes
executive functions and impacts functional neural activity among
older adults with vascular cognitive impairment. Br. J. Sports Med.
https://doi.org/10.1136/bjsports-2016-096846

Iadecola C. (2013) The pathobiology of vascular dementia. Neuron 80,
844–866.

Katusic Z. S. and Austin S. A. (2014) Endothelial nitric oxide: protector
of a healthy mind. Eur. Heart J. 35, 888–894.

Kelley G. A., Kelley K. S. and Tran Z. V. (2005) Exercise, lipids, and
lipoproteins in older adults: a meta-analysis. Prev. Cardiol. 8, 206–
214.

Kloppenborg R. P., Nederkoorn P. J., Geerlings M. I. and van den Berg E.
(2014) Presence and progression of white matter hyperintensities
and cognition: a meta-analysis. Neurology 82, 2127–2138.

Krabbe K. S., Nielsen A. R., Krogh-Madsen R. et al. (2007) Brain-
derived neurotrophic factor (BDNF) and type 2 diabetes.
Diabetologia 50, 431–438.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

10 E. Dao et al.

https://doi.org/10.1136/bjsports-2016-096846


Laaksonen D. E., Lindstrom J., Lakka T. A. et al. (2005) Physical
activity in the prevention of type 2 diabetes: the Finnish diabetes
prevention study. Diabetes 54, 158–165.

Lakka T. A. and Laaksonen D. E. (2007) Physical activity in prevention
and treatment of the metabolic syndrome.. Appl. Physiol. Nutr.
Metab. 32, 76–88.

Launer L. J., Miller M. E., Williamson J. D. et al. (2011) Effects of
intensive glucose lowering on brain structure and function in
people with type 2 diabetes (ACCORD MIND): a randomised
open-label substudy. Lancet Neurol. 10, 969–977.

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

Lautenschlager N. T., Cox K. L., Flicker L., Foster J. K., van Bockxmeer
F. M., Xiao J., Greenop K. R. and Almeida O. P. (2008) Effect of
physical activity on cognitive function in older adults at risk for
Alzheimer disease: a randomized trial. JAMA 300, 1027–1037.

Leventhal C., Rafii S., Rafii D., Shahar A. and Goldman S. A. (1999)
Endothelial trophic support of neuronal production and recruitment
from the adult mammalian subependyma. Mol. Cell Neurosci. 13,
450–464.

Li C., Zheng J. and Wang J. (2012) An fMRI study of prefrontal cortical
function in subcortical ischemic vascular cognitive impairment.
Am. J. Alzheimer’s Dis. Other Demen., 27, 490–495.

Liu-Ambrose T., Best J. R., Davis J. C. et al. (2016) Aerobic exercise
and vascular cognitive impairment: a randomized controlled trial.
Neurology 87, 2082–2090.

Longstreth W. T., Jr, Manolio T. A., Arnold A., Burke G. L., Bryan N.,
Jungreis C. A., Enright P. L., O’Leary D. and Fried L. (1996)
Clinical correlates of white matter findings on cranial magnetic
resonance imaging of 3301 elderly people. The Cardiovascular
Health Study. Stroke 27, 1274–1282.

Longstreth W. T., Jr, Arnold A. M., Beauchamp N. J., Jr, Manolio T. A.,
Lefkowitz D., Jungreis C., Hirsch C. H., O’Leary D. H. and
Furberg C. D. (2005) Incidence, manifestations, and predictors of
worsening white matter on serial cranial magnetic resonance
imaging in the elderly: the Cardiovascular Health Study. Stroke 36,
56–61.

Lopez-Lopez C., LeRoith D. and Torres-Aleman I. (2004) Insulin-like
growth factor I is required for vessel remodeling in the adult brain.
Proc. Natl Acad. Sci. USA 101, 9833–9838.

Lucas S. J., Cotter J. D., Brassard P. and Bailey D. M. (2015) High-
intensity interval exercise and cerebrovascular health: curiosity,
cause, and consequence. J. Cereb. Blood Flow Metab. 35, 902–911.

Lytle M. E., Vander Bilt J., Pandav R. S., Dodge H. H. and Ganguli M.
(2004) Exercise level and cognitive decline: the MoVIES project.
Alzheimer Dis. Assoc. Disord. 18, 57–64.

Maass A., Duzel S., Brigadski T. et al. (2016) Relationships of
peripheral IGF-1, VEGF and BDNF levels to exercise-related
changes in memory, hippocampal perfusion and volumes in older
adults. NeuroImage 131, 142–154.

Maiorana A., O’Driscoll G., Dembo L., Cheetham C., Goodman C.,
Taylor R. and Green D. (2000) Effect of aerobic and resistance
exercise training on vascular function in heart failure. American
journal of physiology. Am. J. Physiol. Heart Circ. Physiol. 279,
H1999–H2005.

Maiorana A., O’Driscoll G., Cheetham C., Dembo L., Stanton K.,
Goodman C., Taylor R. and Green D. (2001a) The effect of
combined aerobic and resistance exercise training on vascular
function in type 2 diabetes. J. Am. Coll. Cardiol. 38, 860–866.

Maiorana A., O’Driscoll G., Dembo L., Goodman C., Taylor R. and
Green D. (2001b) Exercise training, vascular function, and
functional capacity in middle-aged subjects. Med. Sci. Sports
Exerc. 33, 2022–2028.

Markus H. S., Allan C. L. and Ebmeier K. P. (2014) Chapter 15. Cerebral
hemodynamics in cerebral small vessel disease, in Cerebral Small
Vessel Disease (Pantoni L., Gorelick P. B. and Gorelick P., eds), pp.
180–191. Cambridge University Press, Cambridge, UK.

Markus H. S., Hunt B., Palmer K., Enzinger C., Schmidt H. and Schmidt
R. (2005) Markers of endothelial and hemostatic activation and
progression of cerebral white matter hyperintensities: longitudinal
Results of the Austrian Stroke Prevention Study. Stroke 36, 1410–
1414.

McAllister R. M. and Laughlin M. H. (1997) Short-term exercise
training alters responses of porcine femoral and brachial arteries. J.
Appl. Physiol. 82, 1438–1444.

Middleton L. E. and Yaffe K. (2009) Promising strategies for the
prevention of dementia. Arch. Neurol. 66, 1210–1215.

Mok V. C., Lam W. W., Fan Y. H., Wong A., Ng P. W., Tsoi T. H.,
Yeung V. and Wong K. S. (2009) Effects of statins on the
progression of cerebral white matter lesion: post hoc analysis of the
ROCAS (Regression of Cerebral Artery Stenosis) study. J. Neurol.
256, 750–757.

Moorhouse P. and Rockwood K. (2008) Vascular cognitive impairment:
current concepts and clinical developments. Lancet Neurol. 7, 246–
255.

Myers J. (2003) Cardiology patient pages. Exercise and Cardiovascular
health. Circulation 107, e2–e5.

Nagamatsu L. S., Chan A., Davis J. C., Beattie B. L., Graf P., Voss M.
W., Sharma D. and Liu-Ambrose T. (2013) Physical activity
improves verbal and spatial memory in older adults with probable
mild cognitive impairment: a 6-month randomized controlled trial.
J. Aging Res. 2013, 861893.

van Norden A. G., van Dijk E. J., de Laat K. F., Scheltens P., Olderikkert
M. G. and de Leeuw F. E. (2012) Dementia: Alzheimer pathology
and vascular factors: from mutually exclusive to interaction.
Biochem. Biophys. Acta. 1822, 340–349.

Ogoh S. and Ainslie P. N. (2009) Regulatory mechanisms of cerebral
blood flow during exercise: new concepts. Exerc. Sport Sci. Rev.
37, 123–129.

Ohman H., Savikko N., Strandberg T. E. and Pitkala K. H. (2014) Effect
of physical exercise on cognitive performance in older adults with
mild cognitive impairment or dementia: a systematic review.
Dement. Geriatr. Cogn. Disord. 38, 347–365.

Ovbiagele B. and Saver J. L. (2006) Cerebral white matter
hyperintensities on MRI: current concepts and therapeutic
implications. Cerebrovascular Dis. 22, 83–90.

Padilla J., Simmons G. H., Bender S. B., Arce-Esquivel A. A., Whyte J. J.
and Laughlin M. H. (2011) Vascular effects of exercise:
endothelial adaptations beyond active muscle beds. Physiology 26,
132–145.

Perry R. J. and Hodges J. R. (1999) Attention and executive deficits in
Alzheimer’s disease. A critical review. Brain 122(Pt 3), 383–404.

Peterson M. D., Rhea M. R., Sen A. and Gordon P. M. (2010) Resistance
exercise for muscular strength in older adults: a meta-analysis.
Ageing Res. Rev. 9, 226–237.

Phillips S. A., Mahmoud A. M., Brown M. D. and Haus J. M. (2015)
Exercise Interventions and Peripheral Arterial Function:
implications for Cardio-Metabolic Disease. Prog. Cardiovasc.
Dis. 57, 521–534.

Poggesi A., Pantoni L., Inzitari D. et al. (2011) 2001-2011: a decade of
the LADIS (Leukoaraiosis And DISability) study: what have we
learned about white matter changes and small-vessel disease?
Cerebrovasc. Dis. (Basel, Switzerland), 32, 577–588.

Poggesi A., Pasi M., Pescini F., Pantoni L. and Inzitari D. (2016)
Circulating biologic markers of endothelial dysfunction in cerebral
small vessel disease: A review. Journal of Cerebral Blood Flow &
Metabolism 36, 72–94.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

Exercise and vascular cognitive impairment 11



Poulin M. J., Eskes G. A. and Hill M. D. (2016) Physical activity vs
health education for cognition in sedentary older adults. JAMA 315,
415–415.

van Praag H., Christie B. R., Sejnowski T. J. and Gage F. H. (1999)
Running enhances neurogenesis, learning, and long-term
potentiation in mice. Proc. Natl Acad. Sci. USA 96, 13427–13431.

Prins N. D. and Scheltens P. (2015) White matter hyperintensities,
cognitive impairment and dementia: an update. Nat. Rev. Neurol.
11, 157–165.

Rajani R. M. and Williams A. (2017) Endothelial cell-oligodendrocyte
interactions in small vessel disease and aging.Clin. Sci. 131, 369–379.

Richard E., Kuiper R., Dijkgraaf M. G. and Van Gool W. A. and
Evaluation of Vascular care in Alzheimer’s, d. (2009) Vascular
care in patients with Alzheimer’s disease with cerebrovascular
lesions-a randomized clinical trial. J. Am. Geriatr. Soc., 57, 797–
805.

Richard E., Gouw A. A., Scheltens P. and van Gool W. A. (2010)
Vascular care in patients with Alzheimer disease with
cerebrovascular lesions slows progression of white matter lesions
on MRI: the evaluation of vascular care in Alzheimer’s disease
(EVA) study. Stroke 41, 554–556.

Rockwood K. and Middleton L. (2007) Physical activity and the
maintenance of cognitive function. Alzheimers Dement. 3, S38–
S44.

Rojas Vega S., Knicker A., Hollmann W., Bloch W. and Struder H. K.
(2010) Effect of resistance exercise on serum levels of growth
factors in humans. Horm. Metab. Res., 42, 982–986.

Roman G. C. and Royall D. R. (1999) Executive control function: a
rational basis for the diagnosis of vascular dementia. Alzheimer
Dis. Assoc. Disord. 13(Suppl 3), S69–S80.

Roman G. C., Tatemichi T. K., Erkinjuntti T. et al. (1993) Vascular
dementia: diagnostic criteria for research studies. Report of the
NINDS-AIREN International Workshop. Neurology 43, 250–260.

Sachdev P., Kalaria R., O’Brien J. et al. (2014) Diagnostic criteria for
vascular cognitive disorders: a VASCOG statement. Alzheimer Dis.
Assoc. Disord. 28, 206–218.

Schmidt R., Enzinger C., Ropele S., Schmidt H. and Fazekas F. (2003)
Progression of cerebral white matter lesions: 6-year results of the
Austrian Stroke Prevention Study. Lancet 361, 2046–2048.

Schmidt R., Scheltens P., Erkinjuntti T., Pantoni L., Markus H. S.,
Wallin A., Barkhof F. and Fazekas F. (2004) White matter lesion
progression: a surrogate endpoint for trials in cerebral small-vessel
disease. Neurology 63, 139–144.

Schmidt R., Schmidt H., Haybaeck J. et al. (2011) Heterogeneity in age-
related white matter changes. Acta Neuropathol. 122, 171–185.

Schmidt R., Berghold A., Jokinen H. et al. (2012) White matter lesion
progression in LADIS: frequency, clinical effects, and sample size
calculations. Stroke 43, 2643–2647.

Schwarz A. J., Brasel J. A., Hintz R. L., Mohan S. and Cooper D. M.
(1996) Acute effect of brief low- and high-intensity exercise on
circulating insulin-like growth factor (IGF) I, II, and IGF-binding
protein-3 and its proteolysis in young healthy men. J. Clin.
Endocrinol. Metab. 81, 3492–3497.

Simpkins J. W., Green P. S., Gridley K. E., Singh M., de Fiebre N. C.
and Rajakumar G. (1997) Role of estrogen replacement therapy in
memory enhancement and the prevention of neuronal loss
associated with Alzheimer’s disease. Am. J. Med. 103, 19S–25S.

Singh M., Meyer E. M. and Simpkins J. W. (1995) The effect of
ovariectomy and estradiol replacement on brain-derived
neurotrophic factor messenger ribonucleic acid expression in
cortical and hippocampal brain regions of female Sprague-
Dawley rats. Endocrinology 136, 2320–2324.

Sink K. M., Espeland M. A., Castro C. M. et al. (2015) Effect of a 24-
month physical activity intervention vs health education on

cognitive outcomes in sedentary older adults: the LIFE
randomized trial. JAMA 314, 781–790.

Smith E. E., Saposnik G., Biessels G. J. et al. (2017) Prevention of
stroke in patients with silent cerebrovascular disease: a scientific
statement for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 48, e44–e71.

Sonntag W. E., Lynch C. D., Cooney P. T. and Hutchins P. M. (1997)
Decreases in cerebral microvasculature with age are associated
with the decline in growth hormone and insulin-like growth factor
1. Endocrinology 138, 3515–3520.

Sun D., Huang A., Koller A. and Kaley G. (1994) Short-term daily
exercise activity enhances endothelial NO synthesis in skeletal
muscle arterioles of rats. J. Appl. Physiol. 76, 2241–2247.

Suo C., Singh M. F., Gates N. et al. (2016) Therapeutically relevant
structural and functional mechanisms triggered by physical and
cognitive exercise. Mol. Psychiatry 21, 1645.

vanSwieten J. C., vanden Hout J. H., vanKetel B. A., Hijdra A., Wokke
J. H. and van Gijn J. (1991) Periventricular lesions in the white
matter on magnetic resonance imaging in the elderly. A
morphometric correlation with arteriolosclerosis and dilated
perivascular spaces. Brain, 114 (Pt 2), 761–774.

Taaffe D. R., Irie F., Masaki K. H., Abbott R. D., Petrovitch H., Ross G.
W. and White L. R. (2008) Physical activity, physical function, and
incident dementia in elderly men: the Honolulu-Asia Aging Study.
J. Gerontol. A Biol. Sci. Med. Sci. 63, 529–535.

Tanaka H., Dinenno F. A., Monahan K. D., Clevenger C. M., DeSouza
C. A. and Seals D. R. (2000) Aging, habitual exercise, and
dynamic arterial compliance. Circulation 102, 1270–1275.

Trejo J. L., Carro E. and Torres-Aleman I. (2001) Circulating insulin-like
growth factor I mediates exercise-induced increases in the number
of new neurons in the adult hippocampus. J. Neurosci. 21, 1628–
1634.

Verdelho A., Madureira S., Ferro J. M. et al. (2007) Differential
impact of cerebral white matter changes, diabetes, hypertension
and stroke on cognitive performance among non-disabled elderly.
The LADIS study. J. Neurol. Neurosurg. Psychiatry 78, 1325–
1330.

Verhaaren B. F., Vernooij M. W., de Boer R., Hofman A., Niessen W. J.,
van der Lugt A. and Ikram M. A. (2013) High blood pressure and
cerebral white matter lesion progression in the general population.
Hypertension 61, 1354–1359.

Vital T. M., Stein A. M., de Melo Coelho F. G., Arantes F. J., Teodorov
E. and Santos-Galduroz R. F. (2014) Physical exercise and
vascular endothelial growth factor (VEGF) in elderly: a
systematic review. Arch. Gerontol. Geriatr. 59, 234–239.

Voss M. W., Erickson K. I., Prakash R. S. et al. (2013a) Neurobiological
markers of exercise-related brain plasticity in older adults. Brain
Behav. Immun. 28, 90–99.

Voss M. W., Heo S., Prakash R. S. et al. (2013b) The influence of
aerobic fitness on cerebral white matter integrity and cognitive
function in older adults: results of a one-year exercise intervention.
Hum. Brain Mapp. 34, 2972–2985.

Warburton D. E., Nicol C. W. and Bredin S. S. (2006) Health benefits of
physical activity: the evidence. CMAJ, 174, 801–809.

Wardlaw J. M., Farrall A., Armitage P. A., Carpenter T., Chappell F.,
Doubal F., Chowdhury D., Cvoro V. and Dennis M. S. (2008)
Changes in background blood-brain barrier integrity between
lacunar and cortical ischemic stroke subtypes. Stroke 39, 1327–
1332.

Wardlaw J. M., Smith C. and Dichgans M. (2013a) Mechanisms of
sporadic cerebral small vessel disease: insights from neuroimaging.
Lancet Neurol. 12, 483–497.

Wardlaw J. M., Smith E. E., Biessels G. J. et al. (2013b)
Neuroimaging standards for research into small vessel disease

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

12 E. Dao et al.



and its contribution to ageing and neurodegeneration. Lancet
Neurol. 12, 822–838.

Wardlaw J. M., Valdes Hernandez M. C. and Munoz-Maniega S. (2015)
What are white matter hyperintensities made of? Relevance to
vascular cognitive impairment. J. Am. Heart Assoc. 4, 001140.

Weuve J., Kang J. H., Manson J. E., Breteler M. M., Ware J. H. and
Grodstein F. (2004) Physical activity, including walking, and
cognitive function in older women. JAMA 292, 1454–1461.

Whelton S. P., Chin A., Xin X. and He J. (2002) Effect of aerobic
exercise on blood pressure: a meta-analysis of randomized,
controlled trials. Ann. Intern. Med. 136, 493–503.

World Health Organization and Alzheimer’s Disease International.
(2012) Dementia: a public health priority, Geneva, Switzerland.
http://whqlibdoc.who.int/publications/2012/9789241564458_eng.pdf

Wu Y. T., Fratiglioni L., Matthews F. E., Lobo A., Breteler M. M.,
Skoog I. and Brayne C. (2016) Dementia in western Europe:
epidemiological evidence and implications for policy making.
Lancet Neurol. 15, 116–124.

Xiong Y., Wong A., Cavalieri M., Schmidt R., Chu W. W., Liu X.,
Wong K. S. and Mok V. (2014) Prestroke statins, progression of
white matter hyperintensities, and cognitive decline in stroke
patients with confluent white matter hyperintensities.
Neurotherapeutics 11, 606–611.

Young J., Angevaren M., Rusted J. and Tabet N. (2015) Aerobic
exercise to improve cognitive function in older people without
known cognitive impairment. Cochrane Database Syst. Rev.
https://doi.org/10.1002/14651858.CD005381.pub4.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 10.1111/jnc.14153

Exercise and vascular cognitive impairment 13

 http://whqlibdoc.who.int/publications/2012/9789241564458_eng.pdf
https://doi.org/10.1002/14651858.CD005381.pub4

