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A B S T R A C T

Regular physical activity (PA) offers positive effects on the human body. However, the effects of PA on cognition
and in the brain are less clear. In this paper, we narratively review the relationship of PA with cognition and
dementia, first from general perspective and then through genetically informed studies on the topic. Then we
move on to imaging studies on exercise and brain anatomy first by presenting an overall picture of the topic and
then discussing brain imaging studies addressing PA and brain structure in twins in more detailed way.
Regarding PA and cognition or dementia, genetically informed studies are uncommon, even though the re-
lationship between PA and cognitive ageing has been extensively studied. It is challenging to find twin pairs
discordant for PA and dementia. Concerning brain imaging studies, among PA discordant young adult twin pairs,
the more active co-twins showed larger gray matter volumes in striatal, prefrontal, and hippocampal regions and
in electrophysiological studies automatic deviance-detection processes differed in brain regions involved with
sensorimotor, visual and memory functions.

1. Introduction

Physical activity (PA) is commonly defined as bodily movement
produced by skeletal muscles that results in energy expenditure.
Furthermore, PA in daily life may include occupational, sports, house-
hold and/or other activities. Exercise, on the other hand as a subset of
physical activity, is planned, structured, and repetitive aiming to im-
prove or maintain physical fitness (Caspersen et al., 1985). PA at large
has several positive effects on the human body. Pulmonary function,
cardiovascular system, skeletal muscles, and endocrine system of the
body benefit from PA, it improves overall quality of life and reduces risk
for obesity and is associated with low risk for several chronic diseases
(McArdle et al., 2001). Leisure-time physical activity (LTPA), behaviors
connected with PA performed in free time, is distinct from such PA
which is part of gainful employment. Observational follow-up studies
have shown associations between high LTPA and declined future oc-
currence of chronic diseases. Designs to provide stronger evidence for
causality such as randomized controlled trials and co-twin control
studies in monozygotic twins (MZ) have confirmed the effect of PA on

functional outcomes and disease risk factors. In contrast MZ twin pair
co-twin control designs have not been able to provide evidence for a
causal relation between PA and morbidity or mortality (Leskinen and
Kujala, 2015; Kujala, 2018) except for type 2 diabetes (Waller et al.,
2010).

As a regular life-long habit PA is associated with individual’s
childhood environment and childhood family behavioral patterns
(Tammelin et al., 2003; Huppertz et al., 2017). The contribution of
genetic factors to variations in PA can be studied with the help of twin
studies, by comparing the relative similarity of MZ and dizygotic (DZ)
pairs. If MZ and DZ pairs are equally similar for a behavior such as PA,
it indicates that familial but not genetic factors, i.e. environmental in-
fluences shared by the twins (such as family socio-economic status,
place of residence, etc.) are influencing the behavior (Boomsma et al.,
2002; Posthuma et al., 2003; Kaprio and Silventoinen, 2011; van
Dongen et al., 2012). On the other hand, greater similarity of MZ pairs
compared to DZ pairs provides evidence for the role of genetic factors
(Kujala et al., 2002; Zwijnenburg et al., 2010). The proportion of var-
iance, i.e. interindividual differences in a trait such as PA that is
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accounted for by interindividual differences in genetics is known as the
heritability of a trait. Heritability estimates are population and time
dependent and are not constant properties of the trait. Heritability can
also change during different periods of development and ageing. It is
often observed that childhood environment plays an important role, but
the contribution of shared environments is not long-lasting, such that
genetic factors and environments unique to the individual (and by de-
finition not shared with a sibling or family members) become more
important with age. In Finnish data, Aaltonen et al. (2013) showed that
MZ twins were more likely to have a similar leisure-time physical ac-
tivity, LTPA, level than DZ twins. For twins, shared environmental in-
fluences on LTPA were also relatively stable during adolescence and
these increased in young adulthood and according to Aaltonen et al.
(2013), the heritability estimates of LTPA ranged between 43 % and 52
% among adolescents and declined to 30 % among young adults. Thus,
when studying the association of PA with anatomical, physiological or
cognitive indicators of the brain, teasing out the causal contribution of
PA is challenging as the association may be confounded by genetic
factors.

For further studies of anatomic, physiologic and cognitive effects of
PA the co-twin study design is productive as it controls the contribution
from genetic factors; MZ twins have the same genetic make-up and so
any difference between them is presumably associated with PA and
related factors that correlate with PA independent from sequence var-
iation in the genome. However, finding MZ twin pairs discordant for PA
for a relatively long time is a challenging task as PA varies over time,
and twin pairs can be similar due to both genetic factors and shared
environments. An example of the latter may be having the same or
related occupation. On the other hand, discordance may arise for rea-
sons unrelated to PA directly, such as a chronic disease or injury. Thus,
we see more discordance for PA with age, but the consequences and
brain effects of such PA discordance may be different from discordance
that has arisen gradually over time with no obvious trigger.

In the present paper, we will narratively review recent findings of
the relationship of PA with cognition and dementia in general and
through genetically informed studies. First, we will discuss more
broadly the issue of PA and cognitive decline in ageing and connect this
issue with twin studies which have looked at the relationship of PA and
cognitive ageing. Second, we will introduce the subject of imaging
studies on PA and brain structure and discuss small exploratory studies
of brain structural data in young twins using gray matter (GM) volume
as an outcome measure. Finally, we draw attention to twin studies with
sensitive brain electrophysiological measure, utilizing mismatch re-
sponse as an outcome measure. We use the term ‘exercise’ when
speaking about randomized controlled interventions, as there exercise
is tailored for a specific purpose. When speaking about meta-analyses of
observational studies we speak about PA as the recording of modes of
PA vary in the studies included in the reviews. When speaking about
specific studies we use LTPA, when and only when the questionnaire-
based PA measure clearly refers to LTPA.

2. Associations of PA with cognition and ageing

Potential of PA to prevent dementia has been much debated in the
neuroscience during the past years. Rodent studies have provided
promising results in showing increased neurogenesis in the hippo-
campus (van Praag et al., 1999), increased vasculature (Lopez-Lopez
et al., 2004), synaptic plasticity (Huttenrauch et al., 2016) and even
decreased amyloid plaque formation (Adlard et al., 2005; Lazarov et al.,
2005). While increased vasculature has also been shown to occur in
response to exercise in humans (Bullitt et al., 2009), debate on human
adult neurogenesis continues (Spalding et al., 2013; Sorrells et al.,
2018) and clear evidence on the association of exercise with decreased
amyloid deposition in humans lacks evidence though positron emission
tomography imaging provides a new in vivo means to study amyloid
depositions. The results in studies addressing amyloid accumulation in

humans and PA have been conflicting (lower amyloid burden in two
studies (Liang et al., 2010; Müller et al., 2018), not associated with in
two studies (Vemuri et al., 2016; Souto Barreto et al., 2015), decreased
amyloid burden only in a subgroup (Brown et al., 2013; Head et al.,
2012; Brown et al., 2017). While much enthusiasm is focused on the
topic, the evidence is not that clear in humans. Here we review ob-
servational studies and randomized controlled trials on PA and cogni-
tion or dementia in humans. We have not performed a systematic re-
view and the studies presented here are discussed in a narrative
manner.

2.1. Clinical trials

Prospective studies can do only so much to elicit indication of
causality. Randomized controlled trials are the golden standard in at-
tempts to detect causality. The randomized controlled trials addressing
exercise and cognition with long interventions and large sample sizes
are few. Most randomized controlled trials addressing solely exercise
and cognition have been quite small in sample size and the intervention
length has been quite modest when considering the long preclinical
process of dementia (Table 1). The mean sample size in the studies of
the meta-analyses addressing this issue has varied between 71–90
participants and the mean intervention length between 3.3 and 6.7
months (Young et al., 2015; Kelly et al., 2014; Hindin and Zelinski,
2012; Smith et al., 2010). Although the combined number of partici-
pants is considerably large, the meta-analysis is only as solid as the
quality of the trials included in it and the small sample sizes in these
trials undermine the quality of these meta-analyses. Moreover, the re-
sults have been conflicting: (beneficial effect on cognition: Smith et al.,
2010; Hindin and Zelinski, 2012, no significant effect on cognition:
Young et al., 2015; Kelly et al., 2014). The single largest randomized
controlled trial examined the effect of 2-year physical activity inter-
vention combining aerobic training, resistance training, balance ex-
ercises and flexibility exercises on global cognition and different cog-
nitive domains in a sample of 818 sedentary 70−89 year-old adults
(Sink et al., 2015). Their results and the fact that there are only few
large randomized controlled trials addressing exercise alone in a long
follow-up underline a different message from the animal models: there
is no solid evidence for causal relationship between exercise and de-
mentia prevention in humans.

2.2. Prospective studies of cognitive decline

Interestingly, the meta-analyses addressing prospective studies ex-
amining the relationship between PA and cognition tell a uniform story:
they all suggest almost 40 % risk reduction for cognitive decline with
high level of PA (Sofi et al., 2011; Blondell et al., 2014; Morgan et al.,
2012; Guure et al., 2017) (see Table 2). Some methodological aspects,
however, limit the level of evidence from these meta-analyses. Two of
these meta-analyses assessed the quality of the studies in their meta-
analyses (Guure et al., 2017; Blondell et al., 2014) and two did not (Sofi
et al., 2011; Morgan et al., 2012). Irrespective of the study quality, both
meta-analyses assessing quality (Guure et al., 2017; Blondell et al.,
2014) combined all studies they found. Low-quality studies in these
meta-analyses limit the level of evidence they provide. Because the
preclinical phase of dementia most probably lasts for decades (Bateman
et al., 2012; Fagan et al., 2014), it could be that an association between
physical inactivity and cognitive decline found in an elderly cohort with
a short follow-up reflects rather an on-going dementing process than a
causal association. The majority of the studies addressing PA and cog-
nition in these meta-analyses have been implemented in elderly popu-
lations (mean baseline age ≥65 years in 7/8, 16/22, 15/21 and 13/15
of the cohorts included in the meta-analysis from Morgan et al. (2012),
Guure et al. (2017), Blondell et al. (2014) and Sofi et al. (2011), re-
spectively) with short follow-ups (mean follow-up< 10 years in 13/15,
16/21, 20/22 and 7/8 in the studies included in the meta-analysis from
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Sofi et al. (2011), Blondell et al. (2014), Guure et al. (2017) and Morgan
et al. (2012), respectively). Furthermore, sensitivity analyses show
weaker or non-significant results in studies of better quality, longer
follow-ups and cohorts in which baseline age is under 65 years in these
analyses, it can be concluded that the likelihood of the results of these
meta-analyses being biased by reverse causation is considerable as has
been suggested also earlier (Morgan et al., 2012; Sabia et al., 2017;
Kivimäki et al., 2019).

Prospective studies addressing midlife PA and late-life cognition
with a long follow-up exceeding 10 years are scarce (see Supplementary
material, Table 4). If we exclude studies that do not have sound mea-
sures of PA and cognition or do not control for the most important
confounding factors in some fashion (age, sex and education or pre-
morbid intelligence), the number is even smaller. By rigorous measures,
we mean either objectively measured PA or a valid structured PA
questionnaire from which it is possible to estimate the amount of PA in
contrast to simple “yes” or “no” questions and to questionnaires as-
sessing the diversity of PA. In the studies from Singh-Manoux et al.
(2005), Chang et al. (2010) and Elwood et al. (2013) the average
baseline age of the cohort ranged between 36 and 57 years, the length
of the follow-up was between 11 and 30 years, the measures of PA and
cognition were rigorous, and they controlled for the effect of age, sex,
and education (Chang et al., 2010) or premorbid intelligence (Elwood
et al., 2013; Singh-Manoux et al., 2005). All of these studies found a
statistically significant association between midlife PA and late-life
cognition. In the study by Singh-Manoux et al. (2005), high level of
midlife PA was associated with fluid intelligence but not with memory
and phonemic or semantic fluency. In the study by Chang et al. (2010),
high level of midlife PA was associated with processing speed, executive
function and memory. In the study from Elwood et al. (2013), midlife
regular exercisers had a lower risk of developing cognitive decline. The
effect of education on the risk of developing dementia is substantial
(Meng and D’Arcy, 2012; Vuoksimaa et al., 2016) and most often
controlled for in studies addressing other protective factors of cognitive
decline. However, the studies from Elwood et al. (2013) and from
Singh-Manoux et al. (2005) are exceptional because they also con-
trolled for premorbid intelligence levels. Most studies addressing mid-
life PA and cognitive decline have not been able to consider midlife
general cognitive ability (see Supplementary material, Table 4). This is
a limitation, because in adolescents it has been shown that higher
academic performance predicts participation in LTPA later in life but
not vice versa (Aaltonen et al., 2016). Additionally, in an elderly Fin-
nish cohort executive function predicted mobility better than mobility
predicted executive function in a 2-year follow-up (Poranen-Clark et al.,
2018). If cognition predicts PA levels rather than vice versa in adoles-
cents and in the elderly, then there is a good possibility that general
cognitive ability predicts PA levels also from midlife into late-life. Most
studies addressing midlife PA and late-life cognition do not take pre-
morbid intelligence into account (see Supplementary material, Table 4),
the two studies presented (Elwood et al., 2013; Singh-Manoux et al.,
2005) here that did, found a significant association of midlife PA and
late-life cognition. An interesting question is if this could be replicated
in other cohorts.

Studies addressing objectively measured PA and cognition are so far
scarce. To our knowledge, four longitudinal studies deal with elderly
cohorts at least 65 years old with short 3–5 y follow-ups. Middleton
et al. (2011) and Buchman et al. (2012) both found a significant inverse
association between total PA and cognitive decline while Zhu et al.
(2017) and Halloway et al. (2017) both found that some aspect of ob-
jectively measured PA was significantly associated with later better
cognition. All cross-sectional studies addressing PA and cognition found
a statistically significant association between some aspect of objectively
measured PA and cognition or some aspect of cognition so far without
clear consistency (Barnes et al., 2008; Zhu et al., 2015; Kerr et al., 2013;
Johnson et al., 2016; Wilbur et al., 2012).

2.3. Prospective studies of dementia incidence

The high-quality (follow-up over 10 years, no significant selection
bias in the study cohort, a thorough measure of PA, the result controlled
for at least age, sex, education or a measure of midlife general cognitive
ability and vascular morbidity) prospective studies addressing midlife
PA and dementia show inconsistent results (see Supplementary mate-
rial, Tables 5–6) Gelber et al. (2012) performed a case-control study of
over 3400 Japanese-American men with a 25-year-long follow-up
showing that PA among other healthy lifestyle choices is associated
with lower risk for dementia. Andel et al. (2008) conducted a large
cohort study of over 3000 twins with an extensive 31-year-long follow-
up and showed a significant dementia risk reduction with PA at in-
dividual level which was not replicated in the co-twin control analyses.
Rovio et al. (2010) studied the effect of LTPA that causes breathlessness
and sweating on dementia incidence in a population-based sample of
1449 Finnish adults in a long follow-up exceeding 20 years. They
showed that midlife LTPA was associated with decreased dementia
incidence. Morgan et al. (2012) studied the effect of LTPA on dementia
incidence in a population-based sample of 1225 adults in a 16-year-long
follow-up finding no significant effect on dementia incidence. Chang
et al. (2010) studied the amount of exercise on several different cog-
nitive domains in 4945 Icelanders with an average of 26 years follow-
up. They found that moderate amount of PA was associated with de-
creased amount of dementia incidence but high amount of PA (> 5 h/
week) was not. Tolppanen et al. (2015) used the same cohort as Rovio
et al. (2010) but focused also on the effect of late-life LTPA and the
modifying effect of BMI. The association between increased dementia
incidence and low level of midlife PA was only significant for men.
Thus, conflict between the results on this topic prevails.

The meta-analyses addressing PA and dementia struggle with the
same issues as meta-analyses from prospective studies addressing PA
and cognitive decline. Majority of the studies have been implemented in
elderly cohorts with short follow-ups endangering them for bias from
reverse causality. The meta-analyses addressing PA and dementia all
except one (Hamer and Chida, 2009) report either significant risk of
publication bias (Morgan et al., 2012) or there was no significant in-
verse association if follow-ups were longer than 10 years (Blondell
et al., 2011; Kivimäki et al., 2019) or if the baseline age of the parti-
cipants was under 65 years (Guure et al., 2017; Xu et al., 2017) (see
Table 2). However, in the recent meta-analysis by Xu et al. (2017), PA
was nearly statistically significantly associated with decreased de-
mentia incidence also in younger participants (< 65 years) and sig-
nificantly associated with decreased dementia incidence in follow-ups
over 10 years.

All meta-analyses addressing PA and Alzheimer’s Disease (AD) point
to an inverse association (Beckett et al., 2015; Beydoun et al., 2014;
Daviglus et al., 2011; Santos-Lozano et al., 2016) (see Table 2). How-
ever, only two of these meta-analyses performed a quality assessment
(Santos-Lozano et al., 2016; Guure et al., 2017) and both quality as-
sessment tools left room for subjective evaluation not specifying clearly
what was required for a reliable measure of PA, how long high-quality
follow-up needed to be and what confounding factors were required to
be taken into account for high-quality. For example, in the meta-ana-
lysis from Santos-Lozano et al. (2016) follow-up time was 5 years or
longer in all but 2 studies, the quality was deemed to be high but the
participants were on average from 70 to 80 year-olds. Meta-analyses
addressing PA and vascular dementia suggest that there is no significant
association (Aarsland et al., 2010; Guure et al., 2017) (see Table 2).
These meta-analyses lean on quite a limited number of studies (5 stu-
dies in the meta-analysis from Aarsland et al. (2010) and 7 studies in
the meta-analysis from Guure et al. (2017)). In the meta-analysis from
Aarsland et al. (2010), the follow-up was 5.7 years, mean age at follow-
up was over 70 years in all of the studies included and they were not
able to take into account any confounding factors. In the meta-analysis
from Guure et al. (2017), the mean follow-up was 9 years and all of the
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studies included were based on elderly populations at least 65 years old.
In addition to these meta-analyses, a plethora of reviews on PA and
dementia exist. Many are narrative and do not employ systematic
methods. Stephen et al. (2017) published a very robust systematic re-
view with very specific quality assessment concluding that there is
moderate quality evidence for an inverse association between PA and
AD. Instead of regarding the studies implemented in old age being li-
able for reverse causation, they interpreted them as evidence for an
extended window of opportunity for AD prevention with PA.

2.4. Twin studies addressing PA with cognition and ageing

As both PA and dementia have their own genetic properties, with
modest to moderate heritability estimates (for dementia: Raiha et al.,
1996; Gatz et al., 1997; Ferencz and Gerritsen, 2015 and for PA: Stubbe
et al., 2006; Lightfoot et al., 2018), there is potentially genetic con-
founding underlying the observed association between PA and de-
mentia in observational studies. This genetic confounding may be due
to multiple, polygenic effects shared by the genetic predisposition to
exercise and the genetic predisposition to cognitive decline. In addition
to genetic factors, other shared environmental factors may be influen-
tial. Kulshreshtha et al. (2019) showed in cross-sectional twin study
design (544 MZ and DZ twin individuals) that familial factors other
than genetics explain a large part of the association between a cardio-
vascular health score and cognition. This could also apply to the asso-
ciation of PA and cognitive ageing. Unfortunately, genetically informed
studies of PA and cognition or dementia providing the possibility to
address possible underlying genetics and other familial influences are
few. The findings, however, offer a clear consistency (Table 3). While
the results in the analyses of the whole cohort or case-control study
vary over-20-year follow-ups, none of the twin studies has so far been
able to show a significant association between PA and cognition or
dementia in a co-twin control design controlling for genetic factors and
shared environment (Andel et al., 2008; Carlson et al., 2008; Virta
et al., 2013; Iso-Markku et al., 2016; Lee et al., 2014) except for Gatz
et al. (2006), who were able to find a significant association between
midlife PA and dementia other than AD type in a co-twin control design
of 55 MZ twin pairs. However, the result was not significant for de-
mentia in general or AD. Dementia other than AD type denoted largely,
but not exclusively, vascular dementia in their study.

While the trust in the preventive power of PA has been strong, the
results have been interpreted in favour of PA. Iso-Markku et al. (2015,
2016), Andel et al. (2008) and Virta et al. (2013) all hypothesize that
the null results are due to low statistical power caused by the small
number of twins discordant for both PA and dementia or cognitive
impairment while Gatz et al. (2006) suspect that their minimal measure
of PA (simple four-scale question) may detract from finding greater
effects. The null results in co-twin control design might also reflect that
the association between PA and cognition or dementia seen in other
studies not taking genetics and shared environment into account is
partly explained by them, at least for the most common cause of de-
mentia: AD. The exceptional finding from Gatz et al. (2006), that PA
was associated with decreased incidence of dementia other than AD
type in a genetically controlled MZ co-twin control design, is promising
in the battle against vascular dementia and suggests that the effect of
PA on dementia may be type-specific. However, the finding needs to be
replicated and it would be advisable to have a more exact measure of
PA taking into account the amount and intensity of PA. To conclude, we
have extensive amount of evidence showing a moderate strength as-
sociation between PA and decreased dementia incidence in observa-
tional studies, especially in short follow-ups with elderly populations.
When considering the association between midlife PA and late-life
cognition and dementia, we have some evidence towards a cognition-
protective relationship, but it is still weakened by the lack of controlling
for genetic confounding. The evidence from genetically informed stu-
dies is even more infrequent and seems to support cognition-protective

effect of PA only for vascular dementia. For other types of dementia, the
positive association between PA and cognition seems to be at least
partly explained by genetics and shared environmental factors. Inter-
estingly, a recent GWAS (Visscher et al., 2017) showed that an ApoE
gene variant associated with greater risk of AD is also associated with
greater amount of moderate-to-vigorous PA (Klimentidis et al., 2018).
This study is first to show that the genetic background of dementia is
entwined to at least some extent with the genetic background of PA,
even though the direction of this finding is somewhat surprising. One
would expect that a variant in APOE ε4 allele, which is strongly im-
plicated in AD, would be associated with sedentariness instead of
greater amount of PA. In future studies, it is essential to focus on study
quality, and to aim at revealing mutual temporal associations of both
cognition and PA and to acquire more genetically informed high-quality
studies on this issue.

3. Associations of PA with cortical structure and function

It is well accepted that exercise and functional training has all-im-
portant role in the recovery of stroke patients through brain plasticity
(e.g. Hara, 2015). PA has also been shown to induce macro-scale ana-
tomical changes in areas involved in motor-related functions (Lerch
et al., 2011). It is not clear if exercise acts as a general brain plasticity
booster in brain areas not contributing to movement in healthy adults.
Furthermore, does PA prevent brain atrophy progression in old age?
Cross-sectional studies provide reassuring results for both healthy
adolescents (Chaddock et al., 2010) and for older adults (Colcombe
et al., 2003). Causal interpretations are naturally impossible in these
study designs. PA has been shown to be associated with total gray
matter (GM) volume in longitudinal studies (Erickson et al., 2010;
Rovio et al., 2010). The studies are limited, however, with the baseline
level of the volumes being unknown leaving room for the possibility of
reverse causation. A large study addressing objectively measured PA
and frontal lobe progression in middle-aged and elderly cohort in 8-
year follow-up found an association between amount of PA and de-
creased frontal lobe atrophy progression but not with temporal lobe
atrophy progression (Yuki et al., 2012). However, this large long-
itudinal study did not control their results for baseline cerebral volumes
although they did exclude severe brain atrophy cases from their study
to reduce the possibility of reverse causation. Causal inference from
randomized controlled trials is difficult because of conflicting results
(Colcombe et al., 2006; Stephen et al., 2019) and different studies show
volumetric increase in varying regions of gray matter without con-
sistency (Batouli and Saba, 2017). At least two randomized controlled
trials have not shown increase in white matter volume following ex-
ercise intervention (Colcombe et al., 2006) or an intervention including
exercise (Stephen et al., 2019). Next, we are going to discuss the twin
study results on this topic because they provide an outstanding view on
the matter when controlling for genetic factors and shared environ-
mental effects.

3.1. Brain structure and PA in twins

It is well agreed in magnetic resonance imaging (MRI) studies that
total brain volume, and left and right hemisphere volumes present high
heritability in adult twins (Lessov-Schlaggar et al., 2012; Jansen et al.,
2015). Earlier evidence from twin studies shows that also white matter
(WM) volume is highly heritable (Carmelli et al., 1998), but hippo-
campal size is more affected by environmental influences (Sullivan
et al., 2001). Only few studies have investigated the associations of
twins, human brain imaging data and exercise. Few studies do, how-
ever, address these relationships. A co-twin control study from the
United States performed a cross-sectional analysis of self-reported PA
and brain morphology (n = 74 elderly MZ twins) (Carmelli et al.,
1999). They also examined many midlife cardiovascular risk factors,
but the data on current PA was at the time the MRI was performed.
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Although many other cardiovascular risk factors from midlife were
associated with greater amount of white matter hyperintensities and
brain parenchyma volume independent of genetics and shared en-
vironmental influences, the current PA was not associated with total
brain volume or the amount of WM hyperintensities. PA was, however,
associated with the cerebrospinal fluid volume in within-pair analyses.
The implication of this finding is less clear.

We have looked at MRIs of healthy MZ twin pairs (mean age
34.5±1.5 y) who were discordant in their long-term PA, including
LTPA (Rottensteiner et al., 2015; Hautasaari et al., 2017; Tarkka et al.,
2019). Our sample of twin brothers was a subgroup from the popula-
tion-based longitudinal study, FinnTwin16 Study, on Finnish twins born
between October 1974 and December 1979 (Kaidesoja et al., 2019).
This subgroup included a total of 22 twin pairs who underwent MRI and
EEG measurements. The rationale detecting their discordance in PA has
been described earlier in detail (Rottensteiner et al., 2015). Twin pairs
were divided into more and less active co-twin based on multiple in-
terviews and questionnaires over time regarding PA. All 22 pairs with
MRI data were at least 1 year or longer PA discordant and were also
different in their body composition and fitness level (significant dif-
ference in the total body fat% registered with dual-energy X-ray ab-
sorptiometry, DXA, and in maximal oxygen consumption, VO2max).
The most common types of PA among the participants were jogging and
walking.

Total-brain WM, GM and total intracranial volumes, as estimated
from non-normalized images, did not differ between more and less
active co-twins. Interestingly, there was regional differentiation in GM
volumes (analyzed with whole-brain voxel-based morphometry) be-
tween more and less active co-twins suggesting higher GM volume in
the left hippocampus in more active co-twins in a cohort of 22 MZ pairs
(Tarkka et al., 2019). The sub-sample of 9 MZ twin pairs from the
original cohort were discordant for PA, including LTPA, for over three
years and among these 9 the active co-twin of the twin pair showed
larger striatal GM volume and the non-dominant inferior frontal gyrus
had also a larger GM volume compared to the inactive co-twin
(Rottensteiner et al., 2015). As total cortical volumes are typically
stable in early adulthood (Jansen et al., 2015), these findings provide
evidence for structural modulation in healthy young adult brain pos-
sibly associated with long-term PA.

Utilizing heritability studies with MZ and DZ twin pairs may add to
our understanding of individual structural brain differences and con-
ceivable extent of adult neuroplasticity associated with PA. This would
mean conducting bivariate genetic modelling to tease apart the phe-
notypic association between PA and structural brain differences into
their genetic and environmental components and estimate the genetic
correlation between the genetic components of PA and brain structures.
However, such modelling requires considerably larger sample sizes
than available in our study and the twin pairs should be unselected with
respect to PA. Another approach to address the degree of genetic
overlap is to use large population-based genome-wide association stu-
dies such as the UK Biobank, and on the other hand, apply Mendelian
randomization analyses (Bowden and Holmes, 2019) to test for caus-
ality. Current estimates of the fraction of variance accounted for in self-
reported PA and objectively measured PA in independent samples by
polygenic risk scores derived from the UK Biobank are very small
(Kujala et al., 2020). These latter approaches both require very large
data sets.

3.2. Electrophysiological studies of brain function in twins associated with
PA

Sensitive assessments of supple changes in normal cortical function
are possible to register noninvasively with electroencephalography
(EEG) and evoked potentials (EP). Mismatch negativity (MMN), an EP
component detecting automatically changes in sensory environment,
has been extensively studied in auditory and visual domains (Winkler

and Czigler, 2012). MMN abnormality in the auditory domain has been
closely associated with changes and decline in cognitive abilities in
normal aging and neurological and neuropsychiatric illnesses
(Näätänen et al., 2011). Although relatively less studied in somato-
sensory domain, the MMN has shown potential to serve as a reliable
objective measure for sensory-cognitive functions across sensory do-
mains (Strömmer et al., 2014). An important benefit of MMN paradigm
is that it detects potential functional brain plasticity unrelated to con-
scious cognitive tasks (Strömmer et al., 2014). We have utilized this
cortical involuntary change-detection system in somatosensory (Tarkka
et al., 2016; Hautasaari et al., 2017) and visual (Pesonen et al., 2017)
domains in PA discordant co-twin study design.

Somatosensory (SMMR) and visual mismatch responses (VMMR)
were registered with continuous EEG in our sample of 22 MZ pairs (44
individuals) discordant in PA. SMMR was elicited by weak electrical
stimuli delivered in second and fifth fingers producing location mis-
match in averaged deviant stimuli (Tarkka et al., 2016; Hautasaari
et al., 2017). VMMR was elicited by two types of visual stimuli pre-
sented on the screen (Pesonen et al., 2017). Participants were asked to
ignore electrical or visual stimuli but to attend to an engaging audio
program. The visual stimuli were black bars, each presented in turn for
100 ms in a grey background. Bars of the standard stimuli were tilted
18° to the right and bars for deviant stimuli were tilted 18° to the left,
stimuli applied similar to Astikainen et al. (2008). From 1000 stimuli 10
% were deviant stimuli and they were averaged to form VMMR.

Unequivocal mismatch components in typical latency windows both
in somatosensory and visual domains were obtained in all co-twins.
SMMR deviant waveforms were analyzed using multiple dipole mod-
eling giving estimates of the locations and strengths of active sources.
SMMR differed between co-twins so that stronger SMMR activation was
observed in the right hemisphere in postcentral and frontal medial gyri
and in left superior temporal gyrus in the co-twin with less PA, com-
pared with the co-twin with higher amount of PA (Hautasaari et al.,
2017). This modulation in involuntary SMMR activation may reflect
differences between co-twins in selective attentional processing and
sensory gating of task-irrelevant stimuli. In other words, the ascending
somatosensory stimuli may have alerted more the less active co-twins.
In the visual domain, a reverse phenomenon was observed, where the
co-twin with less PA showed longer VMMR latencies in occipital region
when compared with co-twin with more PA (Pesonen et al., 2017).
VMMR latency demonstrates the time taken by the nerve activation to
travel and be processed in the involved cortical network. We found that
those with more PA had faster reaction and faster preconscious auto-
matic processing for random deviant visual stimulus. This faster pro-
cessing occurred in occipital cortex, where large part of the primary and
secondary visual processing in this time period takes place. While the
genetic determinants of PA in general are evidently multifactorial and
their biological markers largely unknown, the above described dis-
cordant co-twin study design provided one way to address the role of
genetic factors in research focusing on PA.

Together these twin studies show that more PA may expedite pre-
conscious processing of visual stimuli and, in somatosensory domain,
improve selective attentional processing by dampening the strength of
unattended deviant somatosensory signals. These observed modifica-
tions seem independent of genetics and shared environment.

4. Conclusions

The moderate-strength result from observational studies of PA and
reduction in cognitive decline has not been straightforwardly replicated
in randomized controlled trials and genetically informed studies. The
moderate-strength association may be partly explained by genetics and
shared environmental factors.

While brain imaging studies on PA’s effects on macro-scale brain
structure show inconsistent results, an increase in GM volumes in
striatal, prefrontal, and hippocampal regions owing to PA has been
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shown in MZ co-twin design. Additionally, more active MZ co-twins
have shown differing automatic deviance-detection processes in brain
regions involved with sensorimotor, visual and memory functions in
electrophysiological studies. Currently there is very limited literature
on genetically informed brain imaging addressing the relationship of PA
and structural and/or functional brain imaging. It is not possible to
draw comprehensive conclusions other than that the young healthy
brain may show modulation associated with long-term PA. It would be
important to understand how differences in PA influence the course of
healthy or pathological cognitive aging. This knowledge would aid in
discovering the most beneficial preventive measures. The purpose of
studying twins, who are long-term discordant for PA, is to try to reduce
the inevitable contribution of genetic selection in studies in attempts to
explain the factors which mediate the benefits obtained from PA.
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