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Finnish Summary

Diss.

We studied cross-sectional, longitudinal and temporal associations between
executive function and life-space mobility in old age. We assessed the associa-
tion between intellectual ability in early adulthood and physical functioning in
old age, and the association between early life motor development and cogni-
tive performance in early old age.

The participants of the first dataset were 157 persons aged 76-91 y who
were followed up for two years as part of the Life-Space Mobility in Old Age
study, and who took part in measurements on executive function (EF) imple-
mented with the Trail Making Test and Life-Space Assessment. The second da-
taset comprised persons from the Helsinki Birth Cohort Study. Data on cogni-
tive performance in early adulthood, assessed with The Finnish Defence Forces
Basic Intellectual Ability Test at age 17-27 y, was available for 360 men. Data on
age at first walking, used as a marker of early life motor development, and ex-
tracted from child welfare clinic records at age 6-24 months was available for
398 persons. Later life physical functioning was assessed twice at ten y intervals
using self-reported Short Form 36 questionnaire, and later life cognitive per-
formance with CogState computerized cognitive test in old age.

People with better EF had higher life-space mobility. This was explained
by better lower extremity functioning and absence of transportation difficulties
(general linear model). Better EF at baseline predicted higher life-space mobility
at the two-year follow-up whereas baseline life-space mobility did not predict
EF at follow-up (cross-lagged model). Better intellectual ability in young adult-
hood predicted better physical functioning at mean age 71.4 (SD 2.2) y through
better physical functioning at mean age 60.9 (SD 2.3) y (longitudinal path mod-
el). People who had learned to walk at an earlier age performed better in cogni-
tive tests at mean age 64.2 (SD 3.0) y (linear regression model).

Earlier attainment of motor skills and better early life intellectual ability
may lead to better cognitive and physical functioning in older ages. Supporting
EF may enhance maintenance of higher life-space mobility, an important corre-
late of good quality of life in old age.

Keywords: Cognitive aging, Executive function, Mobility, Physical functioning,
Life-space mobility, Cognitive reserve, Life course
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1 INTRODUCTION

Learning to walk is one of the most remarkable developmental milestones in a
child’s life. Motor development in infancy is a continuous process through
which a child achieves new movement patterns and learns new motor skills
(WHO 2006, Gallahue, Ozmun & Goodway 2012). As one moves from infancy
to adulthood and acquires greater physical and cognitive resources, the envi-
ronment in which mobility takes place expands (Webber, Porter & Menec 2010).
Learning to walk in infancy is a critical milestone in both motor development
and central nervous system maturation (Diamond 2000, Ferrucci et al. 2016).

Mobility, i.e. the ability to go where, when and how one wants to go, is a
key component of independence and active participation in old age (Satariano
et al. 2012). Broadly, the concept of mobility is defined as the ability to move
oneself within one’s own environment (Webber, Porter & Menec 2010) and in-
cludes all purposeful bodily movements, such as changing and maintaining
body positions, carrying or moving objects, and walking and moving through
one’s environment, including the use of transportation (McDonough et al. 2018).
Life-space mobility, a measure of community mobility, reflects the actual
movement taking place in a person’s daily life environment (Peel et al. 2005)
including frequency of mobility as well as the ability and independence for
mobility (Baker, Bodner & Allman 2003, Barnes et al. 2007).

The Developmental Origins of Health and Disease (DOHaD) hypothesizes
that poor early life environment induces changes in development which have
long-term effects on later life health and disease risk (Barker 1998). A life course
approach to aging studies links physical and social exposures during gestation,
childhood, adolescence, and adult life to changes in health and risk for diseases
in later life (Kuh et al. 2014). A life course approach to mobility proposes that
development and growth earlier during the lifespan affects physical function-
ing in later life (Kuh et al. 2002, von Bonsdorff et al. 2011). Early life physiologic
characteristics, aging, and intervening health conditions all have cumulative
and interactive effects over a long period that shape the trajectories of mobility
loss associated with aging (Ferrucci et al. 2016).
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Mobility requires both cognitive processing and physiological functioning
(Wood et al. 2005). Moving outside and travelling further away from home en-
tail higher environmental complexity, which in turn imposes higher physiologi-
cal and cognitive requirements on older people (Schooler 1984). As people age,
decline in cognitive and physical functioning is inevitable, although heteroge-
neous (Wilson et al. 2002). Loss of mobility in older adults results from multiple
impairments in the central nervous system, muscles, joints, and energetic and
sensory physiological systems. It occurs when burden of impairments starts to
challenge normal daily life, and the ability to compensate for their effects be-
comes increasingly limited (Ferrucci et al. 2016).

Both cognitive and physical functioning are predictors of health, inde-
pendence and mortality in later life (Rosano et al. 2008). The co-occurrence of
declines in cognitive and physical functioning has been established among old-
er people (Demnitz et al. 2016). Longitudinal studies have shown bidirectional
associations between cognitive and physical functioning, as well as concurrent
declines in cognitive performance and mobility measures (Clouston et al. 2013).
Data on the temporal relationship between cognitive decline and mobility limi-
tations among older adults are inconsistent (Atkinson et al. 2009, Mielke et al.
2013, Stijntjes et al. 2016).

Motor and cognitive disorders may share the same pathologic background
(Tabbarah, Crimmins & Seeman 2002). The same prefrontal areas of the brain
support executive functions i.e. the cognitive abilities that control and guide
goal-directed performance (Banich 2009), and are ultimately involved in all
goal-directed motor performances (Rosano et al. 2005). Furthermore, these pre-
frontal areas of the brain have been shown to be the most vulnerable areas of
the brain in the aging process (Kramer et al. 1999, Ren et al. 2013). In the life
course approach to cognitive ageing, cognitive reserve, which indicates that
certain aspects of brain structure, such as brain size, neural density and
synaptic connectivity, and brain function, such as efficiency of the neural
network, can buffer against the effects of cognitive ageing (Richards & Deary
2005). Better early life cognitive ability is a key ingredient of cognitive reserve
and can protect against the cognitive decline (Wilson et al. 2002) that
accompanies declines in functional status in later life (Auyeung et al. 2008).

The present study investigated the association between cognitive
performance and mobility in old age. We were also interested in the temporal
association between these two factors. Additionally, we studied this association
accross the life course from infancy and early adulthood into old age. Applying
a life course approach can help to reveal new and valuable knowledge about
early developmental factors affecting mobility in old age. Identifying the
direction of the association between cognitive performance and mobility along
with the potential early life factors that affect functioning in old age, enables
more effective targeting of preventive interventions during the life course.
Maintaining mobility enables independence as well as participation in
meaningful activities and is a prerequisite of active ageing.



2 REVIEW OF THE LITERATURE

2.1 Mobility

Mobility, defined as the ability to move freely and safely in one’s own environ-
ment in any way one wants, is fundamental for maintaining independence in
old age (Webber, Porter & Menec 2010, Satariano et al. 2012). The concept of
mobility comprises all dimensions of movement ability and all forms of physi-
cal activity. The International Classification of Functioning, Disability, and
Health (World Health Organization 2001) presents three different levels of mo-
bility, viz. bodily functions and structures, activities performed and participa-
tion. Adequate levels of physiological and psychological functioning are pre-
requisites for independent mobility (Wood et al. 2005), while assistive devices
and vehicles also allow mobility for those with physiological or cognitive de-
cline. Maintaining mobility is important for older people, as it enables them to
continue active participation in society for as long as possible (Webber, Porter &
Menec 2010, Rantanen 2013).

2.1.1 Early motor development

Motor development is a dynamic process through which a child learns new
movement patterns and skills (Malina 2004). The process of continuous motor
development involves the interaction of neuromuscular maturation, physical
growth, behavioral development, and movement experiences (Malina 2004).
Environmental experiences are also important in a child’s motor developmental
process (Malina 2004). Learning new motor skills opens up an infant’s world
during the first year of life, when the infant transitions from being unable to
move independently to being able to move around and explore the environ-
ment (Thelen 1995). Learning to walk independently during the first years of
life is thus a major motor development skill (Malina 2004).

Motor development in infancy and early childhood is associated with rap-
id growth of the brain and central nervous system (Diamond 2000, Malina 2004).
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The ability to walk marks a critical milestone in both motor development and
central nervous system maturation (Diamond 2000, Ferrucci et al. 2016). The
maturation of the central nervous system in infancy and childhood enables
children to gradually acquire new movement patterns (Malina 2004). The ability
to walk allows a child to move more rapidly in the environment, and thus con-
tributes to exploratory behavior (Thelen 2000). Along with brain development
exploration and selection are fundamental processes that play key roles in the
acquisition of motor skills in infancy (Thelen 1995). The complexity of learning
new motor skills requires, among other things, problem-solving skills (Thelen
2000). As one moves from infancy to adulthood and gains greater physical and
cognitive resources, the environment in which mobility takes place expands
(Webber, Porter & Menec 2010). The sequential attainment of new motor mile-
stones that help a child to explore the world more completely is like opening a
series of new windows of opportunity (Thelen 2000).

2.1.2 Mobility decline in old age

Mobility performance peaks with the maturation of motor development in ado-
lescence during the second decade of life and starts to decline around the ages
of 60-70 years. This decline shows considerable variation between individuals
(Ferrucci et al. 2016). The progression of mobility decline can be explained by
the model of the disablement process originally proposed by Nagi (1976) and
subsequently further developed by Verbrugge and Jette (1994). In the model,
the pathway of the disablement process proceeds from pathology, i.e., physio-
logical abnormalities resulting in impairments. These impairments, in turn, lead
to functional limitations, and finally to disability.

Muscle strength, balance, cardio-respiratory health, the senses, and the
central nervous system are all involved in voluntary controlled mobility such as
walking. Walking is one of the most popular forms of physical activity among
older people (Mikild, Hirvensalo & Parkatti 2010). Walking ability is often a
prerequisite for the ability to use other forms of transportation (Rantanen 2013).
Among people aged over 75 years, more than one-third of men and almost half
of women reported difficulties in walking 500 meters (Sainio et al. 2012).

The first signs of mobility loss can be seen in the more complex mobility
tasks, which might require higher order physical or cognitive processing
(Shumway-Cook et al. 2007). The farther away one moves from one’s home, the
more complex are the factors that impact on mobility (Webber, Porter & Menec
2010). Greater concentration is needed for decision making when orienting in
more diverse surroundings; the more complex the environment, the greater
cognitive investment required (Schooler 1984).
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2.1.3 Measuring mobility in older adults

Self-reported measures of mobility among older adults can be assessed using
questionnaires or interviews. In cases where participants themselves are unable
to provide answers to questions on their mobility, this information may be pro-
vided by relevant proxies. The various dimensions of mobility that may be in-
cluded in self-reports are ability, difficulty, frequency, duration, intensity or
need for help (McDonough et al. 2018). Self-reported measures of mobility pro-
vide information on a person’s actual mobility in their own environment, and
hence are sensitive to functional changes (Latham et al. 2008). The advantage of
self-reported measures is that they can cover a wide variety of mobility activi-
ties in both the activity and participation domains of mobility, including trans-
portation. These easy-to-use measures also often have high ecological validity
(McDonough et al. 2018).

Performance-based measures, which are implemented under controlled
circumstances, provide more standardized measures of mobility (Latham et al.
2008). Gait, balance and lower extremity strength are important domains for
safe mobility in older adults, and are therefore often assessed as “building
blocks” of functioning (Guralnik & Ferrucci 2003). A wide variety of physical
functioning measures has been developed to assess either single or multiple
aspects of functioning. Lower extremity functioning is commonly assessed with
gait speed (Reuben et al. 2013) and chair rise tests (Guralnik & Ferrucci 2003).
Balance measurements are also a means of evaluating neurological systems
(Guralnik & Ferrucci 2003). Some of the measures often used in aging studies,
such as the Short Physical Performance Battery (Guralnik et al. 1994), Timed Up
and Go test (Podsiadlo & Richardson 1991) and Stair Climb test (Oh-Park,
Wang & Verghese 2011) were developed to assess performance in a wide range
of tasks that affect functioning. Many performance-based tests are timed and
therefore described what an individual is able to do in a given time rather than
what they can actually do in their daily lives (Guralnik & Ferrucci 2003). The
disadvantages of administrating performance-based measures are that in-
person testing is rather time-consuming and the range of mobility activities that
can be investigated is limited (McDonough et al. 2018).

Instrumented measures of mobility provide direct measures of real time
movement in daily life in the natural environment (McDonough et al. 2018).
Pedometers and accelerometers are instruments commonly used to measure
mobility among community-dwelling older adults. These easy-to-use instru-
ments record acceleration and provide information about bouts of activity in
terms of duration, frequency and intensity, periods of inactivity, and various
other parameters describing gait (McDonough et al. 2018). The disadvantage of
using accelerometers in research is the high cost of both the equipment and data
management (Tudor-Locke & Myers 2001). Pedometers are cheaper than accel-
erometers but have been criticized for lack of accuracy and reliability. Although
instrumented measures provide ecological validity and standardized data, they
may have limitations when studying older people (Tudor-Locke & Myers 2001).
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For, example, they may lack accuracy in detecting movement in older adults
whose movements are very slow or who are using assistive devices (Pruitt et al.
2008, Davis et al. 2011). However, increasing interest is being shown in the use
of instrumented measures in aging research (Jarchi et al. 2018).

2.1.4 Life-space mobility

The concept of life-space mobility was originally defined by May, Nayak, and
Isaac (1985) as the area in which an individual travels over a certain time period.
The purpose of the first life-space measures was to assess a person’s movements
either at home and in the near-home environment (May, Nayak & Isaacs 1985)
or in institutional settings (Tinetti & Ginter 1990). A Life-Space Questionnaire
was developed by Stalvey et al. (1999) to cover a broader range of environmen-
tal regions to measure the spatial extent of mobility, starting from within the
home and extending to areas at an increasing distance from the home and thus
characterize mobility for community-dwelling older adults who may travel
more frequently beyond the immediate home environment (Stalvey et al. 1999).
The University of Alabama at Birmingham Study of Aging Life-Space Assess-
ment (LSA) used in the present study measures community mobility based on
the distance through which a person moved during the four weeks preceding
the assessment (Baker, Bodner & Allman 2003, Peel et al. 2005). The LSA incor-
porates not only the distance moved but also the frequency of movement i.e.,
how often a person goes to specific areas, and whether assistance is needed for
those purposes (Peel et al. 2005, Allman, Sawyer & Roseman 2006).

Life-space mobility refers to a person’s activity as well as capability to
meaningfully move within the home environment and beyond it (Parker, Baker
& Allman 2002). The life-space mobility assessment measures both the quantity
and independence of mobility. It therefore reflects a person’s social integration
and participation in the surrounding community (Barnes et al. 2007). Life-space
mobility declines with older age (Sawyer & Allman 2010, Rantakokko et al.
2015). Cognitive, psychosocial, physical, environmental and financial factors all
affect mobility restriction (Rudman et al. 2006). Restricted life-space mobility is
associated with older age, female sex, overweight, depressive symptoms, lower
cognitive level (Sartori et al. 2012), poorer physical performance (Portegijs et al.
2014b), perceived walking difficulties (Rantakokko et al. 2017) and disability in
activities of daily living (Snih et al. 2012, Curcio et al. 2013). People with a re-
stricted life-space mobility are also less physically active (Tsai et al. 2015). Fur-
ther, over the two-year follow-up both baseline perceived walking difficulties
(Rantakokko et al. 2017) and less time spent in moderate physical activity (Tsai
et al. 2015) predicted changes in life-space mobility. Restricted life-space mobili-
ty predicts cognitive decline (Crowe et al. 2008, Silberschmidt et al. 2017), Alz-
heimer’s disease (James et al. 2011), frailty (Xue et al. 2007), ADL disability (Por-
tegijs et al. 2016), institutionalization (Sheppard et al. 2013), and mortality (Xue
et al. 2007). In previous studies, higher life-space mobility has been found to be
associated with better quality of life among older community-dwelling people
(Baker, Bodner & Allman 2003, Rantakokko, Madnty & Rantanen 2013).
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2.2 Cognitive performance

Cognitive performance refers to the ability to utilize knowledge acquired by
mental processes in the brain. Cognitive performance relies on a wide range of
cognitive domains such as memory, attention, problem solving, and processing
speed (Brewster et al. 2018). Control processes, which are involved in intention-
al processing and adaptive cognitive performance, increase in power, speed and
complexity from infancy to early adulthood, thereafter starting to decline from
the twenties to old age (Craik & Bialystok 2006). Cognitive performance de-
pends on the standard of the task and the abilities of the person who is per-
forming the task (Jenkins 1979). Adequate cognitive performance is necessary
for independent functioning in old age. Executive function (EF) is a cognitive
ability that is involved in any goal-directed actions (Kramer et al. 1999). Hold-
ing information in one’s mind, resisting distraction, and inhibiting one’s actions
are examples of cognitive functions supervised by EF and needed for everyday
tasks that are also important for skilled motor performance (Diamond 2000).

2.21 Decline in cognitive performance in old age

Cognitive abilities develop rapidly from infancy to young adulthood along with
brain maturation and thereafter are either relatively stable or start to decline
with older age (Craik & Bialystok 2006). On average, cognitive performance
declines with older age; however, the rate of decline varies greatly between in-
dividuals (Wilson et al. 2002, Singh-Manoux et al. 2012). Fluid cognition, i.e.
cognitive processes such as working memory and processing speed, tend to
show age-related decline over the adult life course. So-called crystallized cogni-
tive abilities like vocabulary and semantic knowledge remain stable until late in
life. Long-term memory is one of the cognitive processes that show life-long
stability across the life course (Park et al. 2002).

Some changes in neural structure and functioning have been detected in
normal ageing. For example, a reduction in grey matter due to lower synaptic
densities takes place in older adults. Aging also affects white matter density
and the number of white matter lesions in the brain (Guttmann et al. 1998).
White matter abnormalities are related to poor performance in tasks that re-
quire higher processing speed and executive function (Hedden & Gabrieli 2004).
Cognitive decline related to normal aging does not necessarily effect everyday
life, if so, that might be an early sign of cognitive diseases (Di Carlo et al. 2016).

Slowing with age is an inevitable age-related behavioral phenomenon
(Salthouse 2009). The processing speed theory of cognitive aging posits that re-
duction in the speed with which cognitive operations are executed leads to cog-
nitive impairments. This is reflected in a slowing of the speed at which activities
are performed (Salthouse 1996). According to the theory, this slowing in cogni-
tive performances can be explained by two distinct mechanisms: the limited
time mechanism and the simultaneity mechanism. The limited time mechanism
is based on the idea that the time to perform later cognitive processes in the
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brain is restricted because a proportion of the time available is already occupied
by the execution of earlier operations. The simultaneity mechanism, in turn, is
based on the idea that the products of early processing are no longer present in
the mind when needed for the later processing (Salthouse 1996).

The prefrontal cortex function theory of cognitive aging indicates that
cognitive abilities supported by the prefrontal areas of brain shows signs of age-
related decline earlier than cognitive abilities supported by other areas of the
brain (Moscovitch & Winocur 1995, West 1996). The pre-frontal cortex regions
of the brain undergo the largest age-related volumetric changes in adulthood. It
has been estimated that on an average a 5% linear decline in volume per decade
occurs after the age of 20 years (Raz et al. 2004). Thus, the cognitive processes
supported by the prefrontal cortex are the first to decline with increasing age.
The prefrontal cortex of the brain plays an important role in cognitive control in
planning, making decisions, problem-solving, and executing voluntary behav-
ior (Craik & Bialystok 2006). These areas of the brain are the last to mature in
early adulthood and the first to decline in old age (Craik & Bialystok 2006).

Late-life cognition is determined by many factors operating across the life
course. Brain development, childhood socioeconomic status, educational at-
tainment, physical development, lifestyle and disease-related factors are all im-
portant factors affecting later life cognition (Richards & Deary 2005). Life-time
cognitive engagement, environmental complexity, including occupational and
leisure activity may protect from age-related cognitive decline (Schooler 1984).
Higher socioeconomic status (Kramer et al. 2004), higher education, occupa-
tional complexity (Salthouse 2006) and cognitively stimulating leisure time ac-
tivities (Salthouse, Berish & Miles 2002) are linked with maintaining higher
cognitive functioning in older age. Many studies have shown the benefits of
physical activity (Yaffe et al. 2001, Lytle et al. 2004, Van Gelder et al. 2004
Weuve et al. 2004) social engagement (Bassuk, Glass & Berkman 1999, Holtz-
man et al. 2004), and nutrition (Morris et al. 2006) on cognitive function. The
Nun Study (Snowdon et al. 1996) was the first longitudinal study to address
many early life factors that potentially affect cognitive aging. Diaries of nuns
entering a convent were analyzed, and those whose diary texts showed higher
linguistic complexity, and who had engaged in more cognitively stimulating
roles in the convent, were less likely to experience dementia as confirmed by
autopsy, in later years (Snowdon et al. 1996). Cognitively more stimulating ear-
ly life experiences may protect against cognitive decline in later life.

Cross-sectional studies do not establish causal relationships. Moreover,
they may also be influenced by cohort effects: because generations vary, true
age-related changes in cognitive functioning may not be detected. Among older
adults, longitudinal studies are more useful for detecting changes and temporal
relationships between the different factors affecting cognitive functioning. Par-
ticipant attrition can bias research results, as better functioning individuals tend
to be those who complete the study measurements. Large samples with com-
plex research designs controlling for multiple factors are needed to identify
changes in cognition in old age (Williams & Kemper 2010). Clinical intervention
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trials designed to promote cognitive performance are increasing. Cognitive
training interventions have shown improvements in cognitive tasks (Kramer et
al. 2004, Schaie, Willis & Caskie 2004) and also benefits in functional capability
(Willis et al. 2006). Physical activity interventions have reported beneficial ef-
fects on executive functioning (Colcombe & Kramer 2003).

Risk for severe dementia increases with age. The most common form of
dementia is Alzheimer’s disease. Other causes of dementia are vascular demen-
tia, frontotemporal dementia and Lewy body dementia. Parkinson’s disease
and Creuzfeld-Jacob disease also affect cognition and can cause dementia. All
these are caused by pathological changes in the brain. Mild cognitive impair-
ment (MCI) represents a transitional state between normal cognitive aging and
dementia, in most cases Alzheimer’s disease (Petersen 1995, Petersen et al. 1999).
Two types of MCI have been identified. Amnestic MCI is characterized by
memory deficits that are greater than would be expected with regard to age and
education, while functional activity remains intact. Nonamnestic MCI, in turn,
affects attention, use of language, and visuospatial skills, and results in prob-
lems with processing speed and executive function (Petersen et al. 2014). Older
adults with nonamnestic MCI have also been found to have impairments in
lower extremity performance (Petersen 2011).

2.2.2 Assessing cognitive performance in older adults

Memory deficits form one of the most common types of complaint among older
adults (Jonker, Geerlings & Schmand 2000). Cognitive performance in older
adults is most commonly assessed for possible subsequent clinical screening to
detect cognitive impairments. A wide variety of standard measures are availa-
ble for the clinical diagnosis of cognitive impairment. The most widely used of
these screening tests are the standard neuropsychological test batteries such as
the Mini Mental State Examination (MMSE) (Folstein, Folstein & McHugh 1975)
and The Consortium to Establish a Registry for Alzheimer's Disease (CERAD)
(Morris et al. 1989), both of which evaluate global cognition, including separate
measurements for different domains of cognitive functioning.

A wide range of cognitive tests have been developed and validated for as-
sessing cognitive performance in aging research. Selection of the optimal tests
for a study depends on the cognitive domain and population of interest. Tests
of vocabulary, general and word knowledge or understanding proverbs have
been used to assess crystallized cognitive performance, which remains relative-
ly stable across the life course (Anstey & Low 2014). Since mobility relies more
strongly on the fluid aspect of cognition than crystalized knowledge, the meas-
urements commonly used in mobility studies to assess cognitive performance in
older adults are measurements of fluid cognition (Clouston et al. 2013, Demnitz
et al. 2016). Measures of fluid cognition involve novel problem solving, pro-
cessing speed, perceptual organization, visuospatial manipulation, and atten-
tion. Tests of fluid cognitive performance usually require the use of short-term
memory (Anstey & Low 2004).
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Older individuals” cognitive performance is not determined by pathology
alone, i.e., brain-related diseases, but also by the brain’s ability to compensate
for age-related changes in the brain through cognitive reserve. Older adults
show wide inter-individual differences on their scores in cognitive performance
tests. Some of these differences are due to cohort or generations. Older adults
also vary widely in educational background, health status, literacy, functional
abilities, and life experiences, all of which affect their cognitive performance
and contribute to the considerable inter-individual variability found in it.
Therefore, especially in clinical screening, the individual’s so called premorbid
level of cognitive functions should be determined before drawing any conclu-
sions about the test results (Anstey & Low 2004).

Additionally, factors such as fatigue, acute illnesses, medication use, prob-
lems in concentration or distractions may have a huge impact on performance
in tests and should be taken into consideration, especially when assessing older
adults. Face-to face interviewing, instrumented and computer-based admin-
istration methods have been used in studies to measure cognitive performance
in older adults. Computer-based tests may present some challenges as older
people tend to be less experienced in using computers. On the other hand,
computer-based assessment produces good quality data (Collie & Maruff 2003).

2.2.3 Executive function

Executive function (EF) refers to the cognitive processes that are engaged in de-
liberate, goal-directed thought and action (Zelazo, Craik & Booth 2004, Best &
Miller 2010) and especially needed in non-routine situations (Banich 2009). Self-
regulation, planning, problem solving, task switching and flexible thinking are
examples of skills needed for EF (Rose, Feldman & Jankowski 2012). Cognitive
processes such as selective attention, inhibition, working memory and shifting
are also involved in executive function (Kramer et al. 1999, Colcombe & Kramer
2003, Hillman, Erickson & Kramer 2008).

The development of EF shows improvements during childhood into ado-
lescence and declines after reaching its peak some time in young adulthood
(Zelazo & Miiller 2002). Cognitive domains needed for EF include processing
speed, visual attention and working memory and are supported by the pre-
frontal and frontal areas of the brain (Gilbert & Burgess 2008). The goal mainte-
nance account, the theoretical framework developed for understanding age-
related changes in executive control, posits that age-related cognitive changes in
EF are based on impairments in the ability to internally represent, update or
maintain task-related goals (Braver & West 2008).

EF may serve as a mediator in age-related cognitive decline (Salthouse,
Atkinson & Berish 2003). Because it comprises a wide range of cognitive pro-
cesses, no single test exists for measuring EF (Banich 2009, Etnier & Chang 2009).
Cognitive tests assessing the function of working memory, selective attention,
updating, task-shifting, inhibition and processing speed have all been used to
measure EF (Etnier & Chang 2009). The Wisconsin Card Sorting (Delis, Kaplan
& Kramer 2001), Stroop task (Stroop 1935), and Trail Making Test (Reitan &
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Wolfson 1993) are examples of classic and most frequently reported measures of
EF (Etnier & Chang 2009).

2.3 Relationship between cognitive performance and mobility in
old age

Scientific interest in the relationship between cognition and physical function
among older adults began to be shown a few decades ago. For example, the
beneficial effects of physical activity on cognitive performance had been
recognized in aging studies already in the 1990s (Chodzko-Zajko et al. 1992,
Christensen & Mackinnon 1993, Chodzko-Zajko & Moore 1994). This was
further confirmed by a three-year physical exersice intervention study
conducted among elderly women (aged 57-85 years) in which exercise program
improved both prossessing speed and motor performance (balance, shoulder
flexibility and grip strength) (Rikli & Edwards 1991). Later, at the end of 1990s
researchers began to show interest in the effects of cognitive decline on
functional capability (Greiner, Snowdon & Schmitt 1996, Carlson et al. 1999).
Currently, a large body of research supports the view that an association exists
between cognitive decline and impairment in peformance of activities of daily
living (Wang et al. 2002, Cahn-Weiner et al. 2007). The impact on elderly
people’s everyday functioning of physical activity (Van Der Bij, Akke K,
Laurant & Wensing 2002), cognitive training (Jobe et al. 2001, Ball et al. 2002)
and combined physical and cognitive training (Kelly et al. 2014) interventions
has also been a focus of research.

Since the more systematic research on these topics conducted during the
21t century, strong evidence of a positive relationship between various specific
cognitive domains and different mobility indicators has been adduced. It is
clear that successful performance of motor tasks requires cognitive processing
as well as motor skills (Rosano et al. 2005, Tabbarah, Crimmins & Seeman 2002).
The results of studies have also suggested that cogntive domains, such as
executive function (lersel et al. 2008, McGough et al. 2011, Gale et al. 2014),
attention (Inzitari, Baldereschi et al. 2007, Liu-Ambrose et al. 2010, Killane et al.
2014), verbal fluency and psychomotor speed (Soumaré et al. 2009, Welmer et al.
2014) are related to walking speed. Decline in gait performance is common
among aging persons and there is evidence to slow gait predicts cognitive de-
cline (Inzitari et al. 2007) and Alzheimer’s disease (Verghese et al. 2002).

Thus far, cross-sectional studies have yielded strong evidence of a positive
relationship between cognition and mobility (Demnitz et al. 2016). However,
the nature and degree of the interrelationship between these domains remain
unclear, and thus have been of great interest to researchers. Several longitudinal
studies that have sought to determine direction of changes have reported bidi-
rectional associations between cognitive performance and mobility (Clouston et
al. 2013). Some other studies have shown that poor cognitive performance pre-
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dicts mobility decline (Soumaré et al. 2009, Atkinson et al. 2010, Best, Davis &
Liu-Ambrose 2015, Beauchet et al. 2016) while yet others have shown that poor
physical functioning predicts cognitive decline (Alfaro-Acha et al. 2007, Tanigu-
chi et al. 2012, Kueper et al. 2017). Further, decline in cognitive performance and
mobility have been shown to co-occur (Callisaya et al. 2015, Bishop et al. 2016,
Demnitz et al. 2017).

However, only a few studies have assessed the temporal relationship be-
tween mobility decline and cognitive decline in the same study population, and
their results have been conflicting (Stijntjes et al. 2016). A population-based
study among 70- to 89-year-old individuals found that faster gait speed was
associated with lower decline in EF, visuospatial skills and global cognition, but
found no association between baseline cognition and changes in gait speed
(Mielke et al. 2013). Another study indicated a decline in gait speed as a precur-
sor of decline in cognitive function but not the other way around (Best et al.
2016). On the other hand, one study using gait speed, chair stand and grip
strength as physical functioning measures found that global cognition was the
domain that most consistently preceded physical performance decline among
older women (Atkinson et al. 2009). Further, a study of 55- to 90 -year-olds
found that the temporal relationship between cognitive and physical perfor-
mance differed across domains and age, although poor EF was found to be as-
sociated with a steeper decline in gait speed across all the age groups (Stijntjes
et al. 2016). There is also evidence that these associations might be bidirectional
(Watson et al. 2010, Gale et al. 2014, Tian et al. 2017).

Older people have difficulties in coordination (Seidler et al. 2002) and their
movements are slower (Demnitz et al. 2017). People with mild cognitive im-
pairment (MCI) have worse mobility performance (Petersen et al. 2014). It has
also been suggested that declines in cognitive performance and mobility are
driven by a unifying process (Christensen 2001). Mobility deficits appear to be
due to dysfunction of the neuromuscular system as well as dysfunctioning of
the central nervous system (Seidler et al. 2010, Ren et al. 2013). The central
nervous system plays an important role in mobility decline in old age (Rosso et
al. 2013). It has been shown that the central nervous system is involved in the
preparation and performance of complex walking tasks among older adults
(Clark et al. 2014). Results of neuroimaging studies have suggested that shared
underlying structural changes in the prefrontal and median lobes might be re-
lated to changes in mobility and cognitive performance (Holtzer et al. 2014). A
smaller prefrontal area of the brain may contribute to slower gait through slow-
er processing speed (Rosano et al. 2005). The recently presented pre-dementia
syndrome, the motoric cognitive risk syndrome (MCR), describes a situation
where the individual has cognitive complaints and slow gait speed but shows
no functional limitations (Verghese et al. 2012). The MCR syndrome may identi-
ty older people at high risk for transitioning to dementia and disability (Shi-
mada et al. 2017).

Several studies have found that EF plays a key role in the ability of older
adults to manage complex performance-based instrumental activities of daily
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living (Vaughan & Giovanello 2010, Marshall et al. 2011) and is a significant
predictor of functional status (Bell-McGinty et al. 2002, Cahn-Weiner, Boyle &
Malloy 2002, Royall et al. 2004). EF is also required for safe driving (Anstey et al.
2005). In addition, EF plays an important role in lower extremity motor tasks
(Ble et al. 2005, van Iersel et al. 2008, Liu-Ambrose et al. 2008, Yogev-Seligmann,
Hausdorff & Giladi 2008, Demnitz et al. 2017). It has also been suggested that
executive function may be a stronger predictor of functional declines than
global cognition (Johnson, Lui & Yaffe 2007).

2.4 A life course approach to later life functioning

24.1 A life course approach to aging

The life course approach to aging provides a framework for studying the im-
pacts of early life development, experiences and exposures on later life health
and functioning (Kuh et al. 2003). In epidemiology, a life course approach can
be utilized to examine the biological, behavioral and social pathways that link
physical and social exposures and experiences during gestation, childhood, ad-
olescence, and adult life, and across generations, to changes in health and dis-
ease risk in later life (Ben-Shlomo & Kuh 2002). Originally, in epidemiology, a
life course approach was used primarily in research on “fetal programming”, i.e.
the influence of prenatal factors on adult chronic diseases (Barker 1998), the hy-
pothesis being that environmental exposures during critical or sensitive periods
of growth and development in utero may be associated with adult chronic dis-
ease risk. The developmental origins of health and disease framework (Gluck-
man, Hanson & Beedle 2007), in turn, focuses on potential sensitive periods in
childhood and adolescence and their effects on health and aging (Eriksson et al.
2001).

Various life course models have been developed to postulate pathways
linking exposures across the life course to health in later life (Kuh et al. 2003).
The critical or sensitive period model proposes that exposures during times of
rapid growth and fetal development affect the risk for later-life diseases. This
implies that the rate of aging might in part already be determined by early
developmental programming. The risk accumulation model proposes that ex-
posures and their effects accumulate over the life course and influence health in
adulthood (Kuh et al. 2014).

24.2 Developmental origins in early life of functioning in later life

Developmental epidemiological findings suggest that their specific circum-
stances in early life put individuals on trajectories that determine their physical
and psychological functioning in older age (Kuh & Shlomo 2004). Critical de-
velopmental periods during early life render individuals sensitive to experienc-
es and exposures. Neurodevelopment, i.e. neural growth and synaptic network
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formation, is at its most active in childhood at the time of fast cognitive and mo-
toric development (Wright & Christiani 2010). This could have far-reaching
consequences on both cognitive and physical functioning in later life, as the pre-
frontal areas of the brain that deteriorate first in older age seem to be the same
as the ones that are involved in both motor development and cognitive devel-
opment (Diamond 2000).

The Northern Finland Birth Cohort study has reported that earlier infant
motor development predicts higher levels of physical strength, muscle endur-
ance and aerobic fitness in adulthood (Ridgway et al. 2009) and is associated
with better educational outcomes in adolescence and adulthood (Taanila et al.
2005). Age at first walking has been shown to be associated with adult physical
performance at age 53 years. Reaching a motor milestone at the modal age has
been shown to have long-term benefits for functional performance in middle
age (Kuh et al. 2006). Earlier age of learning to stand is associated with better
executive functioning (Murray et al. 2006) and level of intelligence (Murray et al.
2007) in adulthood. Further, motor development was found to be associated
with brain structure. Earlier timing of learning to stand and walk increased the
gray and white matter densities and was linked with better executive function
in adulthood (Ridler et al. 2006). Infancy has been suggested to be one of the
critical periods of development for intellectual abilities in subsequent life (Gale
et al. 2004, Raikkonen et al. 2009). Early adulthood, the period when brain de-
velopment peaks, is a critical milestone in the development of intellectual abili-
ties (Salthouse 2009).

A few studies have also examined early mental abilities as predictors of
physical functioning and health in later life. A study using Scottish Mental Sur-
veys data from 1932 and 1947 found that lower childhood mental ability at age
11 years was associated with increased risk for premature mortality, morbidity
and frailty in later life (Deary et al. 2004) whereas high intellectual ability pre-
dicted functional independence at the mean age of 77 years (Starr et al. 2000). In
the 1946 British birth cohort higher scores on cognitive tests in childhood were
associated with better physical performance at age 53 years (Kuh et al. 2006).
Lower weight and slower weight gain in infancy are associated with lower
physical functioning (von Bonsdorff et al. 2011), lower cognitive ability
(Raikkonen et al. 2013) and decreased muscle strength (Yliharsild et al. 2007) in
later life. It has been suggested that physiological characteristics early in life,
aging, and intervening health conditions have cumulative and interactive ef-
fects over a long period that shape the trajectories of mobility loss with aging
(Ferrucci et al. 2016).

2.4.3 The concept of cognitive reserve

The concept of cognitive reserve in neuroscience refers to individual differences
in brain structure and functioning that can help in coping with age-related brain
changes in old age (Richards & Deary 2005, Stern 2009). The greater the reserve,
the more severe the effects of neuropathology are required to be to cause func-
tional impairment (Richards & Deary 2005). Two models of cognitive reserve
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have been proposed. The passive model of brain reserve posits that a larger
brain might tolerate more brain pathology before clinical symptoms appear
(Stern 2012). The active model of cognitive reserve refers to brain function
(Stern 2012). Functional cognitive reserve comprises the ability to optimize or
maximize performance through the differential recruitment of brain networks
and active compensation by alternative cognitive strategies (Stern 2002, Rich-
ards & Deary 2005). The more cognitive reserve a person has the better he or
she can cope with possible brain damage and still effectively function in every-
day situations (Stern 2002).

Intelligence, education and occupational level are the major active compo-
nents of cognitive reserve (Whalley et al. 2004). Schooler’s (1984) environmental
complexity theory proposes that the complexity of an individual’s environment,
i.e. one with diverse stimuli and demanding characteristics, may buffer against
cognitive decline in later life (Schooler 1984, Hultsch et al. 1999). More stimulat-
ing environments, such as occupational complexity, may improve brain struc-
ture by increasing neural efficacy and networks, and thus affect a person’s cog-
nitive ability (Smart, Gow & Deary 2014).

Cognitive reserve can be measured using anatomical measures such as
brain size, head circumference, synaptic count or dendritic branching. Even
demographic features such as socioeconomic status, occupational attainment or
educational attainment may reflect cognitive reserve. Some specific attributes
such as literacy, intellectual quotient (IQ) or measures of specific cognitive func-
tions have also been used to indicate cognitive reserve (Stern 2002, Brewster et
al. 2014).

2.5 Study framework

A life course approach framework was used in this study to investigate the
linkage between early life development from infancy and early adulthood and
functioning in old age (Kuh & Shlomo 2004). The period of rapid growth and
development in the early years of life peaks at maturity after which functional
capacity begins to decline, at different rates in different individuals, with older
age (Figure 1). People grow old very heterogeneously and therefore old age is
not a definite stage but rather a diverse concept. Old age refers to ages nearing
the end of human life course. The years of retirement and early old age (aged +
65 y) is a time period when people are still quite fit and usually live
independent life. In old age (aged +75 y) the rate of functional decline usually
increase and people become frailer. Wide variation exists in the range of
functioning in old age. In part, this is due to changes in both the central nervous
system and physiological systems. The functional capacity that one acquires
during the growth period and the rate of decline in older age may determine
how long an individual remains above the disability threshold, the level under
which limitations in function start to occur (Kuh 2007).
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3 AIMS OF THE STUDY

The purpose of the study was to explore how cognitive function and mobility
are related over the life course. From the life course perspective this study ad-
dressed some of the critical time periods in perspective of the brain develop-
ment: the rapid brain development in infancy is involved in early motor devel-
opment, the early adulthood is the time when brain development peaks possi-
bly affecting later life functioning, and the old age is the time when inevitable
brain deterioration starts to appear possibly affecting mobility as well. The first
aim was to study how executive function is associated with life-space mobility
in old age. The second aim was to investigate whether early developmental fac-
tors are related to later life functioning. The analytic framework of this study is
illustrated in Figure 2.

The specific research questions were:

1. Is executive function associated with life-space mobility among com-
munity-dwelling older people, and if so, do perceived walking difficul-
ties, lower extremity performance or transportation difficulties explain
the association (Study I)?

2. What is the temporal association between executive function and life-
space mobility among community-dwelling older people (Study II)?

3. Is intellectual ability in early adulthood associated with physical func-
tioning in older age (Study III)?

4. Is infant motor development associated with cognitive functioning in
early old age (Study 1V)?
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Figure 2 The analytical framework of the study.



4 DATA AND METHODS

4.1 Study design and participants

The data for this study were drawn from two projects: Life-Space Mobility in
Old Age (LISPE) and the Helsinki Birth Cohort Sudy (HBCS). The LISPE study
is a prospective cohort study of 848 community-dwelling older people aged 75
to 90 years residing in the areas of Jyvaskyld and Muurame (Rantanen et al.
2012). The original epidemiological study cohort of the HBCS comprised 8 760
persons born between the years 1934-1944 in Helsinki (Barker et al. 2005). The
study samples analyzed here were drawn from the original studies based on the
availability of relevant data collected in substudies. The participants and study
designs reported in this study are summarized in Table 1.

Table 1 Summary of study designs and populations.
Study Dataset Design Participants Age, years Average
(M+SD) Follow-up

I&II LISPE longitudinal n=157" 82.6+4.2 2 years
prospective
cohort study

I HBCS  epidemiological n=360 20.3+1.6 51 years
cohort study

I\Y HBCS  epidemiological n=398 12.1 £2.1 months 63 years
cohort study

M = Mean

SD = Standard deviation
*n=157 cross-sectional analysis
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4.1.1 Life-Space Mobility in Old Age (LISPE)

LISPE is a population-based study conducted in year 2012 comprising 848
community-dwelling people aged 75-90 years (Rantanen et al. 2012). Random
number tables were used to select 230 individuals for a Hearing, Cognition and
Wellbeing sub-study in which sensory, physical and cognitive tests were con-
ducted (Polku et al. 2015). Of these, 169 persons who did not experience severe
problems in communicating and were willing to participate underwent the rel-
evant examinations and interviews during spring 2014. Participants who had
valid data on EF and life-space mobility (n=157) formed the analytic sample for
the cross-sectional study (Study I). In the year 2016, the 169 participants studied
in spring 2014 were invited to participate in the Mobility and Active Aging sub-
study; 108 of them underwent the relevant examinations and interviews in
spring 2016 and formed the analytic sample for the longitudinal analysis (Stud-
ies I and II). The Hearing, Cognition and Wellbeing sub-study sample (n=169)
did not differ from the initial LISPE study sample (n=848) in sex, age, years of
education, number of chronic conditions or lower extremity functioning meas-
ured with the Short Physical Performance Battery (SPPB), or cognitive function-
ing measured with Mini-Mental State Examination (MMSE) (p values >0.127).

4.1.2 Helsinki Birth Cohort Study (HBCS)

The original birth cohort used in the HBCS comprised 8 760 persons who were
born in Helsinki University Central Hospital between the years 1934-1944 and
were resident in Finland in 1971. All the participants had attended child welfare
clinics in the city of Helsinki, and the majority also went to school in Helsinki
(Eriksson et al. 2001). Of the original study population of 8 760 people, 2 786
men who served in the Finnish Defence Forces between 1952 and 1972 took an
intellectual ability test during their mandatory military service (Rdikkonen et al.
2009). Of these, 640 participated in the baseline clinical examinations between
2001 and 2004, and 478 in the follow-up clinical examinations in 2011 and 2013
(Eriksson et al. 2015). Complete data, i.e., military ability test score measured in
early adulthood and both physical functioning assessments at the average ages
of 61 and 71 years were available for 360 persons. These individuals formed the
analytic sample of Study IIl. Those with missing data on follow-up examina-
tions for physical functioning in 2013 were more likely to be older (p<0.001) and
to have a father who had lower occupational status (p=0.003). They also had
lower physical functioning scores at the first assessment (p<0.001) and lower
military intellectual ability test scores in early adulthood (p<0.001).

Random number tables were used to select a subset of 2 902 persons for a
turther clinical study from the original birth cohort (n= 8760). Of the 2003 per-
sons who had participated in the clinical study between 2001 and 2004, 1 586
living in the greater Helsinki area, were invited to participate in clinical per-
formance tests. Of these, 1 279 persons participated in the cognitive perfor-
mance tests (Paile-Hyvérinen et al. 2009). Among this group, 398 individuals
had valid data on age at first walking, and thus formed the analytic sample of
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Study IV. Among the participants of cognitive tests, we compared those with
and without data on age at first walking. There were no differences between
them in birth weight (p=0.847), but slightly more men (p=0.040) had missing
data on age at first walking. Participants with missing data on age at first walk-
ing were also younger at the time of cognitive testing (p=0.002) and their fa-
thers” had more likely higher occupational status (p<0.001) compared with
those who had data available. The groups did not differ in adult occupational
status (p=0.641) or cognitive performance (p>0.280).

4.2 Ethics

Both studies the LISPE and HBCS studies were conducted following the guide-
lines of the Declaration of Helsinki. The LISPE study and both the Hearing,
Cognition and Wellbeing and the Mobility and Active Aging sub-studies were
approved by the ethical committee of the University of Jyvaskyld. The HBCS
was approved by the ethical committee of the Hospital District of Helsinki and
Uusimaa. Child welfare clinic records we reviewed with the permission of the
Ministry of Social Affairs and Health, and military service data were linked
with the permission of the Finnish Defence Command. All participants have
given a written informed consent.

4.3 Measurements

4.3.1 Life-space mobility

Life- space mobility was measured with the 15-item University of Alabama at
Birmingham Study of Aging Life-Space Assessment (LSA) (Baker, Bodner &
Allman 2003), which was translated into Finnish (Portegijs et al. 2014a) in Stud-
ies I and II. Previous studies have established the validity and reliability of the
LSA scale as well as its responsiveness for change (Baker, Bodner & Allman
2003, Peel et al. 2005, Allman, Sawyer & Roseman 2006, Portegijs et al. 2014a).
The LSA measures a person’s actual mobility during the four weeks preceding
the assessment on the following life-space levels (=level score): bedroom (score
0), other rooms (1), outside home (2), neighborhood (3), town (4), beyond town
(). Participants were also asked how many times they attained each life-space
level (=frequency score); daily (score 4), 4-6 times/ week (3), 1-3 times/ week
(2), less than once a week (1), and whether they needed help from another per-
son or used an assistive device (=assistance score): no assistance (2), use of de-
vice only (1.5), personal assistance (1). A composite score was calculated for
each level as follows: level score x frequency score x assistance score, and then
summed for all levels. Thus, the summed score reflects distance, frequency, and
independence of movement, and was used as an indicator of life-space mobility.
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The score ranges between 0 and 120, with higher scores indicating higher life-
space mobility (Rantanen et al. 2012, Portegijs et al. 2014b).

4.3.2 Lower extremity performance

Lower extremity performance was assessed with the Short Physical
Performance Battery (SPPB) (Guralnik et al. 1994) in Study I and II. The test
battery comprises three tests assessing standing balance, walking speed over
2.44 meters and time taken to complete five chair rises. Each test is rated from 0
to 4 points according to established age- and gender-specific cut-off points
(Guralnik et al. 1994, Méanty 2007). A SPPB sum score was calculated (range 0-
12) when at least two of the tests were completed (Portegijs et al. 2014b). If one
of the tests was missing, the sum score of the two tests was transformed by
using a proportion equation formula to reflect the maximum possible test score,
i.e., the sum score was first multiplied by the maximum possible test score (12)
and then divided by the maximum possible performed test score (8). Higher
scores indicate better physical performance.

4.3.3 Perceived difficulties in walking 500 meters

Perceived difficulties in walking 500 meters were self-reported in Study I. Par-
ticipants were asked, “Are you able to walk about 500 meters?” The response
options were “able without difficulty”, “able with minor difficulty”, “able with

a great deal of difficulty”, “unable without the help of another person”, and
“unable to manage even with help”.

4.3.4 Transportation difficulties

Transportation difficulties were assessed based on perceived difficulties using
public transportation, and frequency of driving in Study I. The question per-
taining to public transportation was drawn from an 11-item self-report ques-
tionnaire for Instrumental Activities of Daily Living (IADL) (Lawton & Brody
1969). Participants were asked how well they managed to use public transporta-

4 £“

tion. Response options were “able without difficulty”, “able with minor diffi-
culty”, “able with a great deal of difficulty”, “unable without the help of anoth-
er person”, and “unable to manage even with help”. Driving was assessed by
asking “How often do you drive a car?” Response options were “Daily or near-
ly daily”, “Once or twice a week”, “Once or twice a month”, “Once or twice a
year”, “Less than once a year”, “Never, I have never driven a car” and “Never, I
have stopped driving a car”. People who did not drive regularly i.e., at least
once or twice a month, and had difficulties in using public transportation were
categorized as having transportation difficulties, while those who did not have
difficulties in using transportation or who drove a car at least once or twice a

month were categorized as not having transportation difficulties (Study I).
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4.3.5 Physical functioning

Physical functioning was assessed using the Finnish validated version of the
RAND 36-Item Health Survey 1.0 [Short Form (SF-36)] in Study III. The SF-36
has been found to be a reliable and valid measure of physical functioning in the
Finnish older population (Aalto, Aro & Teperi 1999). We used the ten-item sub-
scale on physical functioning. The items are the following: vigorous activities,
moderate activities, lifting and carrying groceries, climbing stairs, climbing one
flight of stairs, flexibility, walking two kilometers, walking 500 meters, walking
100 meters, and bathing and dressing oneself. The items were coded into 0 =
great deal of difficulty or unable to perform, 50 = some difficulty, 100 = no diffi-
culty, and the sum score was divided by 10. Higher scores indicate better physi-
cal functioning.

4.3.6 Age at first walking

The data for age at first walking used in Study IV were obtained from child wel-
fare clinic records retrieved from the Helsinki City archives. During their visits
to the child welfare clinics, mothers were asked to report the age at which their
child learned to walk without support. Age at first walking was recorded in
months. The children visited the welfare clinics on average 11 times between
their birth and the age of 2 years.

4.3.7 Executive function

EF was measured with the Trail Making Test (TMT) in Studies I and II. The
TMT is a paper-and-pencil task providing information on visual search, scan-
ning, processing speed, mental flexibility and executive function (Reitan &
Wolfson 1993). The TMT has shown an excellent reliability (Strauss, Sherman &
Spreen 2006). The TMT consists of two parts. In the TMT-A task, participants
were required to draw lines sequentially connecting randomly arranged encir-
cled numbers (from 1 to 25) spread across a sheet of paper. In the TMT-B task,
participants were required to draw lines in numeric and alphabetical order (1-
A-2-B-3-C, etc.) connecting randomly arranged circles containing numbers
(from 1 to 13) and letters (from A to L) spread across a sheet of paper. If an error
occurred, the examiner pointed it out immediately. Participants were then
asked to revert to the last correct number or letter and continue from there to
complete the task at the cost of additional time. Time to complete each task was
measured in seconds. The acceptable maximum time taken to complete each
part of the test was 240 seconds and the acceptable maximum number of errors
was 4 (Lezak 1995, Bowie & Harvey 2006). To control for the effects of motor
function, visual scanning and processing speed, Delta-TMT was calculated by
subtracting time to perform TMT-A from time to perform TMT-B. Delta-TMT
has been used in previous studies to indicate executive functioning (Drane et al.
2002, Ble et al. 2005).
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EF was categorized into three approximately equal distribution-based
groups as follows. Poor EF included those who did not perform TMT-A or
TMT-B tasks within the acceptable time, or made more than 4 errors, or who
failed to complete the task so that Delta-TMT could be calculated. Intermediate
EF included those whose Delta-TMT was between 95 and 179 seconds at base-
line and between 97 and 180 seconds at follow-up. Good EF included those
whose Delta-TMT was 94 seconds or less at baseline and 97 seconds or less at
follow-up. The cut-off between intermediate and good EF was defined as the
median value of Delta-TMT among those who completed the tests within the
acceptable time and with the acceptable accuracy.

4.3.8 Intellectual ability

The Finnish Defence Forces Basic Intellectual Ability Test was used to assess
intellectual ability in early adulthood in Study III. The test was developed by
the Finnish Defence Forces Educational Development Centre. This test was
compulsory for all new recruits during the two first weeks of their military ser-
vice. The test battery was developed to measure general cognitive ability and
logical thinking and included verbal, arithmetic and visuospatial reasoning sub-
tests. Each subtest comprises 40 multiple-choice questions in a series proceed-
ing from the easiest to the most difficult (range of the scores 0-9 points).

The verbal reasoning sub-test includes four types of questions: the subject
has to choose synonyms or antonyms of a given word, select a word belonging
to the same category as a given word pair, identify which word on a word list
does not belong to the group, and discern similar relationships between two
word pairs. The arithmetic reasoning test also includes four types of questions:
the subject has to complete a sequence of numbers that follow a certain pattern,
to solve short verbal arithmetic problems, to compute simple arithmetic opera-
tions and to choose similar relationships between two pairs of numbers. The
visuospatial reasoning sub-test comprises a set of matrices containing a pattern
problem with one component removed. The subject is asked to decide which of
the given single figures completes the matrix. The test requires the subject to
conceptualize spatial relationships ranging from the very obvious to the very
abstract. Correct answers in each subtest were summed, and the arithmetic
mean (range 0-40 points) was used as an index of intellectual ability (Tithonen
et al. 2005, Radikkonen et al. 2009, Radikkonen et al. 2013).

4.3.9 Cognitive performance

Cognitive performance was measured using the CogState (CogState®, version
3.0.5) computerized cognitive test battery in Study IV. The CogState cognitive
test battery has been designed to be an efficient and sensitive method of identi-
tying problems in major cognitive domains such as psychomotor speed, visual
attention, working memory, divided attention and associated learning (Darby
et al. 2002). CogState battery has shown good reliability with minimal practice
effects (Felleti et al. 2006). The five different tasks included in the battery are
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based on playing cards presented on a computer screen. Each of the five tasks
consists of 30 to 50 repeated stimuli, and the time taken to complete the whole
teat battery approximately 15 min. Reaction times were measured in millisec-
onds and mean reaction times were calculated for each task. Accuracy of re-
sponses was recorded as the number of correct answers divided by the total
number of answers given.

The five tasks were as follows: in the simple reaction time task (SRT)
measuring psychomotor speed, participants had to react by pressing the space-
bar as quickly as possible whenever a card faced down on the screen was
turned face up. This task was repeated 35 times at random intervals. The SRT
task was administrated twice, at the beginning and end of the test session, and
the mean reaction time of the two performances was calculated. In the choice
reaction time task (CRT), measuring visual attention and psychomotor speed,
participants had to react as quickly as possible by pressing K (“yes”) or D (“no”)
if the card to be turning on the screen was red. This task was repeated 30 times.
In the working memory task (WM), measuring working memory, psychomotor
speed and visual attention, participants had to react as quickly as possible by
pressing K (“yes”) or D (“no”) if the card shown on the screen was identical to
the previous card. This task was repeated 30 times. In the divided attention task
(DA), measuring divided attention, participants had to monitor five cards on
the screen moving randomly between two horizontal lines above and below the
cards. Participants were asked to press the spacebar as quickly as possible if one
of the cards touched the lines. This test was repeated 30 times. In the associate
learning task (AL), measuring visual learning and memory, participants had to
match pairs of cards on the screen. Five pairs of cards were shown on the top
half of the screen and one random pair face down on the bottom half of the
screen. When the card pair below these five pairs turned face up, the partici-
pants had to press K (“yes”) or D (“no”) if the pair was identical with one of the
pairs above. After matching the pair, the random pair on the bottom half of the
screen was turned face down and after this the participants had to use their
memory to be able to produce the right matching. After every match, the pair of
cards was turned face up, allowing learning during the task. This task was re-
peated 50 times.

4.3.10 Covariates and descriptive variables

The age and gender of the participants were retrieved from the National Popu-
lation Register in Studies I and II. In Study IlI, age at clinical examination, and
in Study II age at military service and ages at the clinical examinations, were
used. Total number of years of education was elicited with the question “How
many years of education have you had in total?” (Study I & II). Childhood soci-
oeconomic status was determined by father’s occupational status as indicated
by the highest recorded occupational class. This information was extracted from
birth records, child welfare and school healthcare records and was coded as
upper middle class, lower middle class, laborer or unknown occupation (Cen-
tral Statistical Office of Finland 1989) (Study III & IV). Highest attained educa-
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tion was recorded at five-year intervals between the years 1970 and 2000 by Sta-
tistics of Finland, and was categorized into basic, less or unknown, upper sec-
ondary, lower tertiary, and upper tertiary (Study IV). Data on adult occupa-
tional status was extracted from the Finnish Population Register Center, and
was categorized into upper middle class, lower middle class, self-employed,
and laborer according to the highest recorded occupational class extracted at 5-
year intervals between 1970 and 2000 (Study IV). To calculate participants’
adult body mass index (BMI), weight and height were measured at the clinical
examinations (kg/m?) (Study III). Main chronic diseases (heart failure, myocar-
dial infarction, angina pectoris, hypertension, diabetes) were elicited with ques-
tionnaires at the clinical examinations (Study III). Number of self-reported phy-
sician-diagnosed chronic conditions was calculated from a list of 22 chronic dis-
eases (Study I & II). Global cognitive functioning was assessed with the Mini
Mental State Examination (MMSE, range 0-30) (Folstein, Folstein & McHugh
1975) (Study I). The study variables are summarized in Table 2.
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Table 2 Summary of the study variables.
Variables Study Methods and reference
Mobility
Life-Space Mobility (composite 1T University of Alabama at Birming-
score) ham Study of Aging Life-Space As-
sessment; Baker et al., 2003
Lower extremity performance LII Short Physical Performance Battery;
Guralnik et al., 1994
Perceived difficulties in walking I Self-reported; Leinonen et al. 2007
500 meters
Transportation difficulties (cat) I Self-reported, IADL; Lawton & Bro-
dy, 1969
Physical functioning 111 Short Form (SF-36)]; Aalto et al., 1999
Age at first walking 1A Child welfare clinic reports
Cognition
Executive function LI Trail Making Test; Reitan 1993
Intellectual ability 111 The Finnish Defence Forces Intellec-
tual Ability Test
Cognitive performance I\Y4 CogState; Darby et al., 2002
Covariates
Age (years) -1V National registers
Gender I-IV National registers
Father’s occupational status 1L, IV Extracted from birth records, child
welfare records and school
healthcare records
Education (years) I Self-reported; Pohjolainen et al. 1997
Highest attained education I\Y% Statistics of Finland
Occupational status I\Y The Finnish Register Center, Statis-
tics Finland
Body mass index II Measured and calculated (kg/m?)
Number of chronic conditions I Self-reported
Main chronic diseases I Self-reported
Cognitive functioning I Mini Mental State Examination; Fol-

stein et al., 1975

4.4 Statistical analysis

Descriptive statistics: The descriptive measures were computed using means and
standard deviations (SD) for continuous variables and percentages for categori-
cal variables in all studies. Student’s t-test was used for comparing means for
normally distributed variables (Study I, III, IV), and Mann-Whitney U test
(Study IV) and Kruskall-Wallis H test (Study I, III, IV) were used for non-
normally distributed variables. Pearson’s chi-squared test was used for compar-
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ing proportions in categorical variables (Study I, III, IV). One-way analysis of
variance (ANOVA) was used in Study I for comparing different EF groups.

Generalized linear regression models (GLM) were used in Study I to investigate the
cross-sectional associations between EF and life-space mobility. The base model
was adjusted for age and gender. We then included perceived difficulties walk-
ing 500 meters, lower extremity performance and transportation difficulties in
the model one at the time to examine if the association between EF and life-
space mobility was explained by these covariates. Finally, all the factors were
included in the model simultaneously. Additionally, in the fully adjusted model
we included the number of chronic conditions and years of education as covari-
ates. The analyses were carried out with SPSS IBM version 24.0 (SPSS, IBM
Corp., Armonk, NY).

A Generalized estimating equations model (GEE) was constructed in Study I to in-
vestigate the longitudinal associations between EF and life-space mobility by
specifying an unstructured outcome covariance matrix. The main effects of EF
on life-space mobility and time interaction effects (group by time) for the two-
year follow-up were estimated. Models were adjusted for age and gender. The
analyses was carried out with SPSS IBM version 24.0 (SPSS, IBM Corp., Armonk,
NY).

Cross-lagged modelling was used to estimate the longitudinal associations be-
tween EF and life-space mobility in Study II. Unstandardized values were used
in the analyses. The weighted least square estimator (WLSMV) was used to ob-
tain parameter estimates. The model was adjusted for age and gender. The
analyses were performed with MPLUS version 5.21 (Muthén & Muthén 1998).
Full Information Maximum Likelihood procedure was used for handling miss-
ing values (<4.6%).

Longitudinal path modelling was used in Study III to explore the effect of intellec-
tual ability in young adulthood on physical functioning in older age. Due to the
noticeable ceiling effect of the physical functioning summary score at both
measurements, we treated this variable as censored. We used standardized val-
ues of the intellectual ability test scores in the path models. The models were
adjusted for age at each measurement and additionally for childhood socioeco-
nomic status, adult BMI, and main chronic diseases. The analyses were per-
formed with MPLUS version 7 (Muthén & Muthén 2012).

The conceptual model of the effect of intellectual ability on the longitudi-
nal censored measurements of physical functioning is presented in Figure 3.
The model includes paths for intellectual ability predicting physical functioning
at the first assessment between years 2001 to 2004 (1) and physical functioning
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at the follow-up in 2013 (B2), and a path from the first assessment of physical
functioning to follow-up ((3). Additionally, the indirect effect of intellectual
ability on follow-up physical functioning via the first assessment of physical
functioning (p1 x $3) and total effect of p2 + (p1 x B3) was calculated (Figure 3).

pa

/ \.

INTELLECTUAL B PHYSICAL B PHYSICAL
ABILITY ~— FUNCTIONING *— FUNCTIONING
1952-1972 2001-2004 2011-2013

Figure 3 Conceptual model of the effect of intellectual ability on longitudinal cen-

sored measurements of physical functioning.

Linear regression models were used to investigate the association between age at
tirst walking and cognitive performance in early old age (Study IV). To normal-
ize the distribution of the cognitive performance reaction times, they were logio
transformed. We used standardized values of logio transformed cognitive per-
formance times in the regression models. The regression coefficients were ex-
pressed as percent changes per month in the age of learning to walk with 95%
confidence intervals (CI). The effect on cognitive performance of the interaction
of gender with age at first walking was tested. A statistically significant associa-
tion was observed for the associated learning task (p = 0.042) but not for the
other cognitive tasks (p > 0.172). Based on these findings, we performed gen-
der-stratified analyses, which revealed that the associations between age at first
walking and the cognitive tasks were parallel except with the associated learn-
ing task. Thus, we performed separate analyses for men and women for the as-
sociated learning task and analyses pooled by gender for the other cognitive
tasks. Model I was adjusted for gender and age at cognitive testing; Model II
was additionally adjusted for father’s occupational status and the participant’s
highest attained education, and Model III additionally adjusted for adult occu-
pational status. The analyses were carried out with SPSS IBM version 22.0 (SPSS,
IBM Corp., Armonk, NY).

Multi-nominal regression analysis was used in Study IV to investigate the associa-
tion between age at first walking and number of errors made in the cognitive
performance tests. The analyses was carried out with SPSS IBM version 22.0
(SPSS, IBM Corp., Armonk, NY).



5 RESULTS

5.1 Characteristics of participants

Baseline and follow-up characteristics of the participants from the LISPE Study
(Study I and II) are presented in Table 3.

Table 3 Participant characteristics at baseline and follow-up in Study I and II.
Characteristics Baseline Follow-up
n=157 n=108
Mean (SD) Mean (SD)
Age (years) 82.6 (4.2) 84.3(4.1)
Education (years) 9.6 (4.3) 9.4 (4.5)
Number of chronic conditions 3.3 (1.6) 3.4(1.7)
Life-space mobility composite score 59.0 (21.0) 61.5 (21.2)
Lower extremity functioning (SPPB) 8.5 (2.8) 9.1(2.2)
Cognitive functioning (MMSE) 26.1 (2.6) 26.2 (3.0
% %
Women 61.1 59.2
Executive function
Good 33.8 37.1
Intermediate 31.8 33.0
Poor 344 29.5

SD= Standard deviation
SPPB= Short Physical Performance Battery
MMSE= Mini-Mental State Examination

Characteristics of the participants from HBCS in Study III and IV are presented
in Table 4. 172 men and 226 women for whom data on age at learning to walk
were available from child welfare clinic records participated in the clinical ex-
aminations during 2001-2004 at the mean age of 64.2 years. Average age at
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learning to walk was 12.1 (2.1) months. Mean age at military service was 20.3
years (SD 1.6, range 17.1 to 26.9 years). Mean age was 60.9 years (SD 2.3, range
57.1-67.9 years) at the time of the physical functioning assessment in 2001-2004
and 71.4 years (SD 2.2, range 69.0-78.0 years) at the follow-up in 2011-2013 (Ta-
ble 4).

Table 4 Participant characteristics of Study III and IV.
Characteristics Study III Study IV
Mean (SD) Mean (SD)
Age at first walking (months) 121 (2.1)
Age at military service (years)  20.3 (1.6)
Age at clinical testing 2001-06 ~ 60.9 (2.3) 64.2 (3.0
Age at clinical testing 2013 714 (2.2)
% %
Women 0 56.8
Father’s occupational status
Upper middle class 23.7 8.8
Lower middle class 248 23.5
Labourer 51.5 67.7

5.2 Executive function and life-space mobility (Study I and II)

Baseline characteristics of the participants according to EF are presented in Ta-
ble 5 (Study I). Persons with poor or intermediate EF were older, less educated,
had lower life-space mobility, and poorer lower extremity functioning com-
pared to those with good EF. Those with poor EF had the most transportation
difficulties (Table 5).
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Table 5 Participant characteristics by executive function in Study I (n=157).
Characteristics Executive function p value
Good Intermediate Poor
n=53 n=50 n=54
Mean (SD) Mean (SD) Mean
(SD)
Age (years) 81.5 (4.2) 82.2(4.1) 84.1(4.0)  0.003=
Education (years) 11.3 (4.0) 9.8 (4.8) 7.9 (3.4) <0.001a
Number of chronic 3.1(1.8) 34 (1.5) 34 (1.6) 0.4932
conditions
Life-space mobility 64.2 (21.2) 629 (18.2) 50.3 (1.6)  0.001a
(composite score)
SPPB (total score) 9.5 (2.6) 8.6 (2.6) 7.5(2.8) 0.0012
MMSE (total score) 27.6 (1.6) 26.5 (2.4) 244 (2.6)  0.0012
% % %
Women 58.5 60.0 64.8 0.782p
Difficulties in walking 0.667P
500m
No difficulties 77.4 80.0 66.7
Minor difficulties 9.4 10.0 14.8
A great deal of diffi- 3.8 6.0 9.3
culties
Unable even with 7.1 94 3.2
help
Transportation diffi- 0.002b
culties
No difficulties 83.0 80.0 55.6
Difficulties 17.0 20.0 44.4

Executive function categories: Good delta-TMT <94s, Intermediate delta-TMT 95-179s, Poor unable to
complete either the TMT-A or TMT-B task <240s, or made more than 4 mistakes or did not
complete the task.

SD= Standard deviation

SPPB= Short Physical Performance Battery

MMSE= Mini-Mental State Examination

a= Analysis of variance (ANOVA)

b= Chi-square test

Persons with poor EF had lower life-space mobility compared to those with
good EF (B= -13.94, 95%ClI -21.61, -6.27). When either lower extremity perfor-
mance (p= -4.80, 95%CI -11.35, 1.76) or transportation difficulties (B= -6.50,
95%ClI -13.39, 0.40) was included in the age- and gender adjusted model, the
association between EF and life-space mobility was attenuated, rendering the
differences statistically non-significant, and thus partially explaining the associ-
ation between EF and life-space mobility.

Table 6 shows the mean values for life-space mobility at baseline and at
the 2-year follow-up according to EF. Decreases life-space mobility during the
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two-year follow-up was highest among those with poor EF at baseline, but the
difference did not quite reach statistical significance (Table 6).

Table 6 Means and standard deviations (SD) and model parameters of general
estimation equations (GEE) for group-by-time interactions for life-space
mobility scores by executive function tertiles at baseline and 2-year fol-

low-up.
Executive function  Baseline 2-year follow-up  Group x time interaction”
Mean SD Mean SD Y SE p value
Good (n=43) 68.3 19.3 67.5 18.5 Ref.
Intermediate (n=35) 64.3 16.8 65.7 16.5 2188  3.110 0.482
Poor (n=25) 53.8 20.1 46.8 204 -6.198  3.396 0.068

Good = Delta-TMT < 95 seconds, Intermediate = Delta-TMT 95-179 seconds, Poor = unable to
complete either the TMT A or TMT B task < 240 seconds, or made more than 4 mistakes or did
not complete the task.

SE = standard error

“= GEE model group x time interaction adjusted for age and gender, good EF as reference

group.
B= sample estimate for GEE regression coefficient.

Figure 4 shows the unstandardized coefficients of the cross-lagged model at the
two-year follow-up for EF and life-space mobility (Study II, n=108). The analy-
sis showed that better EF was associated with higher life-space mobility at
study baseline. Between the baseline and follow-up assessments both EF and
life-space mobility remained relatively stable. The cross-lagged model enabled
simultaneous examination of longitudinal associations between EF and life-
space mobility, while controlling for contemporary measurement and the stabil-
ity of each factor over time. The model was adjusted for age and gender. The
analysis revealed that better EF at baseline predicted higher life-space mobility
at follow-up whereas baseline life-space mobility did not predict EF at follow-
up (Figure 4).
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Figure 4 Unstandardized coefficients (95% confidence intervals of a cross-lagged

model with two-year follow-up for executive function and life-space
mobility adjusted for age and gender (n=108). Path coefficients are statis-
tically significant if zero is not included in the confidence intervals.

5.3 Early adult life intellectual ability and physical functioning
in older age (Study III)

The longitudinal path model adjusted for age at each measurement point in-
cluding the censored physical functioning variables revealed a direct positive
association between higher scores for total intellectual ability, arithmetic rea-
soning and verbal reasoning in early adulthood and better self-reported physi-
cal functioning at the first assessment in early old age conducted in 2001-04.
Better physical functioning at the first assessment predicted better physical
functioning at the 10-year follow-up. Intellectual ability total score, arithmetic
reasoning and verbal reasoning in early adulthood also had an indirect effect on
physical functioning at the mean age of 71 years through better physical func-
tioning at the mean age of 61 years (Table 7). Further adjustments for childhood
socioeconomic status, adult BMI, and main chronic diseases did not attenuate
the results. All models showed good fit: total score; X2(df=14) = 3.27, p = 0.999,
arithmetic reasoning; X?(df=14) = 4.97 , p = 0.986, verbal reasoning; X?(df=14)
=296, P = 0.99, visuospatial reasoning ; X>(df=14) = 3.02, p = 0.999. For all
models, Comparative Fit Index = 1, Tucker Lewis Index = 1 and Root Mean
Square Error of Approximation = 0 (90%confidence interval: 0,0).
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Table 7 Associations between intellectual ability in early adulthood and physical
functioning at ages 61 and 71 years (n=360).

Path Physical functioning
Path SE p value
coefficients
Total Score (AI)
Direct effects
IA — PF1 2.26 0.84 0.007
IA — PF2 -0.05 0.87 0.956
PF1 — PF2 0.81 0.05 <0.001
Indirect effects
IA — PF1 — PF2 1.83 0.68 0.007
Total effect
IA — PF2 1.78 1.11 0.107
Arithmetic reasoning (AR)
Direct effects
AR — PF1 2.35 0.81 0.004
AR — PF2 -0.06 0.92 0.951
PF1 — PF2 0.82 0.05 <0.001
Indirect effects
AR — PF1 — PF2 1.92 0.66 0.004
Total effect
AR — PF2 1.86 1.15 0.106
Verbal reasoning (VR)
Direct effects
VR — PF1 1.94 0.84 0.021
VR — PF2 0.10 0.89 0.910
PF1 — PF2 0.81 0.05 <0.001
Indirect effects
VR — PF1 — PF2 1.57 0.69 0.022
Total effect
VR — PF2 1.66 1.09 0.127
Visuospatial reasoning (VSR)
Direct effects
VSR — PF1 1.56 0.86 0.072
VSR — PF2 -0.17 0.96 0.859
PF1 — PF2 0.81 0.05 <0.001
Indirect effects
VSR — PF1 — PF2 1.26 0.71 0.073
Total effect
VSR — PF2 1.09 1.18 0.356

= path coefficient for the associations between intellectual ability test scores and physical func-

tioning adjusted for age at each measurement, childhood SES and BMI;

SE = standard error; IA= standardized intellectual ability test total score in 1952-72; AR = stand-
ardized arithmetic reasoning; VR = standardized verbal reasoning, VSR = standardized
visuospatial reasoning; PF1=Physical functioning in 2001-04; PF2=Physical functioning in 2013.
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5.4 Motor development and cognitive performance in early old
age (Study IV)

Median reaction times in cognitive tests are presented in Table 8.

Table 8 Median reaction times in completing the cognitive performance tests and
their interquartile ranges.

Median % 25th percentile 75t percentile
Simple reaction time (ms) 332 295 373
Choice reaction time (ms) 564 508 631
Working memory (ms) 848 761 1031
Divided attention (ms) 482 418 569
Associated learning (ms) 1825 1552 2200

Later age of learning to walk was associated with worse performance in cogni-
tive tasks in early old age. The age- and gender-adjusted models revealed that
each additional month before attainment of learning to walk lengthened reac-
tion times in all the cognitive performance tasks: simple reaction time task
(11.0% per month, 95% CI 1.14- 21.89, p = 0.028); choice reaction task (14.8% per
month, 95% CI 4.43- 26.18, p = 0.004); working memory task (14.8% per month,
95% CI 4.77- 25.84, p = 0.003); and associated learning task for women (18.35%
per month, 95% CI 3.94- 34.77, p = 0.011). The associations between age at first
walking and divided attention, and for men between age at first walking and
the associated learning task were not statistically significant (Table 9).
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6 DISCUSSION

Based on the results of this study, cognition and mobility are closely related
across the life course from infancy to old age. Executive function was a deter-
minant of life-space mobility in old age. Better executive function correlated
with higher life-space mobility, and this was explained by the better lower ex-
tremity performance and absence of transportation difficulties among those
with better EF. Early life motor and cognitive development were both associat-
ed with functioning in later life. Earlier attainment of learning to walk was as-
sociated with better cognitive performance in early old age. Better intellectual
ability in young adulthood had an indirect effect on physical functioning in old
age at the ten-year follow-up through the first assessment of physical function-
ing.

The present findings expand the earlier knowledge of the relationship be-
tween cognitive performance and mobility. First, in this study, by using the
higher order cognitive measure, EF, and the wide-ranging life-space mobility
measure, we were obtained new evidence on the association between cognitive
performance and mobility. Second, this study contributes new knowledge on
the early life determinants of late life functioning. We were able to extend the
existing evidence on these associations, which have been observed from child-
hood to midlife in previous studies, to later stages in the life span. We were also
able to use data on important human developmental milestones, i.e., learning to
walk in infancy and peak brain development in early adulthood, both of which
seem to be relevant for functioning in later life.

6.1 Executive function as a determinant of life-space mobility

The results of present study demonstrated not only that executive function and
life-space mobility are related, but also that a temporal relationship exists be-
tween these two factors. Executive function was a stronger predictor of life-
space mobility than vice versa. Our results are in line with some of the previous
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longitudinal studies which have suggested that EF is a predictor of decline in
mobility (Royall et al. 2004, Johnson, Lui & Yaffe 2007, Vazzana et al. 2010).
Conversely, two previous studies that have used life-space mobility as a meas-
ure of mobility have shown that greater life-space mobility may protect from
cognitive decline (Crowe et al. 2008, Silberschmidt et al. 2017). Moreover, re-
stricted life-space mobility has been reported to increase the risk for Alz-
heimer’s disease and cognitive impairment (James et al. 2011). However, neither
of these two studies used EF, a higher order cognitive domain, as a measure of
cognition. It should be kept in mind that EF may be impaired among communi-
ty-dwelling older adults even in the absence of a diagnosis of cognitive im-
pairment (James et al. 2011). This fact may partially explain the conflict between
the direction of the associations in our study and those described above, where
global cognition was used as a measure of cognitive function. Apart from the
types of measures used the inconsistency in the findings studies that have as-
sessed the temporal relationship between cognitive performance and mobility
(Atkinson et al. 2010, Mielke et al. 2013, Gale et al. 2014, Best et al. 2016, Tian et
al. 2017) may also be due to other methodological differences such as sample
size and duration of follow-up.

This study showed that objectively measured lower extremity functioning
and the ability to use transportation explained the association between EF and
life-space mobility. Gait requires cognitive investment as well as physiological
capacity (Hausdorff et al. 2005). Lower extremity functioning is often a prereq-
uisite for independent use of transportation (Rantanen 2013). Cognitive flexibil-
ity and inhibition, both cognitive processes needed for EF, are known to mod-
erate the role of muscular fitness in determining mobility in older age (Forte et
al. 2013). Among women, driving cessation may occur even before any physical
hindrance has appeared (Siren, Hakamies-Blomqvist & Lindeman 2004). In fact,
cognitive functioning has been proposed to be one of the main reasons for driv-
ing cessation among older adults (Anstey et al. 2006, Keay et al. 2009).

Motor control and cognitive performance share the same neural network
(Rosano et al. 2012). The neural networks that support perceptual, motor, and
cognitive processes are widely and densely interconnected (Thelen 2000). Motor
control and cognitive processes for EF are located in the prefrontal areas of the
brain, the areas that are the most vulnerable in the normal aging process (Seid-
ler et al. 2010). Mobility performance in old age correlates with gray and white
matter densities in the brain (Holtzer et al. 2014). Losses in gray matter (Zim-
merman et al. 2006) and white matter (Gunning - Dixon et al. 2009) are related
to deterioration in executive control and other cognitive processes that support
executive functions (Ren et al. 2013). Age-related white and gray matter losses
in frontal areas of the brain might explain why the higher-order cognitive func-
tions needed for mobility are more disrupted during aging (Resnick et al. 2003).

The inevitable aging of brain results in decline in cognitive performance
(Raz & Rodrigue 2006). Cognitive reserve seems to play a key role in functional
capability in old age. The simultaneous occurrence of deficits in mobility and
cognitive performance in older age might be explained by general degeneration
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of the central nervous system (Seidler et al. 2010). Motoric cognitive syndrome,
characterized by presence of cognitive problems and slow gait, is described as
an early risk factor for cognitive decline (Verghese et al. 2014). Frontal lobe
function has generally been linked to the higher order cognitive functions that
are needed for EF (Demakis 2004). EF mediates the relationship between cogni-
tive reserve and functional ability (Puente, Lindbergh & Miller 2015), and is
needed for all purposeful movements (Diamond 2000).

6.2 Early development as a modifier of later life functioning

In this study, we found that mobility and cognitive performance were related
across the life course from infancy to older age. Reaching certain developmental
milestones, such as independent walking, seems to have long-term influences
on cognitive performance in later life. Furthermore, intellectual ability in early
adulthood, a period when brain maturation peaks, may track over to physical
functioning in later life. Earlier attainment of motor development milestones in
infancy and a higher level of intellectual ability in early adulthood may set an
individual on a trajectory that partially determines functioning later in life.

While cross-sectional findings on the association between cognitive and
physical functioning in old age are relatively abundant (Demnitz et al. 2016),
less evidence exists on these associations over the life course. Previous studies
in the field of cognitive epidemiology suggest that better cognitive ability at a
young age is associated with better health in later life and lower risk for prema-
ture mortality (Hurst et al. 2013, Deary et al. 2004). Our findings are consistent
with previous findings on the association between prior intellectual ability and
physical functioning in later life (Starr et al. 2000, Kuh et al. 2006, Kuh et al.
2009). In the 1932 Scottish Mental Survey, mental ability at the age of 11 years
was identified as an important independent predictor of late-life functional in-
dependence at the age of 77 years (Starr et al. 2000). In the 1946 British birth co-
hort, higher cognitive test scores at the age of 8 years were associated with bet-
ter standing balance and chair rising time at the age of 53 years (Kuh et al. 2009,
Kuh et al. 2006). People with higher early-life intellectual ability seem to live
longer and healthier lives (Batty, Deary & Gottfredson 2007). Higher intellectual
ability in early adulthood might also set an individual on a trajectory of better
cognitive development that leads to a healthier and longer life. A possible ex-
planation for this is that people with higher intellectual ability are better able to
make choices in life that are beneficial for later life health and functioning.

Our results extend previous observations on the associations between mo-
tor development and cognition from infancy through adolescence and midlife
(Taanila et al. 2005, Murray et al. 2007) to older age. Earlier studies have report-
ed a linkage between motor development and brain structure and functioning
(Ridler et al. 2006). Infancy and early childhood are the important periods in the
life course when the brain, the central nervous system and motor development
all undergo rapid growth (Malina 2004). Infancy and early childhood are stages
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during which modifications take place simultaneously in neuromuscular matu-
ration, physical growth, biological maturation and behavioral development
(Malina 2004). Already in early childhood brain development plays a key role
in the acquisition of new motor skills (Thelen 1995). For instance, to learn to
walk requires complex interactions between the movements of the legs, the cen-
ter of gravity of the body, and the support surface (Thelen 2000). Alongside
brain maturation, exploration and selection are fundamental processes in motor
development (Thelen 1995). As a child learns new motor skills, the environment
in which the movement takes place expands. This helps the child to sample the
word more completely (Thelen 2000). Environmental experiences that interact
with growth and maturation also influence motor development (Malina 2004).
The environmental complexity theory suggests that the more demanding the
environment the greater the cognitive investment needed to cope with it
(Schooler 1984). Being able to expand one’s environment and explore more than
one’s immediate surroundings, may be beneficial for a child’s cognitive devel-
opment.

Better development of the frontal areas of the brain may play a key role in
determining functional capability in old age. The timing of motor development
and of rapid growth of the brain may result in better development of the central
nervous system. Further, having a higher peak level of cognitive functioning in
early adulthood may lead to better cognitive reserve capacity in old age. The
life course perspective on cognitive aging proposes that cognitive
functioning in old age is shaped by factors operating across the life course
resulting in high-er cognitive reserve (Whalley et al. 2004). Age at first
learning to walk may set an individual on a trajectory that determines the
level of cognitive capability, and this may track over to physical functioning
as well. Intellectual ability in early adulthood, when brain development
peaks and reaches full maturation, may predict an individual’s later
cognitive ability for later years (Giedd et al. 1999). In early adulthood,
when the critical developmental periods that oc-curred in the early years of
life have shaped brain structure and function, it is unlikely that cognitive
decline is already present (Hedden & Gabrieli 2004). The life course model of
risk accumulation suggests that exposures across the life course influence
physical and cognitive development and might manifest as lower
functional reserve in later life (Kuh et al. 2014). Early development,
childhood socioeconomic status, education, and choices made regarding
adult occupational status and lifestyle, are factors that along with cognitive
function itself, have an influence on subsequent cognition. These
determinants track across the life course as building blocks for cognitive
reserve (Richards & Deary 2005). Higher cognitive reserve can protect against
the consequences of cogni-tive decline (Richards & Deary 2005) that
accompanies with decline in function-al status in old age (Auyeung et al. 2008).
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6.3 Methodological considerations

The original LISPE study data, from which data for Studies I and II were drawn,
were gathered from a rather large sample of well-functioning community-
dwelling older adults. Using this registered database to recruit the participants
ensured that individuals from all social strata were included in the study. The
computer-assisted face-to-face data collection in the LISPE study was done at
participants” homes by trained research assistants, thereby ensuring good quali-
ty of data. The data for Studies IIl and IV were drawn from the longitudinal
HBCS dataset gathered from people born in Helsinki between 1934 and 1944
who had voluntary attended free- of -charge child welfare clinics in the city.
They were all alive and resident in Helsinki in 1971, the year when all Finns
were issued with a personal identification code. The participants who took part
in the clinical examinations in 2001-13 were born in Helsinki University Central
Hospital and therefore may not be representative of all the people born in Hel-
sinki during that period. However, the distribution of socioeconomic status of
the participants at the time of their birth was similar to that across the city in
general.

Cross-sectional, longitudinal and temporal study designs were all used in
this study in pursuit of the aim of providing comprehensive understanding of
the relationship between cognitive performance and mobility over the life
course. A longitudinal study design is challenging when studying older adults.
Poorer functioning individuals are more likely to drop out potentially inducing
bias in the results. In Study I, therefore, the longitudinal associations between
EF and life-space mobility might be underestimated. Attrition might also have
reduced statistical power. Long-running longitudinal cohort studies such as the
HBCS, in which large samples of individuals have been followed up over a long
period, need good study management. Missing data are also likely to be present
in longitudinal studies. In Studies III and IV, we only included individuals for
whom complete data were available for the variables used in the analysis; this
affected the sample sizes. It is possible that, owing to small sample sizes used in
this research the strength of the associations are underestimated. Moreover, we
were not able to control for all the possible factors that might have affected the
associations between early life and later life functioning, and therefore cannot
rule out residual confounding.

Due to time constraints in the study protocol and the fact that participants
were elderly, we were only able to use a single test as a measure of EF. Alt-
hough the TMT is one of the tests most widely used to assess executive function,
future studies should use multiple measures of EF to gain a more comprehen-
sive picture of cognitive performance. Thus, the evaluation of executive func-
tion used in this study might not be most comprehensive possible. We used
several mobility measures including objectively measured, self-reported and
register-based data. Walking difficulties, physical functioning and transporta-
tion difficulties were self-reported. Self-reported measurements may under- or
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over-estimate participants’ true difficulties. Our participants did not experience
severe cognitive impairment, and previous studies have reported that people
with mild cognitive impairment are able to give a fairly accurate report of their
functional status (Farias, Mungas & Jagust 2005). Hence, it is unlikely that the
self-reported measures were biased by cognitive dysfunctions. Self-reported
measures of functional capability among older people have been shown to cor-
relate with objective measurements (Guralnik et al. 1994, Syddall et al. 2015,
Tsai et al. 2015). Further, self-reported measures provide valuable information
on how individuals manage everyday tasks in their living environment, and are
an economical way of assessing mobility in large groups of people (Méanty 2007).

The life course framework used in this study enabled a comprehensive
perspective on the relationship between cognitive performance and mobility
across the life course. The use of the unique longitudinal HBCS data, in which
data are available of participants for over 70 years from birth to old age, made it
possible to extend research on the topic to later ages than hitherto. The fact that
the HBCS participants were born and grew up in one specific area in Finland
during the post-war period needs to be considered when generalizing the find-
ings. It may be that the exposures influencing development across the life
course at that time are different from those that are influential today. Moreover,
the data from the LISPE study, which included old people, enabled us also to
examine the relationship between cognitive performance and mobility at the
very end of the life span.

6.4 Implications and future directions

As people grow older, they start walking slower and processing information
slower, and thus experience decline in both cognitive performance and mobility
(Auyeung et al. 2008). Dual task situations, where a person needs to perform
two or more activities concurrently (Pashler 1994), are a constant feature of eve-
ryday mobility. Motor performance decreases in dual task situations among
cognitively impaired people (Hauer et al. 2003). Cognitive investment for mo-
bility increases the further a person moves away from familiar surroundings
(Schooler 1984). Life- space mobility in old age is related to autonomy (Portegijs
et al. 2014b) and quality of life (Rantakokko et al. 2010). To enhance older peo-
ple’s chances to participate in the society and maintain independence for as
long as possible, we need to further identify the factors during the life course
that could affect older people’s life-space mobility.

This research confirmed the association previously found between
cognition and mobility in old age. The results reveald further that cognitive
performance predicts mobility rather than the other way around. This study
thus paves the way for future studies on the topic. These studies should use
larger sample sizes and longer follow-ups with several follow-up points to
further clearify whether it is cognitive performance or mobility that declines
first in older age. This knowledge would be important for planning
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interventions. The fact that EF might be a more sensitive measure than the
MMSE in detecting early cognitive dysfunction (Juby, Tench & Baker 2002)
should also be acknowledged in health care. Assessment of executive function
among older adults could help in preventing further disability and promoting
older people’s possibilities for independent mobility.

Examining functioning in old age from a life course perspective allows
consideration of what aspects of an individual's whole life history could
potentially interfare with functioning in old age. Future studies should include
more possible mediating factors when studying the association between early
life development and functioning in old age. The association between early
development and cognitive and physical functioning in old age provides
valuable information which can help in planning preventive interventions
aiming at reducing the risks for cognitive and physical decline in older age. The
contribution of early life development as an early predictor of cognitive decline
and accompanying mobility limitations should be further examined. For exam-
ple, physical activity may be beneficial in childhood (8-11y) during the time of
fast growth of the frontal lobes of the brain (Romine & Reynolds 2005). The
results of this study also suggest that early life development should be well
supported to buffer against the possible accumulation of developmental
disorders during the life course that increas the risks for functional limitations
later in life. Poor intellectual ability, manifesting in, for example, lack of
knowledge and the inability to follow health recommendations may affect later
life health and functioning. Thus, promoting health literacy at an early age in
society might help people to take better care of their health and functioning
during the life course.

An active and socially integrated lifestyle seems to protect ageainst
dementia (Fratiglioni, Paillard-Borg & Winblad 2004, Kulmala 2016). Mobility
decline in old age is associated with reduced quality of life (Netuveli et al. 2006),
increased risk for falls (Manty et al. 2010), hospitalization (von Bonsdorff et al.
2006) loss of independency, and mortality (Hirvensalo, Rantanen & Heikkinen
2000, Lyyra, Leskinen & Heikkinen 2005). Age, female sex, socioeconomic sta-
tus, injuries, inactivity and environmental barriers all have been found to be
important risk factors for mobility limitations (Satariano et al. 2012). Impair-
ment in EF predicts mobility impairment (Johnson, Lui & Yaffe 2007, Gross et al.
2016) and mortality in older community-living adults (Vazzana et al. 2010). Fur-
ther, EF is associated with health related quality of life (Davis et al. 2010). De-
cline in EF may result in a narrowing of life-space mobility among older adults
even before any other signs of cognitive impairment become apparent. Thus, to
build up cognitive reserve for the latter part of lifespan, cognitive processes
needed for executive function should be supported throughout the whole life-
course.

The findings of this research indicate the importance of recognizing the
role of interventions to promote cognitive health (Kivipelto et al. 2013), as this is
likely to be a determinant of functional capability in old age. EF should be as-
sessed regularly among aging population with aim of predicting possible prob-
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lems in functional independence. The results of previous cognitive intervention
studies suggest that EF can be improved among older adults (Dahlin et al. 2008).
There is also evidence from previous studies that changes in EF have improved
gait speed (Liu-Ambrose et al. 2010) and functioning (Kelly et al. 2014) among
older people. Thus, cognitive training interventions may also promote quality
of life and active participation in old age (Giuli et al. 2016).



7 MAIN FINDINGS AND CONCLUSIONS

The main findings and conclusions of the present study can be summarized as fol-
lows:

1. People with better executive function had higher life-space mobility. The as-
sociation was explained by better lower extremity functioning and absence
of transportation difficulties.

2. Executive functioning is a determinant of life-space mobility. Supporting
executive function may help in maintaining higher life-space mobility.

3. People with better intellectual ability in early adulthood showed better
physical functioning in old age. Better early-life intellectual ability may help
in maintaining better physical functioning in older age.

4. Children who learned to walk earlier had better cognitive performance in
early old age. The earlier attainment of motor skills may track over to cogni-
tive functioning in early old age possibly reflecting greater cognitive reserve
in older age.
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YHTEENVETO (FINNISH SUMMARY)

Kognitiivisen suorituskyvyn yhteys liikkumiseen ldpi elaimdnkaaren

Kognitiivinen suorituskyky ja liikkumiskyky ovat tarkeitd tekijoitd itsendisen eldman
sekd elaimdnlaadun kannalta vanhuudessa. Lapsuudessa kdvelemddn oppiminen on
merkittdva virstanpylvas sekd motorisen ettd keskushermoston kehittymisen kannal-
ta. Kun lapsi kehittyy ja omaksuu uusia fyysisid ja kognitiivisia valmiuksia, hdnen
elinpiirinsd laajentuu. Vanhuudessa liikkumiskyky, eli kyky liikkua paikasta toiseen,
milloin ja miten haluaa, on edellytys mahdollisuudelle elda aktiivista elaméda vuoro-
vaikutuksessa ympéroivan yhteiskunnan kanssa. Liikkumisaktiivisuus elinpiirissa
mittarilla voidaan kuvata henkilon toteutunutta liikkumista omassa elinpiirissdan
huomioiden liikkumisen laajuuden, méa&dran sekd mahdollisen avun tarpeen liikku-
miseen. Liikkumiskyky edellyttdd fyysisen toimintakyvyn lisdksi myos kognitiivista
prosessointia. Kognitiivista toiminnanohjausta tarvitaan tavoitteellisen toiminnan
suunnitteluun ja toteuttamiseen. Samat aivoalueet ovat osallisena sekd kognitiivises-
sa toiminnanohjauksessa ettd motoristen toimintojen ohjauksessa.

Elamankulkututkimus ldhestymistapana vanhuustutkimukseen mahdollistaa
elamédn alkuvaiheen virstanpylvdiden yhteyksien tarkastelemisen suhteessa van-
huuden toimintakykyyn. Tédssd tutkimuksessa selvitettiin kognitiivisen suoritusky-
vyn ja liikkumisen vélisid yhteyksid ldapi elamdnkaaren. Tarkastelimme kognitiivisen
toiminnanohjauksen ja liikkumisaktiivisuuden elinpiirissd vdlistd yhteyttd vanhuu-
dessa, seka sitd selittavatko liikkumisvaikeudet, alaraajojen toimintakyky tai kulku-
neuvoilla kulkemisen vaikeudet tdtd yhteyttd. Selvitimme myo6s kumpi ndistd teki-
joistd, kognitiivinen toiminnanohjaus vai liikkumisaktiivisuus elinpiirissd, on voi-
makkaampi ennustaja kahden vuoden seurannassa. Lisédksi tutkimme, onko varhai-
sen aikuisuuden kognitiivinen kyvykkyys yhteydessd fyysiseen toimintakykyyn
vanhuudessa, seki sitd, onko varhainen motorinen kehitys, kdvelem&an oppimisikd,
yhteydessd kognitiiviseen suorituskykyyn varhaisessa vanhuudessa.

Tutkimusaineistoina kaytettiin kahden eri tutkimusprojektin aineistoja. Life-
Space Mobility in Old Age (LISPE) -projektista tutkimukseen osallistui 157 henkil6d,
joilta oli mitattu kognitiivinen suorituskyky Trail Making Testilld seka liikkumisak-
tiivisuus elinpiirissd Life-Space Assessmentilld. Helsinki Birth Cohort Study -
aineistosta tutkimuksessa kdytettiin kahta osatutkimusaineistoa. Kognitiivinen ky-
vykkyys oli mitattu 360 varusmieheltd varhaisessa aikuisuudessa. Mycshemmin he
osallistuivat kliinisiin tutkimuksiin, jolloin heiddn fyysistd suorituskykya arvioitiin
Short Form 36 kyselylld kahdesti keskim&arin 61 vuoden sekd 71 vuoden idssd. Neu-
volakorteista saatu kdvelemé&dn oppimisika oli tiedossa 368 mieheltd ja naiselta, jotka
osallistuivat myohemmin kognitiivisiin testeihin varhaisessa vanhuudessa 64 vuo-
den idssd. Kognitiivista suorituskykyd mitattiin tietokonepohjaisella CogState-
testistolla.

Henkiloillg, joilla oli parempi kognitiivinen toiminnanohjaus, oli myds laajempi
liikkkumisaktiivisuus elinpiirissd. Tdtd yhteyttd selitti parempi alaraajojen toiminta-
kyky ja se, ettd heilld ei ollut vaikeuksia kayttdd kulkuneuvoja liikkumiseensa. Kah-
den vuoden seurannassa kognitiivinen toiminnanohjaus ennustaa voimakkaammin
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liikkkumisaktiivisuutta elinpiirissd. Toiseen suuntaan yhteyttd ei havaittu. Parempi
kognitiivinen kyvykkyys varhaisessa aikuisuudessa on yhteydessd parempaan fyy-
siseen suorituskykyyn varhaisessa vanhuudessa, jonka kautta valittyy myos epdsuo-
ra yhteys 10 vuotta myohemmin mitattuun fyysiseen toimintakykyyn. Henkil6t, jot-
ka oppivat aikaisemmin kdvelemddn varhaisessa lapsuudessa, suoriutuivat parem-
min kognitiivisesta testistd varhaisessa vanhuudessa.

Tutkimuksen tulokset osoittivat, ettd kognitiivinen suorituskyky ja liikkumis-
kyky ovat kiintedsti yhteydessa toisiinsa ldapi elamdnkaaren. Vdistamattomalla ikaan-
tymiseen liittyvélld aivojen toiminnan heikentymiselld saattaa olla vaikutusta myos
motoristen toimintojen heikentymiseen. Erityisesti kognitiivisen toiminnanohjauk-
sen heikentyminen vanhuudessa saattaa ennustaa liikkumisaktiivisuuden vahene-
mistd elinpiirissd. Varhainen lapsuus on ajankohta, jolloin tapahtuu vilkasta aivo-
toiminnan kehitystd samanaikaisesti motorisen kehityksen kanssa. Varhainen aikui-
suus on ajanjakso, jolloin aivojen kehitys on saavuttanut huippunsa. Aikaisempi ka-
velemddn oppimisikd ja parempi kognitiivinen kyvykkyys nuoruudessa saattavat
vaikuttaa myonteisesti henkilon kognitiiviseen reservikapasiteettiin ja timén johdos-
ta myos parempaan toimintakykyyn vanhuudessa. Kognitiivisia toimintoja, joita
tarvitaan toiminnanohjauksessa, tulisi tukea koko eldamédnkaaren ajan. Kognitiivista
toimintakykya yllapitavilla interventioilla voitaisiin mahdollisesti parantaa ikdanty-
vien henkildiden toimintakykyd ja liikkumisaktiivisuutta elinpiirissd. Tutkimalla
lisdd vanhuuden liikkumiskykyyn elamdkulun aikana vaikuttavia tekijoitd, voisim-
me mahdollisesti lisdtd ikdantyneiden henkiliden mahdollisuuksia eldd itsendistd ja
aktiivista eldmdd vanhuudessa.

Avainsanat: Kognitiivinen ikddntyminen, Kognitiivinen toiminnanohjaus, Liikku-
miskyky, Fyysinen toimintakyky, Liikkumisaktiivisuus elinpiirissd, Kognitiivinen
reservikapasiteetti, Elamankulku
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Abstract

Background Life-space assessment incorporates all move-
ments in terms of the distance from home, the frequency
of movement and the need of assistance for movement.
Executive function (EF) is an important higher order cogni-
tive ability that controls and guides people’s goal-directed
actions. We examined the cross-sectional and longitudi-
nal associations between EF and life-space mobility, and
investigated if perceived walking difficulties, lower extrem-
ity performance, and transportation difficulties explain the
association.

Methods 157 community-dwelling persons aged 76-91
years participated in the study at the baseline, and 103 of
them in 2-year follow-up study. Based on the distribution
on the Trail Making Test participants were categorized into
tertiles of EF. Life-space mobility was assessed using the
Life-Space Assessment (range 0-120). Perceived walk-
ing difficulties and transportation difficulties were self-
reported, and lower extremity performance was assessed
with the short physical performance battery (SPPB).
Adjustments were made for gender, age, number of chronic
conditions, and years of education.
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Results  Average age of participants at the baseline was
82.6 (SD 4.2) years and 61% were women. Individu-
als with poor EF had lower life-space mobility compared
to those with good EF. SPPB and transportation difficul-
ties explained the association. Over the 2-year follow-up,
those with poor EF at the baseline showed steeper decline
but the difference did not quite reach statistical significance
(p=0.068).

Conclusions People with better executive function had
higher life-space mobility. This was explained by better
lower extremity performance and absence of transporta-
tion difficulties. Cognitive decline may hinder access to
community amenities, which in turn may further accelerate
cognitive decline.

Keywords
Participation

Cognition - Functional capability -

Introduction

The ability to go where and when one wants to go and
how one wants to get there is a key component of active
aging [1]. Limitations in mobility reduce access to commu-
nity amenities and threaten possibilities for social contacts
[1], and predict further disability [2]. Life-space mobility,
an indicator of community mobility, incorporates an indi-
vidual’s internal physiologic and psychological capabil-
ity relative to the environmental requirements of the place
where the travel takes place [3]. Life-space mobility assess-
ment includes estimates of the distance, the frequency and
the need of assistance for moving [4]. Highly coordinated
voluntary bodily movements caused by contracting mus-
cles such as walking, as well as cognitively more com-
plex but physically less demanding tasks such as using
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public transportation or driving a car [5] constitute impor-
tant building blocks of life-space mobility. The association
of life-space mobility with cognitive capacity in old age
has been less studied. There are, though, some studies, that
show that memory decline assessed with Mini-Mental State
Examination correlates with lower life-space mobility [3,
6].

Mobility requires cognitive processing in addition to
physiological functioning [7]. Holding information in
mind, switching between tasks, inhibiting action and resist-
ing distraction [8] are examples of cognitive processes
needed for mobility control [9] and supervised by executive
functioning (EF). EF refers to the higher order cognitive
abilities, which are required when planning and carrying
out complex, goal-oriented behavior [8]. Executive func-
tion plays an important role in supervising and managing
many different cognitive domains [5]. These cognitive pro-
cesses and mobility are supported primarily by the same
prefrontal areas of the brain, which have been identified as
the most vulnerable areas of the brain in the normal aging
process [9—12]. The deterioration of the prefrontal area in
aging does not only affect cognition but may contribute
to motor performance and mobility as well, since the pre-
frontal areas regulate the speed of information processing,
working memory and attention which have a crucial role in
capability to complete motor tasks rapidly and efficiently
[9, 13, 14]. Walking performance for example utilizes exec-
utive function and other complex cognitive processes such
as estimation, planning and adjustments [15].

Life-space mobility correlates with lower extrem-
ity performance [16] and use of transportation [17], both
of which also correlate with EF [18-20]. In this study,
we investigated the association between EF and life-space
mobility among community-dwelling older people, and
assessed if perceived walking difficulties, lower extremity
performance, and transportation difficulties, underlie this
association.

Materials and methods
Study population

Altogether 169 community-dwelling people aged 76 to 91
years participated in the Hearing, Cognition and Wellbe-
ing Study. Face-to-face interviews and sensory, physical
and cognitive functioning measurements were conducted
in the participants’ homes. Valid data on executive function
(EF) and life-space mobility were available for 157 partici-
pants who form the analytic sample of the current cross-
sectional study (eight refused and four were unable to per-
form the TMT test due to poor vision or upper extremity
impairment). Of the initial 169 persons, 108 participated
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in the follow-up study 2 years later (32 were not interested
to participate, 19 had deceased, one moved outside study
area and nine were not reached). Of them, 103 participants
had complete data available, and form the analytic sample
of the current follow-up study (four refused and one was
unable to perform the TMT test due to poor vision).

The participants of the current study were part of the
Life-Space Mobility in Old Age (LISPE) study, described
in detail previously [21]. LISPE is a population-based
study among community living older people including
848 participants. Using random number tables a subset of
230 individuals was selected for the Hearing, Cognition
and Wellbeing sub-study in year 2014 [22]. Those willing
to participate and who did not experience severe problems
in communicating, underwent the examinations and inter-
views during spring 2014 (n=169).

The Hearing, Cognition and Wellbeing substudy sample
(n=169) did not differ from the initial LISPE study sample
(n=848) in terms of sex, age, years of education, number
of chronic conditions, lower extremity performance meas-
ured with the Short Physical Performance Battery (SPPB),
or cognitive functioning measured with Mini-Mental State
Examination (MMSE) (all p values >0.127).

The LISPE study and the Hearing, Cognition and Well-
being sub-study both comply with the principles of good
scientific conduct and good clinical practice in all aspects
of the Declaration of Helsinki, and were approved by the
Ethical Committee of the University of Jyviskyld. All par-
ticipants gave a written informed consent.

Executive function

EF was measured with the Trail Making Test (TMT). TMT
is a paper-and-pencil task providing information on visual
search, scanning, processing speed, mental flexibility, and
executive function [23]. The TMT consists of two parts.
In the TMT-A task participants were required to draw
lines sequentially connecting randomly arranged encir-
cled numbers (from 1 to 25) spread over a sheet of paper.
In the TMT-B task participants were required to draw lines
in numeric and alphabetical order (1-A-2-B-3-C, etc.)
connecting randomly arranged encircles containing num-
bers (from 1 to 13) and letters (from A to L) spread over
a sheet. The examiner pointed out errors as they occurred
and the subject could continue to complete the task at the
expense of additional time. Time to complete each task was
measured in seconds [24, 25]. A maximum accepted time
to complete each part of the test was 240 s and maximum
accepted amount of errors was 4 [24]. Delta-TMT was cal-
culated by subtracting time to perform TMT-A from time
to perform TMT-B to control for the effects of motor func-
tion, visual scanning and processing speed. Delta-TMT
has been used in previous studies to indicate executive



Aging Clin Exp Res (2018) 30:145-151

147

functioning [19, 26]. EF was categorized into three approx-
imately equal distribution-based groups as follows. Poor
EF included those who did not perform TMT-A or TMT-B
tasks within accepted time, or made more than 4 errors, or
who failed to complete the task so that Delta-TMT could
not have been calculated. Intermediate EF included those
whose Delta-TMT was between 95 and 179 s and good EF
included those whose Delta-TMT was 94 s or less. The cut-
off between intermediate and good EF was defined accord-
ing to the median value of Delta-TMT among those who
completed the tests.

Life-space mobility

Life-space mobility was measured with the 15-item Univer-
sity of Alabama at Birmingham Study of Aging Life-Space
Assessment (LSA) [3], which was translated into Finn-
ish [27]. Participants were asked how many times during
the past four weeks they had attained each life-space level
(bedroom, other rooms, outside home, neighborhood, town,
beyond town), and whether they needed help from another
person or used assistive device. A composite score (range
0-120) that reflects distance, frequency, and independ-
ence of movement was calculated and used as an indicator
of life-space mobility. Higher scores indicated higher life-
space mobility [5, 21].

Mobility indicators

Lower extremity performance was assessed with the Short
Physical Performance Battery (SPPB) [28]. The test battery
comprises three tests assessing standing balance, walking
speed over a distance of 2.44 m and time taken to com-
plete five chair rises. Each test is rated from O to 4 points
according to established age- and gender-specific cut-off
points [28, 29]. A SPPB sum score was calculated (range
0-12) when at least two of the tests were completed [16].
If one of the tests was missing, the sum score of the two
tests was transformed using proportion equation formula
to reflect the maximum possible test score, i.e., the sum
score was first multiplied by the maximum possible test
score (12) and then divided by maximum possible per-
formed test score (8). Higher scores indicate better physical
performance.

Perceived difficulties walking 500 meters were self-
reported. Participant was asked; “Are you able to walk
about 500 m?” with response options “able without diffi-
culty”, “able with minor difficulty”, “able with a great deal
of difficulty”, “unable without the help of another person”,
and “unable to manage even with help”.

Transportation difficulties were assessed based on per-
ceived difficulties in use of public transportation, and
frequency of driving. Participants were asked how they

manage to use public transportation with response options;
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“able without difficulty”, “able with minor difficulty”, “able
with a great deal of difficulty”, “unable without the help of
another person”, and “unable to manage even with help”.
This question was drawn from an 11-item self-report ques-
tionnaire for instrumental activities of daily living (IADL)
[37]. Driving was assessed by asking “How often do you
drive a car?” with response options; “Daily or nearly
daily”, “Once or twice a week”, “Once or twice a month”,
“Once or twice a year”, “Less than once a year”, “Never, |
have never driven a car” and “Never, I have stopped driving
a car”. People who did not drive regularly (at least once or
twice a month) and had difficulties in using public transpor-
tation were categorized as having transportation difficulties
while those, who did not have difficulties in using transpor-
tation or who drove a car at least once or twice a month
were categorized as not having transportation difficulties.

Covariates

Number of self-reported chronic conditions was calculated
from a list of 22 physician-diagnosed diseases and an addi-
tional open-ended question about any other physician-diag-
nosed chronic diseases [16, 21]. Participants were asked to
report their total number of years of education.

Other variables

Cognitive functioning was measured using Mini Mental
State Examination (MMSE) [30].

Statistical analyses

The descriptive measures were computed using means and
standard deviations (SD) for continuous variables and per-
centages for categorical variables. Comparison between
the three different EF groups was performed with one-way
analysis of variance (ANOVA) for continuous variables and
with cross-tabulation followed by Pearson’s Chi-square test
for proportions in categorical variables.

The cross-sectional association between EF and life-
space mobility was investigated with general linear regres-
sion model (GLM). The base model was adjusted for age
and gender. To examine if the association between EF and
life-space mobility was explained by the covariates, per-
ceived walking difficulties, lower extremity performance
and transportation difficulties were included into the model
one at a time, and finally all the factors were included in the
model simultaneously. Additionally, in the fully adjusted
model we included the number of chronic conditions and
years of education as covariates. The longitudinal associa-
tion between EF and life-space mobility was investigated
by constructing a general estimation equation (GEE) model
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[31] by specifying an unstructured outcome covariance
matrix. We estimated the main effects of EF on life-space
mobility and time interaction effects (group by time) for the
2-year follow-up. Models were adjusted for age and gen-
der. The interaction between gender and EF on life-space
mobility was not statistically significant (p>0.290), thus
all analyses were pooled by gender. For all tests two-tailed
p values are reported and the level of significance was set
at p<0.05. The analyses were carried out with SPSS IBM
version 24.0 (SPSS, Armonk, NY, IBM Corp).

Results

Baseline characteristics of the study participants according
to the approximate tertiles of EF are presented in Table 1.
The average age of the participants at the baseline was
82.6 years (SD 4.2) and 61% of them were women. Mean
MMSE score at the baseline was 26.2 (SD 2.6) and 7.6% of
the participants had MMSE < 23. Compared to individuals
with good EF those with poor or intermediate EF were less
educated, had significantly lower SPPB scores and lower
life-space mobility. Eighty-three per cent of participants

with good EF had no transportation difficulties while
56% of those with poor EF had no difficulties. Number of
chronic conditions or difficulties in walking 500 meters did
not differ between EF groups (Table 1).

Marginal means and regression coefficients of life-space
mobility by EF are shown in Table 2. Persons with poor or
intermediate EF had lower life-space mobility compared to
those with good EF (p=0.006: marginal means 53.0, SE
2.7 for poor, 63.5, SE 2.7 for intermediate, and 64.0, SE 2.7
for good EF). Perceived difficulties in walking 500 meters
did not attenuate the association between EF and life-
space mobility (p=0.005). Lower extremity performance
and transportation difficulties attenuated the associations
between EF and life-space mobility and rendered the differ-
ences statistically non-significant.

Compared to those who did not participate in the fol-
low-up study (n=61), those who participated (n=108)
were younger (82.2 years, SD 4.1 vs. 83.6 years, SD 4.3,
p=0.038), their mean SPPB (9.3, SD 2.0, vs. 7.2, SD
3.4, p<0.001), MMSE (26.3, SD 2.7 vs. 25.4, SD 2.5,
p=0.033), and life-space mobility scores (63.1, SD 19.7
vs. 51.2, SD 20.4, p<0.001) were higher at the base-
line. The attrition was highest among those with poor

Table 1 Characteristics of the

- N Characteristics n=157 Executive function p value
study participants according to
executive function Poor Intermediate  Good
n=54 n=50 n=>53
Mean (SD)  Mean (SD)  Mean (SD) Mean (SD)
Age (years) 82.6 (4.2) 84.1 (4.0) 82.2 (4.1) 81.5(4.2) 0.003*
Education (years) 9.6 (4.3) 79 (3.4) 9.8 (4.8) 11.3 (4.0) <0.001*
Number of chronic conditions 3.3(1.6) 3.4(1.6) 3.4 (1.5) 3.1(1.8) 0.493*
Life-space mobility (total score)  59.0 (21.0)  50.3 (20.6)  62.9 (18.2) 64.2(21.2)  0.001*
SPPB (total score) 8.5 (2.8) 7.5(2.8) 8.6 (2.6) 9.5(2.6) 0.001*
MMSE (total score) 26.1 (2.6) 24.4 (2.6) 26.5(2.3) 27.6 (1.6) 0.001*
% % % %

Women 61.1 64.8 60.0 58.5 0.782°
Walking difficulties for 500 m 0.667°

No difficulties 74.5 66.7 80.0 77.4

Minor difficulties 11.5 14.8 10.0 9.4

A great deal of difficulties 6.4 9.3 6.0 3.8

Unable even with help 7.6 32 9.4 7.1
Transportation difficulties 0.002°

No difficulties 72.6 55.6 80.0 83.0

Difficulties 27.4 44.4 20.0 17.0
SPPB, n=156

Poornot able to complete either TMT A or B<240 s, or made more than 4 mistakes or did not complete
the task, Intermediate delta-TMT 95-179 s, Good delta-TMT <94 s, SDstd. deviation, SPPB short physical
performance battery, MMSE mini mental state examination

*Analysis of variance (ANOVA)

®Chi-square test
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Table 2 Marginal means (MM) and standard errors (SE) of life-space mobility scores and regression coefficients () With 95% confidence
intervals (CI) by executive function (EF). The covariates were included to the gender and age adjusted model one at the time

Executive function p value®

Good Intermediate Poor

MM (SE) MM SE) p CI MM SE) p CI
Unadjusted 64.2(2.8) Ref. 62928 -130 -9.12,642 502@2.7) -1394 -21,61,-6.27 0.001
Gender and age 64.0(2.7) Ref. 63527 -056 -8.03,691 53.02.7) -11.03 -18.60,-3.46 0.006
+Walking difficulties for 500 m  51.4 (2.8) Ref. 49.5(2.9) -192 -826,442 4122.8) -1020 -16.62,-3.78 0.005
+SPPB 61.2(2.3) Ref. 63.1(23) 190 -4.40,820 56.4(2.8) —4.80 —11.35,1.76 0.109
+Transportation difficulties 57.0(2.6) Ref. 56827 -025 -691,641 50524) -6.50 —13.39, 0.40 0.116
Fully adjusted* 535(2.7) Ref. 53929) 0.39 —5.57,635 49.0(2.9) —4.57 —11.03, 1.89 0.230

Gooddelta-TMT <94 s, Intermediate delta-TMT 95-179 s, Poornot able to complete either TMT A or B part test <240 s, or made more than 4
mistakes or did not complete the task. SPPB Short Physical Performance Battery

#p value for the significance of the differences between life-space mobility marginal means

*Fully adjusted=gender and age + walking difficulties for 500 m, SPPB, transportation difficulties, number of chronic conditions, and years of

education

EF at the baseline (53.7%), followed by those with inter-
mediate (30.0%) or good (18.9%) EF at the baseline.
Those with poor EF were five times (OR=4.99, 95% CI
2.09-11.92), and those with intermediate EF almost two
times (OR=1.84, 95% CI 0.74-4.61) more likely to drop
out from the follow-up compared to those with good EF.
Table 3 shows the mean values for life-space mobility at
baseline and 2-year follow-up according to EF. Life-space
mobility decreased most among those who had poor EF at
baseline compared to those with intermediate or good EF,
but the difference did not quite reach statistical significance
(group by time interaction effect = —6.198, p=0.068).

Discussion
Our results showed that people with poor EF had lower

life-space mobility than those with intermediate or good
EF. The differences were largely explained by their poorer

lower extremity performance and higher prevalence of
transportation difficulties, both of which also underlie life-
space mobility. The results of the 2-year follow-up study
suggest that poor EF predicts a steeper decline in life-space
mobility among older community-dwelling people; how-
ever, the interaction term did not quite reach statistical
significance.

This is to our knowledge the first study examining the
cross-sectional and longitudinal association between EF
and life-space mobility among older community-dwelling
individuals. Our findings add novel knowledge to emerging
literature relative to association between cognitive func-
tioning and mobility. In relation to EF and mobility, previ-
ous studies have examined only one aspect of mobility at
a time whereas we were able to use life-space mobility as
an outcome, which takes into account all mobility in its’
different forms including both physically active movement
and movement using a vehicle. Life-space mobility assess-
ment provides us information about “real life” mobility

Table 3 Means, standard deviations (SD), and general estimation equations (GEE) model parameters for group-by-time interactions for life-
space mobility scores according to executive function tertiles at baseline and in the 2-year follow-up

Executive function Baseline 2-year follow-up Group x time interaction’

Mean SD Mean SD p s.e p value?
Good (n=43) 68.3 19.3 67.5 18.5 Ref.
Intermediate (n=35) 64.3 16.8 65.7 16.5 2.188 3.110 0.482
Poor (n=25) 53.8 20.1 46.8 20.4 —6.198 3.396 0.068

Gooddelta-TMT <94 s, Intermediate delta-TMT 95-179 s, Poornot able to complete either TMT A or B part test <240 s, or made more than 4

mistakes or did not complete the task

s.e. standard error

2GEE model group x time interaction adjusted for age and gender, good EF as a reference group. fsample estimate for GEE regression coef-

ficient
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that may take place closer or further away from home. As a
person moves further away from one’s home, the cognitive
effort needed for the mobility may increase, e.g., in terms
of finding directions, orienting oneself and recognizing the
less familiar environmental features when approaching a
far-away destination. Consequently, life-space mobility may
be sensitive to early cognitive changes that may reduce the
willingness to travel to more distant destinations [6, 32].

Motor control relies in prefrontal brain areas, which are
most vulnerable to age-related losses [33], and cognitive
and motor functions share the same neural network [13],
which potentially explain why lower extremity perfor-
mance and transportation difficulties coexist with cognitive
decline. Adequate motor control, reaction speed, attention
and working memory are important for lower extremity
performance but they also are prerequisites for competent
driving, and contribute to cognitive processes where EF is
involved. Low EF decreases the likeliness that an individ-
ual could independently use public transportation or drive
safely due to decreased ability to integrate information and
plan a response [18, 34]. It is also possible that restricted
life-space mobility due to physical disability or disease,
may diminish brain stimulation needed for maintaining
cognitive skills and thus have a negative influence to cogni-
tive functioning over time.

One of the strengths of the study was that we analyzed
the association between EF and life-space mobility which
has not been addressed before. Additionally, using differ-
ent mobility measures, we were able to investigate which
mobility indicators may explain this association. Our study
included persons who were community-dwelling and
from all social stratum, who did not have severe cognitive
decline (Mean MMSE score: 26.2, SD 2.6). We used com-
puter-assisted face-to-face interviews by trained interview-
ers at participants’ homes allowing cognitive and physical
performance tests in a setting familiar to the participants.

There are also some limitations in this study that need
to be acknowledged. First of all, the participants with
poorer EF, or lower SPPB and MMSE scores and lower
life-space mobility were more likely to drop out from the
follow-up study than those with higher values. Therefore,
the strength of the longitudinal association between EF and
life-space mobility may have been underestimated. Second,
the attrition reduced the statistical power in the longitudi-
nal analyses. Nevertheless, the results suggest that life-
space mobility may show steeper decline over time among
those with lower EF. However, this needs to be confirmed
in future studies. Third, self-reported walking difficulties
as a measurement may under- or over-estimate true partici-
pants’ difficulties. However, self-reported walking difficul-
ties is a widely used measure in aging research, and thus,
is an established method for assessing perceived mobility
difficulties that participants experience in their daily life

@ Springer

surroundings [28]. Fourth, we were using a single test to
measure executive function instead of multiple tests due to
time constraints in the study protocol considering that the
participants were very old. Although TMT is a widely used
test and simple and easy to perform, further studies should
use more detailed test batteries for a more comprehensive
evaluation of executive function.

Conclusion

Better EF is associated with higher life-space mobility and
poorer lower extremity performance and transportation
difficulties explained the association. Poor EF may pre-
dict steeper decline in life-space mobility. Our finding lays
ground to future studies on the topic.
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The Temporal Association between Executive Function and Life-Space Mobility in Old Age

ABSTRACT

Background: Life-space mobility, an indicator of community mobility, describes person’s movements
in terms of the distance from home, the frequency of movement and the need of assistance for
movement. Executive function (EF) is a higher order cognitive function that supervises motor
control, and plays a key role in a person’s ability to function independently. Cognitive impairment
often co-occurs with restricted life-space mobility, however, the direction of the longitudinal
associations between EF and life-space mobility is unclear. Theaim of this study was to investigate
the temporal associations between EF and life-space mobility among community-dwelling older

people.

Methods: 108 community-dwelling persons aged 76 to 91 years participated in the two-year follow-
up study. Executive function was measured with the Trail Making Test (TMT). The Life-Space
Assessment (range 0-120, higher scores indicate more mobility) was used to assess life-space
mobility. Cross-lagged model design was used to examine longitudinal relationship between EF and

life-space mobility. The model was adjusted for age and gender.

Results: Average age of participants at baseline was 82.2 (SD 4.1) years and 59% were women.
Better EF at baseline predicted higher life-space mobility at follow-up (path coefficient = 3.81, 95%
Confidential Interval; 0.84, 6.78, p = 0.012), while baseline life-space mobility did not predict EF at

follow-up.

Conclusion: Executive function was a determinant of life-space mobility. Supporting EF may enhance

maintaining independence and active participation in old age.

Keywords: Cognitive aging, motor control, successful aging
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INTRODUCTION

Life-space mobility reflects a person’s physical ability as well as psychosocial capability relative to the
environmental requirements . Life-space mobility assessment includes estimates of the distance,
the frequency and the need of assistance for mobility'. Moving outside more often and travelling
further away from home on a regular basis may be viewed as higher environmental complexity of
mobility among older people®?. The further away from one’s home an individual moves the more
complex the environment and the greater cognitive investments might be required®. There is
evidence that older people with better cognitive function have larger life-space mobility*. Executive
function (EF) has an important role in performance of control processes, which are required when
planning and carrying out complex, goal-oriented tasks °. Therefore, EF might be an important higher

order cognitive domain for older people enabling them to maintain their life-space mobility®.

Coexisting mobility limitations and cognitive impairments are prevalent among community-dwelling
older people ’ interfering with their independency and active participation in society. However,
according to previous studies the direction of the association between cognition and mobility are
inconsistent 2. There are some evidence from longitudinal studies which used Mini Mental State
Examination as a measure of cognitive functioning, that having greater life-space mobility may be a
protective factor for cognitive decline *°. Furthermore, constricted life-space mobility has been
found to be associated with increased risk of Alzheimer diseases and mild cognitive impairment *°.
Impaired EF is prevalent even among community-dwelling older people without a formal diagnosis
of cognitive impairment, and has been found to be associated with longitudinal declines in
functional status "***. Further, one previous study suggests that poor EF measured with the Trail

Making Test (TMT) is a strong predictor of decline in lower extremity function'®, which is known to
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be associated with constricted life-space mobility*®. The results of a recent study reported TMT
performance being associated with gait adaptation indicating that EF is important for planning and
adjusting stepping in situations where rapid gait adjustment may be needed'®. Thus, importance of
EF may increase as task complexity increases in unfamiliar environments farther away from home.
The TMT performance requires amongst other things attention, cognitive flexibility and task
switching® that are cognitive processes needed for everyday challenges for older people when
moving around in environment™®. Consequently, using EF as a measure of cognitive functioning when
investigating temporal association between cognition and life-space mobility could add useful
information to current literature. The aim of this study was to assess the temporal association
between EF and life-space mobility. Establishing the direction of the association between EF and life-
space mobility might help to target interventions more accurately to the factor in which declines

seem to appear first.

METHODS

Study population

At baseline, altogether 169 community-dwelling people aged 76 to 91 years participated in the
Hearing, Cognition and Wellbeing Study. Face-to-face interviews and sensory, physical and cognitive
functioning measurements were conducted in the participants’ homes. Of the initial 169 persons,
108 participated in the follow-up study two years later (32 were not interested to participate, 19 had
deceased, one moved outside study area, and nine were not reached), and formed the analytic

sample of this study.
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The participants of the current study were part of the Life-Space Mobility in Old Age (LISPE) study,
described in detail previously *’. LISPE is a population-based study among community living older
people including 848 participants. Using random number tables a subset of 230 individuals was
selected for the Hearing, Cognition and Wellbeing sub-study in year 2014 8. Those willing to
participate and who did not experience severe problems in communicating, underwent the
examinations and interviews during spring 2014 (n= 169). The Hearing, Cognition and Wellbeing
substudy sample (n=169) did not differ from the initial LISPE study sample (n=848) in terms of sex,
age, years of education, number of chronic conditions, lower extremity performance measured with
the Short Physical Performance Battery (SPPB), or cognitive functioning measured with Mini Mental

State Examination (MMSE) (all p-values >0.127).

The LISPE study and the Hearing, Cognition'and Wellbeing sub-study both comply with the principles
of good scientific conduct and good clinical practice in all aspects of the Declaration of Helsinki, and
were approved by the Ethical Committee of the University of Jyvaskyla. All participants gave a

written informed consent.

Executive function

EF was measured with the Trail Making Test (TMT). TMT is a paper-and-pencil task providing
information on visual search, attention, processing speed, cognitive flexibility, and executive
function **. The TMT consists of two parts. In the TMT-A task participants were asked to make a
trail with a pencil, sequentially drawing lines to connect randomly arranged encircled numbers (from
1 to 25) spread over a sheet of paper. In the TMT-B task participants were asked to make a trail in
numeric and alphabetical order (1-A-2-B-3-C, etc.) by drawing lines to connect randomly arranged

encircles containing numbers (from 1 to 13) and letters (from A to L) spread over a sheet. The
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participants were asked to perform the task as quickly as possible without lifting the pencil from the
paper. If an error occurred the examiner pointed it out immediately. Then the participants were
asked to revert to last correct number or letter and continue there to complete the task at the

21,22

expense of additional time. Time to complete each task was measured in seconds . A maximum

accepted time to complete each part of the test was 240 seconds and maximum accepted amount of

6,21,23

errors was 4 . Delta-TMT was calculated by subtracting time to perform TMT-A from time to

perform TMT-B to control for the effects of motor function, visual scanning and processing speed.

Delta-TMT has been used in previous studies to indicate executive functioning ***°.

EF was categorized into three approximately equal distribution-based groups as follows. At baseline
and follow-up, poor EF included those who started to do the TMT test but who could not complete
the test an acceptable way; they did not perform TMT-A or TMT-B tasks within the given time (max
240 seconds), or made more than 4 errors, or who did not complete the task so that Delta-TMT
could not have been calculated®. Intermediate EF included those whose Delta-TMT was between 95
and 179 seconds at the baseline and between 97 and 180 seconds at the follow-up. Good EF
included those whose Delta-TMT was 94 seconds or less at the baseline and 97 seconds or less at the
follow-up. The cut-off between intermediate and good EF was defined according to the median

value of Delta-TMT among those who completed the tests.

Life-space mobility

Life- space mobility was measured with the 15-item University of Alabama at Birmingham Study of
Aging Life-Space Assessment (LSA)*, which was translated into Finnish %. The reliability of the Finnish
translation of life-space assessment has been found to be acceptable . Life-space mobility

assessment measures person’s actual mobility during the four weeks preceding the assessment on
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the following life-space levels (=level score): bedroom (score 0), other rooms (1), outside home (2),
neighborhood (3), town (4), beyond town (5). Participants were also asked how many times they
attained each life-space level (=frequency score); daily (score 4), 4-6 times/ week (3), 1-3 times/
week (2), less than once a week(1), and whether they needed help from another person or used
assistive device (=assistance score): no assistance (2), use of device only (1.5), personal assistance
(1). A composite score was calculated as follows; level score « frequency score « assistance score at
respective level, and then summed for all levels. Thus, a composite score reflects distance,
frequency, and independence of movement, and was used as an indicator of life-space mobility*.

The score ranges between 0 and 120, and higher scores indicated higher life-space mobility*’®.

Covariates and descriptive variables

Participants’ age and gender derived from the national population register were used as covariates
in the analysis. Number of self-reported chronic conditions, global cognitive functioning, and lower
extremity functioning were used to describe the characteristics of the participants. Number of self-
reported chronic conditions was calculated from a list of 22 physician-diagnosed diseases and an
additional open-ended question about any other physician-diagnosed chronic diseases. *>*’. Global
cognitive functioning was assessed with Mini Mental State Examination (MMSE, range 0-30) *’.
Lower extremity functioning was assessed with Short Physical Performance Battery (SPPB). The test
battery comprises three tests assessing standing balance, walking speed over a distance of 2.44
meters and time taken to complete five chair rises. Each test is rated from 0 to 4 points according to

28,29

established age- and gender-specific cut-off points . A sum score (range 1-12) was calculated if at

least two of the tests were completed. Higher scores indicate better lower extremity function®*”.
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Statistical analyses

The longitudinal cross-lagged associations between EF and life-space mobility were estimated using
cross-lagged model design. Cross-lagged analysis enables to study whether EF at baseline is
associated with life-space mobility at follow-up after controlling for life-space mobility at baseline, or
vice versa. The unstandardized values were used in the analyses. Weighted least square estimator
(WLSMV) was used to obtain parameter estimates. The model was adjusted for age and gender. The
analysis were performed with MPLUS version 5.21 (Muthén and Muthén, 1998-2009) which uses the
Full Information Maximum Likelihood procedure for handling missing values. The proportion of
missing data in individual variables varied between 2.7 to 4.6 %. The interaction between gender and
EF on life-space mobility was not statistically significant (p > 0.185), thus all analyses were pooled by
gender. For all tests two-tailed p-values are reported and the level of significance was set at p < 0.05.
The descriptive data analyses were carried out with SPSS.IBM version 24.0 (SPSS, Armonk, NY, IBM

Corp).

RESULTS

Characteristics of the study participants at baseline and follow-up are presented in Table 1. The
average age of the participants at baseline was 82.2 years (SD 4.1) and 59.3 % of them were women.
The proportion of those with poor EF increased during the two year follow-up from 24.3 % to 29.5 %.
However, the global cognition measured with Mini Mental State Examination remained nearly stable
during the two-year follow-up period. The average composite score of life-space mobility declined

during the two-year follow-up from 63.1 (SD 19.7) to 61.5 (SD 21.2) (Tablel).
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Figure 1 shows the unstandardized coefficients of cross-lagged model with two-year follow-up for EF
and life-space mobility. At baseline, better EF was associated with higher life-space mobility. Both EF
and life-space mobility showed relatively strong stability between baseline and follow-up
assessments. After controlling for age, gender, and taking into account previous measurements of EF
and life-space mobility, the analysis revealed that better EF at baseline predicted higher life-space
mobility at follow-up (path coefficient = 3.81, 95% confidential interval; 0.84, 6.78, p= 0.012) while
baseline life-space mobility was not associated with EF at follow-up (Figure 1). The cross-lagged
model fitted the data well Comparative Fit Index (CFl) was 1.000, Tucker Lewis Index (TLI) was 1.000,

and Root Mean Square Error Approximation (RMSEA) less than 0.0005.

Compared to those who did not participate in the follow-up study (n=61), those who participated
(n=108) were younger (82.2 years, SD 4.1 vs. 83.6 years, SD 4.3, p = 0.038), and they had higher SPPB
(9.3,5D 2.0, vs. 7.2, SD 3.4, p <0.001), MMSE ( 26.3, SD 2.7 vs. 25.4, SD 2.5 p=0.033), and life-space
mobility scores (63.1, SD 19.7 vs. 51.2, SD 20.4, p<0.001) at baseline. The proportion of those who
dropped out was highest among those with poor EF (53.7%), followed by those with intermediate
(30.0%) or good (18.9%) EF. Those with poor EF at baseline were five times (OR=4.99, 95% Cl 2.09,
11.92), and those with intermediate EF almost two times (OR =1.84, 95% Cl 0.74, 4.61) more likely to

drop out from the follow-up compared to those with good EF.

Finally, we conducted additional cross-lagged modelling; first, to examine a stricter cut-point for
good TMT, second, to analyze MMSE as an indicator of global cognition, and third, using Delta-TMT
as a continuous variable. Using more strict cut-points suggested by an earlier study (good Delta-TMT

performance <60s)* to define good EF (at baseline cut-point for good EF was 60s or less and at
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follow-up 72s or less) did not change the results. The analysis for MMSE and life-space mobility
revealed similar associations as with using EF; coefficients and 95% confidential intervals for baseline
MMSE predicting follow-up life-space was 1.22 (0.29, 2.15) and baseline life-space mobility
predicting follow-up MMSE 0.01(-0.01, 0.03). The associations for EF as continuous variable and life-
space mobility among those who completed both parts of the TMT test (n= 78) were no statistically

significant in either of the directions.

DISCUSSION

To our knowledge, we were the first to examine the temporal association between executive
function and life-space mobility among community-dwelling older people. Better EF at baseline
predicted higher life-space mobility at follow-up, while baseline life-space mobility did not predict EF
at follow-up. Thus, our findings suggest that impaired executive function is a precedent for restricted

life-space mobility rather than restriction of life-space would further influence cognitive decline.

It is obviousin the light of previous studies that cognition is interrelated with mobility’. In addition to
emerging literature on the associations between cognitive function and mobility, we were using
specific higher order cognitive domain, EF, and a multidimensional mobility measure, life-space
mobility, as measurements. Life-space mobility reflects person’s actual mobility through a given area
over a specific time period, and incorporates not only physical aspects of mobility but also
psychosocial capability for participation in society’. Further, we examined which one of these

measurements, EF or life-space mobility, is a stronger predictor for one another whereas previous
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studies have predicted associations only for one of the possible directions®'°. This was done by
using analysis that enable simultaneous examination of longitudinal influences of one factor on the
other and vice versa, while controlling for contemporary associations between factors, and the
stability of each factor over time. The association between EF and mobility has been reported being
bidirectional ®*'. However, our results are in line with some of the previous studies suggesting that

12-14

EF is a predictor for mobility decline and conflicting the previous results that suggest that life-

space mobility predicts changes in cognitive functioning®**°

. The latter might be explained by the
fact that neither of the studies had EF as a measure of cognitive functioning. After all, a person might

have some deficit of EF despite evident cognitive impairment *2.

According to the environmental complexity theory, a'more demanding environment requires more
cognitive investment leading to increase in cognitive activity consequently resulting in better
cognitive functioning.” However, our results suggest that higher order cognitive functioning such as
executive functioning is a prerequisite for the capability to move further away from home and
enabling to widen one’s life-space. Life-space mobility is a mobility measure that takes into account
all movement in its’ different forms through one’s environment. The life-space mobility reaching
only to one’s close neighborhood may require less cognitive investment than if an individual would
be orienteering oneself further away from a familiar environment, and perhaps using a vehicle for
transportation. Reduction in life- space mobility may reflect early changes in cognitive functioning.
Impairment in EF may affect an individual’s willingness to travel further away from home even
before any other markers of cognitive decline have appeared. Restricted life-space mobility may be

seen as an early sign of cognitive decline resulting from EF impairment.
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In recent years, the understanding of the role of the brain in age-related declines in mobility has

increased %%

. Furthermore, EF has been identified as one of the potential mediators between age-
related cognitive decline and functional ability **. Cognitive processes such as attention, action-
inhibition and task-switching are dependent on EF and needed for motor control **. These control
processes are primarily supported by frontal areas of the brain that are most vulnerable in the aging
process®, which might potentially explain the causal relationship between EF and life-space
mobility. Decline in life-space mobility has been found to be associated with decline in quality of
life*® and development of ADL disability®’. Our earlier study suggested that poor EF may predict
steeper decline in life-space mobility but the results did not quite reach statistical significant, hence,
the causal association between EF and life-space mobility stayed unclear®. However, the result of
this study confirm our earlier suggestions of EF being a predictor of life-space mobility. Further,
poorer lower extremity functioning and difficulties in use of transportation partly explained the
association between poor EF and lower life-space mobility °. Thus, we did not adjust for SPPB as it
being potential mediator between EF and life-space mobility®. Future studies should examine if

promoting EF by means of cognitive training interventions could possibly delay mobility limitations

that further diminish life-space mobility.

Our study had several strengths. By using life-space mobility and EF as measurements in this study,
we were able to further existing literature relative to association between cognitive functioning and
mobility. Further, we were able to include considerable old people (range 78-93 years at follow-up)
from all social strata into this study, and the participant did not have severe cognitive decline at
baseline (mean MMSE 26.3, SD 2.7, and 12% < 23). In addition, we used computer-assisted face-to-
face interviews by trained interviewers at participants’ homes, which likely improve the quality of
data. Further, we conducted several further modelling to test our results. Using more strict cut-

points for good EF showed that the results were not dependent on the intermediate-good cut-point.
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The results of cross-lagged model using MMSE instead of EF as the cognitive measure revealed
similar associations. We found no statistically significant associations in either of directions when
using EF measure as a continuous variable in cross-lagged modelling. This suggests that the cross-
lagged association between baseline EF and follow-up life-space mobility observed in the larger
sample where all the participants were included, was driven by the poor values. This also supports
our finding that the null life space mobility - EF association was not due to the scale properties of the
categorized EF variable but rather due to the absence of a causal relationship. We are aware that the
limited sample size in these sensitivity analyses decrease power even further, however, the

coefficient is so low that it may not be considered material.

Our study had some limitations. First of all, due to the fact that the participants with poorer
functioning were more likely to drop out from the follow-up study, the results can be generalized
only to somewhat better functioning community-dwelling older adults, and it is likely that the
strength of the associations over time may be underestimated. Second, we had only a two-year
follow-up. Although, this is a significant time period among older people to experience noticeable
changes in functional capability, a longer follow-up period might reveal stronger effects. Third, we
were using a single test to measure executive function instead of multiple tests due to time
constraintsiin the study protocol considering that the participants were very old. Although TMT is a
widely used test and simple and easy to perform, further studies should use several test batteries for

a more comprehensive evaluation of executive function.
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Conclusions

According to our knowledge, we were the first to explore the temporal association between EF and
life-space mobility among community-dwelling older people. The results of the study suggest that
better EF is a precedent for higher life-space mobility laying ground to future studies on the topic
using larger sample sizes and longer follow-up periods with multiple follow-up points. Supporting EF

may help maintain higher life-space mobility enhancing independency and quality of life in old age.
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Table 1 Means, standard deviations (SD), and proportions of characteristics of participants at

baseline and at two-year follow-up (n=108).
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Baseline Follow-up
% %
Women 59.3 59.2
Executive function (n=103)
Good 41.7 37.1
Intermediate 34.0 33.0
Poor 24.3 29.5
Mean (SD) Mean (SD)
Age 82.2 (4.1) 84.3 (4.1)
Life-space mobility 63.1(19.7) 61.5(21.2)
Number of chronic conditions 3.2(1.6) 34(1.7)
Cognitive functioning (MMSE) 26.3 (2.7) 26.2 (3.0)
Lower extremity function (SPPB) 9.21 (2.1) 9.10 (2.2)*

MMSE = Mini Mental State Examination, SPPB = Short Physical Performance Battery

*Note, n =106
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Abstract Motor development and cognitive develop-
ment in childhood have been found to be fundamentally
interrelated, but less is known about the association
extending over the life course. The aim of this study
was to examine the association between early motor
development and cognitive performance in early old
age. From men and women belonging to the Helsinki
Birth Cohort Study, who were born between 1934 and
1944 and resided in Finland in 1971, 1279 participated
in cognitive performance tests (CogState®, version
3.0.5) between 2001 and 2006 at an average age of
64.2 years (SD 3.0). Of these, age at first walking
extracted from child welfare clinic records was available
for 398 participants. Longer reaction times in cognitive
tasks measuring simple reaction time (SRT), choice
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reaction time (CRT), working memory (WM), divided
attention (DA), and associated learning (AL) indicated
poorer cognitive performance. Adjustment was made
for sex, age at testing, father’s occupational status and
own highest attained education, and occupation in adult-
hood. Average age of learning to walk was 12.2 months
(SD 2.1). After adjusting for covariates, earlier attain-
ment of learning to walk was associated with shorter
reaction times in cognitive performance tasks (SRT
10.32 % per month, 95 % CI 0.48-21.12, p=0.039;
CRT 14.17 % per month, 95 % CI 3.75-25.63, p=
0.007; WM 15.14 % per month, 95 % CI 4.95-26.32,
p=0.003). People who learned to walk earlier had better
cognitive performance in early old age. The earlier
attainment of motor skills may track over to early old
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age and possibly reflect greater cognitive reserve in
older age.

Keywords Infant motor development - Age at first
walking - Cognitive performance - Cognitive reserve -
Older age

Introduction

It has been suggested that motor development and cog-
nitive development in childhood are fundamentally inter-
related (Diamond 2000). Motor development in infancy
is a continuous process through which a child achieves
new movement patterns and learns new motor skill
(Gallahue et al. 2012). Maturation of neural circuits and
rapid brain growth is associated with motor development
in infancy (Malina 2004; Shenkin et al. 2009; Thelen
1995). Infancy has been suggested to be one of the critical
periods of development for intellectual abilities in subse-
quent life (Gale et al. 2004; Raikkonen et al. 2009).

A life course approach to cognitive ageing provides a
concept of cognitive reserve, which indicates that cer-
tain aspects of the brain structure such as brain size,
neural density, and synaptic connectivity, and the func-
tion of brain such as efficiency of neural network, can
buffer the effects of cognitive ageing (Richards and
Deary 2005). Executive functioning, i.e., the cognitive
abilities that control and guide goal-directed perfor-
mance (Banich 2009), include processing speed, visual
attention, and working memory. These cognitive do-
mains are supported by prefrontal and frontal areas of
brain and have been shown to be most vulnerable in the
ageing process (Kramer et al. 1999, Ren et al. 2013).
They are also significently and independently correlated
with functional status in older ages (Royall et al. 2004).

So far, there are only a few studies that have investi-
gated the association between infant motor development
and cognitive functioning in adulthood. In the 1946
British Birth Cohort study, earlier age of learning to
stand was found to be associated with better executive
functioning in adulthood (Murray et al. 2006). In the
Northern Finland, 1966 Birth Cohort study earlier infant
motor development was found to be associated with
better educational outcomes (Taanila et al. 2005) and
level of intelligence (Murray et al. 2007) in adolescence
and adulthood. Further, earlier motor development was
found to be associated with increased gray and white
matter densities and better executive function in

@ Springer

adulthood (Ridler et al. 2006). However, little is still
known about the relationship between early motor de-
velopment and cognitive functioning in older age.
Studying this relationship will further the understanding
of early determinants of cognition in older age. The aim
of this study was to investigate the association between
age at first walking and cognitive performance in early
old age at an average age of 64 years.

Materials and methods
Study population

Of 8760 persons belonging to the Helsinki Birth Cohort
Study (HBCS) who were born during 1934-1944 in
Helsinki and who had attended child welfare clinics
and resided in Finland in 1971 (Barker et al. 2005;
Eriksson et al. 2001), random number tables were used
to select a subset of 2902 persons for a clinical study. Of
the 2003 persons who participated in the clinical study
during 2001-2006, 1586 participants who were living in
the greater Helsinki area were invited to participate in
cognitive performance tests. Of them, 1279 persons
participated (Paile-Hyvarinen et al. 2009). Among them,
398 individuals had valid data on age at first walking.
These participants form the analytic sample in this study.
Among the participants of cognitive tests, we compared
those with and without data on age at first walking.
There were no differences between them in birth weight
(p=0.847), but slightly more men (p=0.040) had miss-
ing data on age at first walking. Participants with miss-
ing data on age at first walking were also younger at the
time of cognitive testing (p=0.002), and their fathers
had more likely higher occupational status (p<0.001)
compared with those who had data available. The
groups did not differ in adult occupational status (p=
0.641) or cognitive performance (p>0.280). The study
complies with the guidelines of the Declaration of Hel-
sinki. The study was approved by the Ethics Committee
of Epidemiology and Public Health of the Hospital
District of Helsinki and Uusimaa and that of the Nation-
al Public Health Institute, Helsinki. All participants gave
a written informed consent.

Age at learning to walk

The age when the child learned to walk without support
was asked from the mothers during their visits to the
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child welfare clinics and was recorded in months. The
children visited the welfare clinics on average 11 times
between birth and 2 years.

Cognitive performance

Cognitive performance was measured using the
CogState (CogState®, version 3.0.5) computerized cog-
nitive test battery. The tasks included in the battery are
based on playing cards presented on a computer screen.
The level of performance in the test battery does not
depend on the language or socioeconomic background
of the participant. CogState cognitive test battery has
been validated (Maruff et al. 2009) and designed to be
efficient and sensitive in identifying major cognitive
domains such as psychomotor speed, visual attention,
working memory, divided attention, and associated
learning (Darby et al. 2002). CogState test battery has
shown good reliability with minimal practice effects
(Falleti et al. 2006). Each of the five tasks of the test
battery consists of 30 to 50 repeated stimuli, and it takes
approximately 15 min to complete the whole test bat-
tery. Reaction times were measured in milliseconds, and
mean reaction times were calculated for each task. Ac-
curacy of responses was recorded as the number of
correct answers divided by the number of all answers
given. The five tasks were as follows:

1. In simple reaction time task (SRT) measuring
psychomotor speed, participants had to react
by pressing the spacebar as quickly as possible
whenever a card faced down on the screen was
turned face up. This task was repeated 35
times with random time intervals. The SRT
task was done twice, first, and last in the test,
and the mean reaction time of the two perfor-
mances was calculated.

2. In choice reaction time task (CRT), measuring vi-
sual attention and psychomotor speed participants
had to react as quickly as possible by pressing K
(“yes™) or D (“no”) if the turning card on the screen
was red. This task was repeated 30 times.

3. In the working memory task (WM) that measured
working memory, psychomotor speed and visual
attention participants had to react as quickly as
possible by pressing K (“yes”) or D (“no”) if the
card showing on the screen was identical to the
previous card. This task was repeated 30 times.

4. In divided attention task (DA) that measured divid-
ed attention, participants had to monitor five cards
on the screen moving randomly between two hori-
zontal lines above and below the cards. Participants
were asked to press the spacebar quickly as possible
if one of the cards touched the lines. This test was
repeated 30 times.

5. In associated learning task (AL) that measured vi-
sual learning and memory, participants had to match
pairs of cards on the screen. Five pairs of cards were
shown on the top half of the screen and one random
pair faced down on the bottom half of the screen.
When the card pair below these five pairs turned
face up, the participants had to press K (“yes”) or D
(“no”) if the pair was identical with one of the pairs
above. After matching the pair, the random pair on
the bottom half of the screen turned face down, and
after this, the participants had to use their memory to
be able to produce the right matching. After every
match, the pair of cards turned face up, allowing
learning during the task. This task was repeated 50
times.

The tasks were performed by 409 participants with
data on age at first walking. Of'these, 11 participants had
invalid result in one, two, or three tests, respectively.
These test results were excluded from the analyses.

Covariates

Based on earlier literature, we selected father’s occupa-
tional status, highest educational attainment, and occu-
pational status in adulthood as covariates (Murray et al.
2007; Taanila et al. 2005). Father’s occupational status
indicated by the highest occupational class was extract-
ed from the child welfare and school healthcare records
and was coded as upper middle class, lower middle
class, manual workers, or unknown occupation (Central
Statistics Office of Finland 1989). Own highest attained
education in adulthood was recorded at 5-year intervals
between 1970 and 2000 by Statistics of Finland and was
categorized into basic or less or unknown, upper sec-
ondary, lower tertiary, and upper tertiary. Data on adult
occupational status was extracted from the Finnish Pop-
ulation Register Center and was categorized into upper
middle class, lower middle class, self-employed, and
manual workers according to highest occupational class
at S-year intervals between 1970 and 2000.

@ Springer
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Statistical analyses

Student’s ¢ test was used for comparing means for nor-
mally distributed and Mann-Whitney U test for non-
normally distributed continuous variables, and
Pearson’s chi-squared test was used for comparing pro-
portions for categorical variables. Linear regression
analysis was used to investigate the association between
age at first walking and cognitive performance in early
older age. The reaction times of the cognitive perfor-
mance tasks were log; transformed in order to normal-
ize the distribution, and standardized values were used
in the regression models. The regression coefficients
were expressed as percent changes per monthly change
in the age of learning to walk with 95 % confidence
intervals (CI). Multi-nominal regression analysis was
used to investigate the associations between age at first
walking and errors made in cognitive tasks.

We tested for the interaction between gender by age
at first walking on cognitive performance tasks. A sta-
tistically significant association was observed for asso-
ciated learning task (»p=0.042) but not for other cogni-
tive tasks (p>0.172). Based on these findings, we did
gender-stratified analyses which revealed that associa-
tions between age at first walking and cognitive tasks
were parallel except with associated learning task. Thus,
we did analyses separately for men and women for
associated learning task and pooled by gender for other
cognitive tasks. Models were first adjusted for gender
and age at cognitive testing, then for father’s occupa-
tional status and own highest attained education, and
finally for adult occupational status. All tests were per-
formed two-tailed, the level of significance was set at
p<0.05, and analyses were carried out with SPSS IBM
version 22.0 (SPSS, Armonk, NY, IBM Corp).

Results

Characteristics of the study participants (172 men, 226
women) are presented in Table 1. Average age at learn-
ing to walk was 12.1 months (SD 2.1, range 6 to
24 months). Average age at the time of performing
cognitive tests was 64.2 years (SD 3.0).

Median reaction times and accuracy of performance
in cognitive tasks are shown in Table 2. We investigated
the associations between age at first walking and errors
made in cognitive tasks using multi-nominal regression

@ Springer

Table 1 Characteristics of the participants (n=398)

Characteristics Mean (SD)
Age at first walking (months) 12.1 (2.1)
Age at cognitive tests (years) 64.2 (3.0)
%
Men 43.2
Father’s occupational status
Upper middle 8.8
Lower middle 23.5
Manual worker 67.7
Attained education
Upper tertiary 11.8
Lower tertiary 234
Upper secondary 26.4
Basic 38.4
Adult occupational status
Higher official 12.6
Lower official 45.5
Self employed 8.3
Manual worker 33.7

analysis and found no statistically significant associa-
tions (data not shown).

The association between age at first walking and each
cognitive performance task and regression lines and
their 95 % confidence intervals are displayed in Fig. 1.
In the age- and gender-adjusted models, later attainment
of learning to walk lengthened the reaction times in all
cognitive performance tasks, associations being statisti-
cally significant in simple reaction time task (11.0 % per
month, 95 % CI 1.14-21.89, p=0.028), choice reaction
task (14.8 % per month, 95 % CI 4.43-26.18, p=.004),
and working memory task (14.8 % per month, 95 % CI
4.77-25.84, p=.003). Further adjustment for father’s
occupational status and own maximum attained educa-
tion (model 2), and for adult occupational status (model
3) did not attenuate the associations (Table 3). In the
gender-stratified analyses, after adjustments, later attain-
ment of learning to walk lengthened the reaction times
in associated learning task for women (18.35 % per
month, 95 % CI 3.94-34.77, p=0.011). For men, the
association between age at first walking and associated
learning task was not statistically significant (data not
shown). Further adjustment for gestational age did not
change the results.
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Table 2 Median reaction times and accuracy of completing the
cognitive performance tasks and their interquartile ranges

Median (%) 25th 75th
percentile percentile

Simple reaction time (ms) 332 295 373
Hit rate (%) 98.1
Errors (%)
None 47.7
One 25.4
Two or more 26.9
Choice reaction 564 508 631
time (ms)
Hit rate (%) 96.8
Errors (%)
None 51.3
One 25.1
Two or more 23.6
Working memory (ms) 848 761 1031
Hit rate (%) 95.5
Errors (%)
None 36.4
One 27.1
Two or more 36.5
Divided attention (ms) 482 418 569
Hit rate (%) 91.7
Errors (%)
None 14.3
One 19.8
Two or more 65.9
Associated learning (ms) 1825 1552 2200
Hit rate (%) 72.0
Errors (%)
None 0
One 0
Two or more 100
Discussion

The main result of the current study was that people who
had learned to walk at an earlier age performed better in
cognitive tests in early old age. The associations were
linear associations and not explained by potential socio-
economic or demographic confounders. Our study thus
suggests that timing of motor development in infancy,
which has been identified as a period of rapid brain
growth, may track over to cognitive performance in

early old age. We were, for the first time, able to study
these associations from infancy to early old age. We
were able to verify that the same trend in the associa-
tions between motor development and cognitive ability
previous observed to extend to midlife can be found also
in older age. Previously, based on data of the 1946
British Birth Cohort, it was observed that the earlier a
child learned to stand, the better their subsequent intel-
lectual function at ages 8, 26, and 53 years (Murray et al.
2007). In the Northern Finland 1966 birth cohort, those
who reached key infant motor milestones earlier had
better school performance at 16 years of age and educa-
tional attainment at 31 years of age (Taanila et al. 2005).
Earlier motor development in infancy has been found to
be linked with better executive functioning and greater
gray matter density and white matter volume in the adult
brain (Ridler et al. 2006). Another study from the North-
ern Finland 1966 birth cohort showed that earlier devel-
opment in the cross motor domain, measured as the age
of learning to stand, was associated with better execu-
tive functioning at ages 33-35 years. Furthermore, we
have shown earlier in the HBCS data that lower weight,
length, and head circumference at birth were associated
with lower cognitive ability at age 68 years (Réikkdnen
et al. 2013). In all, infancy is a critical period of devel-
opment of intellectual abilities in subsequent life (Gale
et al. 2004; Raikkonen et al. 2009). Faster growth of the
brain and central nervous system resulting in earlier
motor development in infancy (Malina 2004) may have
far-reaching effects on cognitive reserve capacity in
older age (Murray et al. 2006), which might partly
explain the finding of our study.

Although adjustment for educational attainment did
not notably attenuate the associations in the present
study, the results of the other studies might suggest that
earlier motor development in infancy may increase op-
portunities to attain higher educational achievements in
later life (Taanila et al. 2005) which are further associ-
ated with better cognitive performance (Deary et al.
2007). Earlier motor development together with faster
maturation of basic neural circuits may lead to more
favorable development of brain neural circuits which
are involved in higher cognitive processes in later life
(Murray et al. 2006).

As population ages, risks for decline in cognitive
function threaten the independence and quality of life
of older people and challenge the health care system
(Dodge et al. 2005; Johansson et al. 2012). However,
there is great variability among older persons in the rate
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of decline across various domains of cognitive perfor-
mance (Wilson et al. 2002). This can be explained partly
by neurobiological factor such as the size and structure
ofthe brain (Haier et al. 2004). The concept of reserve in
neuroscience indicates that structure and functioning of
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the brain can protect from the effects of neuropathology.
The greater the reserve, the less severe the decline in
cognitive performance (Richards and Deary 2005; Stern
2009). Cognitive performance outcomes in this study,
i.e., psychomotor speed, visual attention, working
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Table 3 Increase (%) in reaction times on cognitive performance tasks (CogState) according to 1 month older age at first walking

Model 1 Model 2 Model 3

% 95 % CI p value % 95 % CI p value % 95 % CI p value
SRT 11.03 1.14,21.89 0.028 10.68 0.88,21.43 0.032 10.32 0.48,21.12 0.039
CRT 14.79 4.43,26.18 0.004 14.74 432,26.17 0.005 14.17 3.75,25.63 0.007
WM 14.82 4.77,25.84 0.003 15.40 5.26,26.53 0.002 15.14 4.95,26.32 0.003
DA 7.51 -1.87,17.77 0.120 7.07 —-.2.28,17.31 0.143 7.26 —2.17, 17.59 0.135

Longer reaction times indicate poorer performance on the task

SRTsimple reaction time task, CRT choice reaction time task, WM working memory, DA divided attention task, Model 1 adjusted for age and
gender, Model 2 adjusted for model 1 and father’s occupational status and own highest attained education, Model 3 adjusted for model 2 and

adult occupational status

memory, divided attention, and associated learning, all
of which are dimensions of executive functioning, are
needed for successful performance in everyday life
(Bell-McGinty et al. 2002; Wang et al. 2002).

One of the strengths of this study is the longi-
tudinal study design. We were able to use register-
based data on age at first walking gathered from
child welfare clinic records which had been filled
in by nurses at the close proximity to the age the
child learned to walk. Cognitive performance was
measured using a sensitive validated computerized
testing battery. A computerized test is more
instructor-independent resulting in fewer data entry
errors compared to traditional paper-and-pencil
neuropsychological tests (Collie and Maruff
2003). In addition, we were able to extend the
study to a later age than ever before. There are
also some limitations in our study. First, we cannot
be completely sure that our results can be gener-
alized to other cohorts. Even though the achieve-
ment of motor milestones in infancy is fairly uni-
versal, the age of attainment may be culturally
influenced (WHO 2006). Second, our study popu-
lation comprised people who were born in Helsin-
ki and had attended child welfare clinics. It is
likely that this does not bias the sample extensive-
ly, because the clinics were free. We cannot en-
tirely rule out the people who were, deceased,
declined to participate, or not willing to participate
in the clinical examinations between the years
2004 and 2006 that were somehow different from
those not interested. However, the participants con-
sist of men and women from all social strata, so
this is not likely to bias the results materially

either. Unfortunately, we were not able to control
for some potentially important early exposures
such as parental characteristics because such data
were not recorded in the clinics at the time the
participants were growing up. Finally, there might
have been other possible factors during the life
course that may have affected the association be-
tween age at first walking and cognitive perfor-
mance in early old age which we have not been
able to control for in this study.

Conclusion

To conclude, our research has shown that persons
who learned to walk earlier had better cognitive
performance in early old age. Hence, the effects of
earlier attainment of motor skills seem to track
over to better cognitive functioning in early old
age. The contribution of infant motor development
should be further explored as an early predictor of
cognitive decline.
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