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Abstract
Although connections between cognitive deficits and age-associated brain differences have been
elucidated, relationships with motor performance are less well understood. Here, we broadly review
age-related brain differences and motor deficits in older adults in addition to cognition-action
theories. Age-related atrophy of the motor cortical regions and corpus callosum may precipitate or
coincide with motor declines such as balance and gait deficits, coordination deficits, and movement
slowing. Correspondingly, degeneration of neurotransmitter systems—primarily the dopaminergic
system—may contribute to age-related gross and fine motor declines, as well as to higher cognitive
deficits. In general, older adults exhibit involvement of more widespread brain regions for motor
control than young adults, particularly the prefrontal cortex and basal ganglia networks.
Unfortunately these same regions are the most vulnerable to age-related effects, resulting in an
imbalance of “supply and demand”. Existing exercise, pharmaceutical, and motor training
interventions may ameliorate motor deficits in older adults.
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1. Introduction
In 2030, nearly one in five U.S. residents is expected to be 65 or older. This age group is
projected to increase to 88.5 million in 2050, more than doubling the current number (38.7
million, US Census data). With advanced age comes a decline in sensorimotor control and
functioning. These declines in fine motor control, gait and balance affect the ability of older
adults to perform activities of daily living and maintain their independence. The causes of these
motor deficits are multi-factorial, with central nervous system declines and changes in sensory
receptors, muscles and peripheral nerves playing a role.

Advances in neuroimaging techniques have contributed greatly to our understanding of the
aging brain. The impact of age-related brain differences on cognitive function has been studied
extensively in recent years, and this topic has been reviewed elsewhere (cf. Cabeza, 2001; Li
et al., 2001; Park & Reuter-Lorenz, 2009; Raz et al., 2007). The literature on age-related
differences in neural control of movement has not developed as quickly, but numerous studies
have been conducted to date (cf. Harada et al., 2009; Heuninckx et al., 2005, 2008; Hutchinson
et al., 2002; Mattay et al., 2002; Naccarato et al., 2006; Riecker et al., 2006; Ward &
Frackowiak, 2003). The results thus far point to some parallels in aging of the motor and
cognitive systems, but also hint at areas of divergence. The purpose of the current article is to
provide a comprehensive review of age-related differences in brain structure, function, and
biochemistry, with particular reference to their impact on motor performance in older adults.
We advance the hypothesis that motor control becomes more reliant on central mechanisms
with age, including prefrontal and basal ganglia systems (for supporting evidence see sections
3.3 and 4). Engagement of these structures likely reflects increased reliance on cognitive
control mechanisms for older adults, in compensation for age-related sensorimotor declines
(see Figure 1). Paradoxically, the prefrontal structures that support cognitive control show the
largest age-related differences (see section 3.1 for evidence), potentially leading to further
compromises in motor control.

2. Motor performance deficits in older adults
Motor performance deficits for older adults appear to be due to dysfunction of the central and
peripheral nervous systems as well as the neuromuscular system. Motor performance deficits
include coordination difficulty (Seidler et al., 2002), increased variability of movement
(Contreras-Vidal et al., 1998; Darling et al., 1989), slowing of movement (Diggles-Buckles,
1993), and difficulties with balance and gait (Tang & Woollacott, 1996) in comparison to young
adults. These deficits have a negative impact on the ability of older adults to perform functional
activities of daily living. Gait and balance problems are of particular interest as falls are a major
source of injury and morbidity in older adults: 20-30% of older adults who fall suffer moderate
to severe injuries that limit mobility and reduce quality of life (Alexander et al., 1992).

A pronounced increase in movement duration with age is seen on a variety of tasks. Movement
slows with age by as much as 15 – 30% (cf. Diggles-Buckles, 1993). This slowing appears in
part to be strategic in that older adults emphasize movement accuracy at the cost of movement
speed (Seidler-Dobrin & Stelmach, 1998). Slower information processing may also affect
motor performance in a nonspecific, global fashion (Salthouse, 1993; Salthouse & Somberg,
1982) due to an increase in neural noise and other synaptic changes.

Older adults show deficits in coordination of bimanual and multi-joint movements. For
example, movements become slower and less smooth when older adults move their shoulder
and elbow joints simultaneously as opposed to performing single joint actions (Seidler et al.,
2002). Research with deafferented patients has demonstrated that proprioception is critical to
controlling the timing of such multi-joint actions (Sainburg et al., 1995). Cerebellar patients
exhibit similar deficits (Bastian et al., 1996), suggesting that age-related degeneration of the
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cerebellum (Raz, et al., 2001; 2005) and the proprioceptive system (cf. Goble et al., 2009) may
contribute to deficits in multi-joint coordination for older adults. During bimanual tasks older
adults demonstrate performance deficits in both temporal (Wishart et al., 2000) and spatial
coordination (Stelmach et al., 1988) in comparison to young adults. Considerable evidence
suggests that temporal bimanual coordination is most stable when movements are performed
either in-phase or anti-phase (Kelso, 1984). Young and older adults perform almost identically
during in-phase bimanual movements across a range of frequencies. However, older adults
exhibit greater movement variability than their younger counterparts during anti-phase
movements at increasing frequencies (Wishart et al., 2000).

Older adults exhibit greater spatial and temporal movement variability, resulting in less
consistent actions as compared to young adults (Contreras-Vidal et al., 1998; Cooke et al.,
1989; Darling et al., 1989). Such variability may arise from peripheral changes in the
neuromuscular system (cf. Faulkner et al., 2007) or may arise from increased neural noise at
the central nervous system level (cf. Welford, 1956). Postural stability is also often
compromised with advancing age (Maki & McIlroy, 1999; Shkuratova et al., 2004; Tang &
Woollacott, 1996). Postural control represents a complex interplay between the sensory and
motor systems and involves perceiving environmental stimuli, responding to alterations in the
body's orientation within the environment, and maintaining the body's center of gravity within
the base of support. Individuals rely primarily on proprioceptive and cutaneous input to
maintain normal quiet stance but must integrate information from multiple sensory systems as
task complexity increases (Bacsi et al., 2005; Kristinsdottir et al., 2001). Balance impairments
increase the risk for falls and associated morbidity, mortality and health care costs (Englander
et al., 1996; Tinetti et al., 1988). Older adults show increased postural sway in steady stance,
an inability to execute effective stepping responses, and difficulty controlling displacements
of the center of mass and center of pressure relative to their limits of stability (Maki & McIlroy,
1999; Tang & Woollacott, 1996) when compared with young adults.

Motor performance impairments with aging are likely due in part to changes in peripheral
structures such as sensory receptors, muscles, peripheral nerves, joints, etc, as well as central
nervous system changes. In the past, the literature has focused primarily on peripheral
mechanisms; in recent years, however, the focus has shifted to the investigation of more central
mechanisms. Here, we exclusively review age differences in sensory and motor structures
within the central nervous system that have been associated with motor performance deficits.
We also highlight the fact that older adults rely on more widespread central nervous system
engagement for motor control than young adults. We believe that a more holistic understanding
of motor performance deficits with age will require future studies which integrate measures of
both peripheral and central motor system functioning.

3. Brain differences between young and older adults
3.1 Structural brain effects

Reduced brain volume for older versus young adults may be causally related to motor deficits.
Some studies have directly evaluated whether brain structural size is correlated with motor
performance in older adults (see Table 1), while others have not measured motor performance.
When discussing the latter type of articles, we will speculate about contributions to age-related
motor performance deficits based on the known functions of the brain's motor structures.

Gray matter—Several studies have demonstrated reduced gray matter volume for older adults
(Courchesne et al., 2000; Good et al., 2001; Jernigan et al., 2001; Raz et al., 1997; Resnick et
al., 2003), with some studies reporting linear effects across age (cf. Ge et al., 2002) and others
reporting nonlinear patterns (Sowell et al., 2003). The gray matter cortical mantle is also thinner
in older adults (Salat et al., 2004). Smaller gray matter volume is often present with greater

Seidler et al. Page 3

Neurosci Biobehav Rev. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ventricular (Good et al., 2001) and cerebrospinal fluid volume (Courchesne et al., 2000) in
older adults. However, it is important to note that these volumetric fluid effects may be a
consequence of gray matter volume decreases as opposed to being an independent age-related
phenomenon. Because the overall intracranial volume is not likely to change, the space from
the lost cortical volume may just be filling with fluid so as to maintain the overall structural
integrity of the organ.

Though it is clear that older adults exhibit less gray matter volume in comparison to young
adults, the prefrontal cortex is particularly susceptible to gray matter atrophy (Good et al.,
2001; Jernigan et al. 2001; Raz et al., 1997, 2004; Resnick et al., 2003). For example, using
MRI and hand-drawn regions of interest, Raz et al. (1997) investigated differences in gray
matter volume in participants ranging in age from 18-77 years. They found that the greatest
age differences in gray matter volume were observed in the dorsolateral prefrontal and
orbitofrontal cortices. More recent work from Raz et al. (2004) also indicates an increased
vulnerability of gray matter in the lateral prefrontal cortex with age. Furthermore, Salat et al.
(2004) noted that the greatest differences in cortical thickness between young and older adults
are found in prefrontal regions. Additionally, several studies have shown that parietal cortex
shows more age differences in gray matter volume than either temporal or occipital regions
(Good et al. 2001; Resnick et al., 2003). These differential age effects in prefrontal and parietal
cortices may be relevant to motor performance deficits in old age because motor control is
more dependent on these brain regions in older adults. This topic will be discussed in more
detail in sections 3 and 4.

Given the previously described patterns of age differences in gray matter, with the prefrontal
cortex seemingly the most affected region, a question of particular interest to this review is
whether or not the sensorimotor cortex shows the same differential volume effects as the rest
of the prefrontal cortex. The overall pattern of effects is consistent with a “last in, first out”
hypothesis of atrophy. According to this hypothesis, brain regions that are last to develop are
the first to atrophy (Bartzokis et al., 2004; Salat et al., 2004). This suggests that the sensorimotor
regions of the brain would be relatively spared given that they are early to develop, both on a
lifespan and evolutionary time scale (Jerison, 1976; Webb et al., 2001). In their study of gray
matter volumetric effects, Raz et al. (1997) found that the primary motor and somatosensory
cortices showed minimal age effects. However, several other studies have shown that the
sensorimotor regions of the brain indeed show age-related differences. Using voxel-based
morphometry Good et al. (2001) found that there were age differences in gray matter volume
in both the pre- and post-central gyri. Furthermore, in their study of cortical thickness, Salat
et al. (2004) found significant age effects in both the primary motor cortex and the
somatosensory cortex. In fact, the greatest effect was in the primary motor cortex. These studies
indicate the potential vulnerability of the motor and somatosensory regions of the brain to age-
related atrophy.

Many of the studies outlined in this section did not test for relationships between brain structural
volume and motor performance measures, but it is possible that primary motor cortex atrophy
contributes to the movement slowing seen with age. Additionally, proprioceptive feedback is
important for both balance and motor coordination (Goble et al., 2009). Thus, atrophy in the
somatosensory cortex may be related to increased falls, poorer balance, and increased reliance
on visual feedback for motor performance in older adults. In a recent study, Rosano et al. (2009)
noted that volume of the sensorimotor cortex as well as regions associated with both
visuospatial and cognitive processing were associated with individual differences in gait for
older adults.

Subcortical structures related to sensorimotor function have also been shown to exhibit reduced
volume for older versus young adults. The cerebellum, which is important for movement timing
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and coordination (Ivry et al., 2002), has been shown to exhibit an accelerated decrease in
volume with age (Raz et al., 2005). The caudate nucleus also exhibits differential declines
(Raz et al, 2005), which have been linked to changes in motor performance and skill acquisition
(Kennedy & Raz, 2005). Kennedy and Raz (2005) found that larger caudate volume was
associated with better skill acquisition during the late stages of motor learning for men, and
during the early stages of motor learning for women. We further discuss basal ganglia changes
with age in section 3.2, Biochemical changes.

White matter—Declines in white matter volume with age begin later and continue at a more
accelerated rate than declines in gray matter volume (Courchesne et al., 2000; Ge et al.,
2002; Jernigan et al., 2001). A fast-growing body of literature indicates that not only is the
quantity of white matter reduced in older adults, but the quality is compromised as well. The
use of conventional MRI allows for macroscopic measurements of regional brain volume,
while diffusion tensor imaging allows assessment of white matter microstructure. One
important benefit of diffusion tensor imaging is the ability to differentiate between
microstructural deterioration of axonal integrity (assessed by longitudinal or axial diffusivity)
as opposed to myelin integrity (assessed by radial or transverse diffusivity; Gulani et al.,
2001; Song et al., 2003; Song et al., 2005; Sun et al., 2006). Many studies have reported age-
related differences in the integrity of multiple fiber bundles (O'Sullivan et al., 2001; Ota et al.,
2006; Sullivan et al., 2008). Current work indicates that age-related increases in transverse
diffusivity reflect myelin deterioration in healthy older adults (Zahr et al., 2009).

Similar to the pattern for gray matter, the “last in first out” hypothesis may also be applicable
to white matter changes. Prefrontal areas undergo myelination last during development (Webb
et al., 2001). Multiple studies have found regional effects on white matter integrity occurring
along an anterior to posterior gradient, such that fractional anisotropy is lowest and diffusivity
is highest in anterior relative to posterior fiber bundles for older adults (Davis et al., 2009;
O'Sullivan et al., 2001; Salat et al., 2005; Sullivan et al., 2008; Zahr et al., 2009). Though the
“last in first out” hypothesis of brain change with age would predict that the corticopsinal tract
would remain relatively intact, this does not appear to be the case. In their study looking at
white matter changes across the brain, Salat et al. (2005) noted vulnerability of the posterior
limb of the internal capsule. Moreover, Sullivan et al. (2008) noted that scores on a fine finger
movement task were correlated with fractional anisotropy in both the internal and external
capsules and cerebellar white matter bundles for older adults, indicating the importance of
these white matter tracts for maintaining motor task performance in old age.

The corpus callosum is the primary white matter fiber bundle connecting the two hemispheres
of the brain. This structure has been implicated in bimanual coordination (Kennerley et al.
2002) and also may play a role in inhibiting the ipsilateral motor cortex during unimanual
movements (DeGennaro et al., 2004; Netz, 1999). By subdividing the corpus callosum into 6
regions, Ota and colleagues (2006) were able to investigate age differences in white matter
integrity across this structure. Smaller fractional anisotropy values for older adults were found
in the genu, rostral body, and isthmus, with the genu and rostral body both being more anterior
regions. Higher mean diffusivity for older adults was found in the genu, rostral body, isthmus,
and in the anterior midbody. Consistent with the anterior to posterior gradient, there were larger
age effects in fractional anisotropy in the genu compared with the splenium, consistent with
other investigations (Pfefferbaum, et al., 2000; Salat et al., 2005; Sullivan et al., 2000).
Interestingly, Ota et al. (2006) also found reduced callosal projections for older adults to cortical
areas that show decreases in gray matter.

Using fMRI and several bimanual tasks Stancak et al. (2003) looked at the strength of activation
in the medial motor cortex in relation to the cross sectional surface area of the corpus callosum.
The results of their study suggested that the size of the corpus callosum modulated activity of
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the supplementary motor area and cingulate cortical areas in a manner that was dependent upon
task complexity. Interestingly, Bangert et al. (2004) recently demonstrated that age-related
bimanual coordination deficits are differentially higher for more complex conditions,
supporting the notion that callosal declines lead to these deficits. Furthermore, Sullivan et al.
(2002) noted that age differences in corpus callosum integrity were related to deficits in
interhemispheric communication efficiency. This may be important for bimanual coordination
and may result in difficulty with day-to-day activities requiring the coordinated use of both
hands. We would predict declines in bimanual coordination with age to be related to integrity
of the corpus callosum, particularly given the role that this structure plays in bimanual
movements for young adults (Kennerley et al., 2002; Stancak et al., 2003). In addition, it is
known that older adults have prolonged interhemispheric transit times for sensorimotor tasks
(Reuter-Lorenz and Stanczak, 2000; Jeeves and Moes, 1996). In contrast, they show an
advantage for bilateral transfer conditions for attentional tasks (Reuter-Lorenz and Stanczak,
2000), suggesting that callosal declines with age may not have consistent behavioral effects.

3.2 Biochemical brain effects
Cholinergic, serotonergic, and noradrenergic systems—In addition to brain
structural effects, there are also prominent differences in brain neurochemistry between young
and older adults, many of which have been directly linked to deficits in motor performance for
older adults. Bartus et al. (1982) proposed that age-related cognitive and behavioral deficits
partially arise from decreased levels of acetylcholine. This is thought to be due to both reduced
activity of acetylcholine transferase or acetylcholine esterase and reduced synthesis and release
of acetylcholine (Gottfries, 1990). Cholinergic reduction with age has been prominently found
in the medial forebrain and hippocampus. Studies have associated cholinergic decline in the
hippocampus with Alzheimer's dementia, which includes significant cognitive deficits in
learning and memory (Ballard et al., 2005; Birthelmer et al., 2003; Gottfries, 1990). Serotonin
concentration is less for older versus young adults specifically in the cingulate cortex and the
putamen (Gottfries, 1990), and has shown associations with impaired cognitive performance
(Topic et al., 2007). Altered serotonin transmission with age has also been associated with
motor dysfunction in mice (Sibille et al., 2007). Norepinephrine level is significantly reduced
with age partially due to a loss of neurons in the locus coeruleus (Mann et al., 1980; Marcyniuk
et al., 1986). Several studies have shown that norepinephrine decline in the cerebellum is
associated with age-related motor learning deficits (Bickford, 1993; Gould & Bickford,
1996).

Dopaminergic denervation and its relation to motor deficits in older adults—
With respect to age-related motor dysfunction, the dopaminergic system has been most widely
studied and appears to have the broadest effects (Table 2). The aging brain shows a significant
decline in dopamine transmission level (Kaasinen & Rinne, 2002). Studies of both the post-
mortem brain and molecular imaging using positron emission tomography (PET) have
identified that the age-associated decrease in dopamine transmission has multiple causes (see
Kaasinen & Rinne, 2002 for a review). Specifically, older adults exhibit a decrease in the
absolute level of the neurotransmitter dopamine (Carlsson & Winblad, 1976;Garnett et al.,
1983), various dopamine receptors (Inoue et al., 2001;Kaasinen et al., 2000;Suhara et al.,
1991), and dopamine transporters (Rinne et al., 1998;van Dyck et al., 1995;Volkow et al.,
1994) when compared to young adults. The loss of dopamine as evidenced in the post-mortem
brain is significant in the substantia nigra pars compacta, up to 0.5 to 0.7 % annually (Fearnley
& Lees, 1991;McGeer et al., 1977). Reduction of dopamine receptors such as the D1 and D2
subtypes occur at a rate of 5 to 10% per decade and are diffusely significant in the thalamus,
frontal cortex, anterior cingulate gyrus, and temporal cortex as well as in the striatum (Kaasinen
et al., 2000;Kaasinen et al., 2002;Mukherjee et al., 2002;Volkow et al., 2000;Wang et al.,
1996). Due to the generalized decrease in dopamine transmission, the aging brain is often
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considered to be located on the preclinical continuum of Parkinson's disease (cf. Romero &
Stelmach, 2001).

As mentioned in section 2, one of the major motor declines with age is a deficit in locomotion
and balance. There is an increased incidence of falls in older adults due to reduced gait and
balance function (Tinetti & Speechley, 1989; Tinetti et al., 1988). Recent molecular imaging
studies using PET have identified an association between levels of striatal dopamine
transmission and gait and balance in aging (Cham et al., 2007; Cham et al., 2008). Specifically,
reduced ventral striatal dopamine transmission in older adults was correlated with increased
anterior-posterior body sway, which is a measure of impaired balance (Cham et al., 2007).
Moreover, the level of presynaptic dopaminergic denervation in the anteroventral striatum
explained over 20-25% of the variability in sway magnitude in the same population (Cham et
al., 2007). Another study by the same group showed that lower striatal dopamine transporter
levels were associated with impaired gait as evidenced by reductions in speed, cadence, and
single and double support durations, even after controlling for age (Cham et al., 2008). These
studies suggest that the decline of dopaminergic activity is directly linked to decreased
movement control in older adults.

In addition to gait and balance, a link between dopamine transmission and fine motor control
in older adults has been shown by several studies (Emborg et al., 1998; Floel et al., 2008b; van
Dyck et al., 2008). Emborg et al. (1998) demonstrated that, in aged Rhesus monkeys, fine motor
control such as picking up food from a food well and the overall amount of movement is
correlated with the level of nigral dopamine degeneration as represented by tyrosine
hydroxylase and dopamine transporter immunoreactivity. Van Dyck et al. (2008) showed that
the level of dopamine transporter is correlated with simple reaction time in older adults. These
results suggest that the degree of nigrostriatal dopamine transporter degeneration in aging may
underlie decreased fine movement control and movement slowing.

Collectively the aforementioned studies illustrate the link between nigrostriatal dopaminergic
denervation and deficits in locomotion and fine motor control in older adults. Although many
studies have shown a direct correlation between measures of nigrostriatal dopamine level and
motor performance (Cham et al., 2007; Cham et al., 2008; Emborg et al., 1998; van Dyck et
al., 2008), changes in the dopamine reward and motivation system may also be indirectly
related to certain aspects of age-related motor deficits. For example, one might hypothesize
that movement slowing in older adults may partially arise from decreased motivation and
emotional arousal, similar to psychomotor slowing shown in patients with apathy and
depression. One recent study addressed this issue by separating out psychomotor slowing
associated with aging from that associated with depression (Bonin-Guillaume et al., 2008).
While psychomotor slowing was present in all aspects of central nervous system information
processing in aging, the effect was only present on the components of response selection and
motor adjustment in depression. This suggests that motor function can be affected by
psychomotor slowing due to reduced motivation and emotional arousal and that this effect is
independent of age-related effects. Future studies should delineate the underlying mechanism
of movement slowing in older adults, by taking into consideration the possible effects of the
down-regulated reward and motivational systems.

Dopamine also plays a significant role in higher cognitive functions such as working memory
(Arnsten & Li, 2005). Several studies have associated the level of dopamine receptor or
transporter density and performance on executive function and working memory in older adults
(Backman et al., 2000; Mozley et al., 2001; Volkow et al., 1998). Given the role that working
memory plays in motor skill acquisition (Anguera et al., in press; Bo & Seidler, 2009), these
cognitive deficits associated with dopaminergic degeneration may indirectly contribute to age-
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related motor dysfunction. Interactions between cognition and action control in older adults
are reviewed further in section 4 of this article.

3.3 Functional brain effects
Numerous studies have documented age-related differences in functional brain recruitment
patterns during motor task performance. Some of these studies have tested for relationships
with age-related motor performance deficits (see Table 3), whereas others have not. In the latter
case, we speculate about potential relationships with motor performance based on the existing
literature. Cabeza (2001) proposed the Hemispheric Asymmetry Reduction in Older Adults
(HAROLD) model, describing the finding that older adults demonstrate decreased prefrontal
cortex lateralization across different memory and cognitive tasks. Older adults exhibit similar
over-recruitment relative to young adults when performing motor tasks (Calautti et al.,
2001;Heuninckx et al., 2005;2008;Mattay et al., 2002;Ward & Frackowiak, 2003). Over time,
two prominent theories have been put forth in the literature to explain the underlying
mechanisms accounting for over-activation in the older brain. Non-selective recruitment or de-
differentiation suggests that brain structure-function relationships become less precise with
age, resulting in older adults inefficiently recruiting additional regions of the brain compared
to young adults (Li & Lindenberger, 1999;Logan et al., 2002;Park et al., 2004;Riecker et al.,
2006). In contrast, the compensation view posits that these additional brain areas are positively
associated with task performance, and that they compensate for age-related brain structural
and biochemical declines (Cabeza, 2001;Heuninickx et al., 2008;Mattay et al., 2002;Naccarato
et al., 2006;Reuter-Lorenz and Lustig, 2005;Ward & Frackowiak, 2003;Wu & Hallet, 2005).

De-differentiation—Some studies within the cognitive domain have revealed that older
adults demonstrate non-selective recruitment of brain regions relative to young adults, possibly
reflecting a breakdown in the appropriate selection of regions associated with controlled task
performance (Buckner & Logan, 2002; Logan et al., 2002). However, there is little evidence
that this occurs during motor task performance in older adults. One exception comes from
Riecker et al., (2006), who reported that both young and older adults demonstrated an increased
hemodynamic response within contralateral motor areas as finger tapping frequency increased.
Although there was also additional ipsilateral activation seen in the older adults, there was no
augmented hemodynamic response with increased task difficulty (Riecker et al., 2006). In fact,
during an isometric hand-grip task, Ward et al., (2008) found that while task-related activity
co-varied positively with increasing force output in a number of brain regions it was less
prominent in older adults in the contralateral primary motor cortex, cingulate sulcus and
premotor cortices. This may indicate a reduced ability to modulate activity in appropriate motor
networks for older adults thus contributing to age-related decline in motor performance. One
hypothesis for the increased activation seen in older adults may be that older adults utilize
different strategies than young adults (Riecker et al., 2006). Additionally, the greater ipsilateral
activation may be the result of decreased interhemispheric inhibition via the corpus callosum.
Paired pulse transcranial magnetic stimulation studies have shown that healthy older adults
display less excitability of intracortical inhibitory circuits than young adults (Peinemann et al.,
2001). While overactivation of prefrontal regions may enhance cognitive task performance in
older adults, increased activation in the ipsilateral motor cortex may be counterproductive in
motor tasks. In young adults, movement of the dominant hand has an overall inhibitory effect
on the ipsilateral motor cortex (Sohn et al., 2003). This increased level of inhibition within the
ipsilateral cortex reduces unintended movements of the opposite hand, often referred to as
mirror movements (Liepert et al., 1998; Stinear & Byblow, 2003). Therefore, older adults that
maintain the ability to inhibit the ipsilateral motor cortex may retain the ability to perform the
task efficiently. These findings suggest that increased activation within the motor system for
older adults may not be related to the functional task demands and does not necessarily reflect
reorganization to compensate for the neurobiological changes of aging.

Seidler et al. Page 8

Neurosci Biobehav Rev. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Compensation—Compensation is a more frequently-invoked interpretation of brain over-
activation in older adults. Mattay et al. (2002) found that older adults recruited additional
cortical and subcortical areas compared to young adults for the performance of a simple reaction
time task. Among older participants, the activation patterns in those with impaired performance
did not differ from young adults. However, in older adults with faster reaction times, increased
motor recruitment was observed in comparison to young adults. This finding of over-activation
in older adults is consistent with what is typically seen in the cognitive literature (cf. Park &
Reuter-Lorenz, 2009 for a recent review).

A general characteristic of motor control is the ability to perform tasks without overt attention
directed towards movement details (Wu & Hallett, 2005). Although it takes more training time,
older adults can eventually perform tasks automatically at the same level as their younger
counterparts. However, older adults show greater activity in regions that are engaged by young
adults, including the bilateral anterior lobe of the cerebellum, premotor cortex, parietal cortex,
left prefrontal cortex, and anterior cingulate cortex. Moreover, they recruited regions that were
not activated by young adults, including the pre-supplementary motor area and the bilateral
posterior parietal lobe in comparison to young adults (Wu & Hallet, 2005). These results
indicate that while healthy older adults can perform complex motor tasks automatically, they
appear to require additional brain activity to perform at the same level as young adults.

The ability to coordinate multiple body segments is intrinsic to many activities of daily living
(i.e. driving, eating, dressing, etc.). During isolated, rhythmical hand/foot movements
performed in the same direction or in opposite directions, Heuninckx et al., (2005, 2008) found
that older adults activated more executive, cognitive, and association brain regions to perform
tasks that young adults performed with more automated processes. This strategic difference in
the older adults was associated with increased prefrontal, premotor and pre-supplementary
motor area activation. Older adults' increased engagement of neural resources during motor
performance relative to young adults, particularly the recruitment of nonspecific areas spanning
the cognitive and motor domains, may account for extra difficulties that they encounter during
multitasking (cf. Li et al., 2006). This theory is supported by extensive research on the dual-
task costs of concurrent cognitive and motor tasks, which is discussed further in section 4 of
this review.

The findings of Heuninckx et al. (2008) provide support for the compensation hypothesis.
These authors found a significant correlation between activation in engaged brain regions and
motor task performance in older adults, such that better performers exhibited greater brain
activation levels than poor performers. Unlike the findings of Riecker et al. (2006), this effect
was exaggerated as task demands increased. Additional support for the compensation
hypothesis is derived from the fact that the positive association between performance and brain
activity was not all-encompassing, but rather was localized to regions that were recruited by
both age groups or additionally recruited by the older adults. Thus, it seems that compensatory
recruitment plays a role in prefrontal regions associated with cognitive control (Cabeza,
2001; Reuter-Lorenz et al., 2000) as well as in regions associated with sensorimotor processing.
It is important to note that not all of the older adults in these studies exhibited overactivation,
suggesting differential effects of age across individuals. A clear hypothesis as to why increased
neural engagement is present in some older adults and not others has yet to be identified,
however.

Considering that it is the principal source of motor output, activation within the primary motor
cortex is of special interest during motor tasks. Mattay et al. (2002) demonstrated that
contralateral and ipsilateral primary motor cortex activation is greater for older than young
adults, whereas Calautti et al. (2001) showed no age difference in engagement of contralateral
or ipsilateral primary motor cortices. Naccarato et al. (2006) investigated the effect of age on
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primary motor cortex activation during an index-to-thumb tapping task by targeting the
hemispheric balance of activation. Using a weighted laterality index, they demonstrated that
age and the laterality of activation are inversely proportional. The authors suggest that to
produce the same performance as their younger counterparts, older adults must increase the
recruitment of the primary motor cortices bilaterally (Naccarato et al., 2006). In support of this
idea, Taniwaki et al. (2007) used structural equation modeling and found evidence for increased
connectivity within motor cortices and between the two hemispheres in older adults. In
particular, older adults showed stronger interactions among the bilateral supplementary motor
areas, ventral premotor, and sensorimotor cortices. Thus, complex changes in the reciprocal
excitatory/inhibitory transcallosal system with age might account for a portion of Naccarato
et al.'s (2006) findings.

Although the field is currently far from a clear understanding of age-related differences in
neuromotor function, clear patterns of neural plasticity with age have begun to emerge within
the past decade. Based upon the reduced gray matter and white matter volume for older versus
young adults (see section 3.1), the initial hypothesis in the cognitive literature assumed that
performance deficits in older adults arose from diminished contributions of specialized brain
regions and a decreased ability to engage the relevant neural circuitry. Indeed, older adult brains
typically follow patterns of underactivation relative to young adults during memory, cognitive
control and executive processing. In contrast, older adults show greater activation when
performing tasks that engage executive functions, episodic memory, and working memory
tasks when compared to young adults (Emery et al., 2008; Morcom et al., 2003; 2007; Reuter-
Lorenz et al., 2000; Rypma & D'Esposito, 2000). These cognitive findings have recently been
extended into the motor control literature, with one interesting exception -- studies utilizing
motor tasks do not report areas of underactivation in older adults (Calautti et al., 2001;
Heuninckx et al., 2005; 2008; Mattay et al., 2002; Ward & Frackowiak 2003). During motor
tasks, older adults exhibit additional activation in higher-level prefrontal and sensorimotor
cortical areas, perhaps reflecting increased reliance on cognitive control and sensory
information processing (Heuninckx et al., 2005; 2008). Activity in these regions of increased
activation in older adults is typically correlated with better performance, suggesting that the
increased activation and engagement of additional areas is compensatory during motor task
performance.

4. Interactions between cognition and action
Compatible with the findings of greater prefrontal cortex recruitment for motor control by older
adults described above, many studies have reported deficits in older adults simultaneously
performing cognitive and motor tasks (Brauer et al., 2001; Brown et al., 1999; Hartley, 1992;
Huxhold et al., 2006; Li & Lindenberger, 2002; Lindenberger 2000; Lövdén et al., 2008;
Maylor & Wing, 1996; Shumway-Cook et al., 1997; Teasdale et al., 1993; Teasdale &
Simoneau, 2001). Emerging evidence suggests that motor control is more attentionally
demanding for older adults, requiring additional cognitive resources and increasing the
codependence on certain cortical areas (see Li & Lindenberger, 2002 for a review). Increasing
interest in this topic is evidenced by a recent special issue devoted to its discussion in the Journal
of Gerontology: Biological Sciences & Medical Sciences (63A (12), 2008).

Empirical evidence suggests that age-related performance deficits for certain combinations of
cognitive and motor tasks are disproportionately greater than the additive age-related costs of
performing the two tasks independently. This is referred to as a dual-task cost. Older adults
show greater performance decrements under dual-task (cognitive and motor) experimental
designs than their younger counterparts (Brauer et al., 2001; Brown et al., 1999; Chen et al.,
1996; Huxhold et al., 2006; Lindenberger et al., 2000; Lövdén et al., 2008; Maylor et al.,
1996; Shumway-Cook et al., 1997; Teasdale & Simoneau, 2001). However, if the performance
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indices are sensitive enough, healthy young adults often demonstrate some level of dual-task
decrements as well (Chen et al., 1996; Lindenberger et al., 2000; Shumway-Cook et al.,
1997; Teasdale & Simoneau, 2001). Several studies in the 1980's and early 1990's suggested
that maintenance of postural stability was an attentionally demanding task, particularly for
older adults (Cordo & Nashner, 1982; Horak et al., 1984; Stelmach et al., 1990). These studies
contended that in dual-task situations attentional resources would be allocated to voluntary
motor tasks only after sufficient resources had been allocated for the maintenance of postural
stability. Later studies demonstrated an age-related trade-off between performance on
concurrent cognitive processing and maintenance of postural stability but refuted the ‘posture
first’ hypothesis (Shumway-Cook et al., 1997; Teasdale et al., 1993). For example, Shumway-
Cook et al. (1997) suggested that allocation of attention under dual-task conditions depends
on the nature of the tasks and the participants' goals which are modulated by, among other
things, the injury risks associated with the postural task and the instructions provided.

Greater recruitment of the prefrontal cortex for older adults when performing basic motor tasks
(Heuninckx et al., 2005, 2008) may lead to a reduction in neural resources available for
performance of a concurrent task (Reuter-Lorenz & Lustig 2005; Reuter-Lorenz & Mikels,
2006). Dual-task paradigms that elicit large dual-task costs for older adults tend to involve
tasks that depend on the same cognitive processes. Cognitive regulation is then necessary in
order to avoid interference and thus disproportional dual-task costs are elicited. By this logic,
when processing demands of two concurrently performed tasks become more similar, increases
in dual-task costs are expected (Lindenberger et al., 2000). Functional reorganization and
overactivation in the older adult brain has been covered in detail in section 3.3 of this review.
Of particular interest here are studies by Heuninckx et al. (2005, 2008) which demonstrated
that increased coordination during interlimb coupling tasks was positively correlated with
activation of the brain's motor regions as well as higher-level sensorimotor and prefrontal
cortical regions in older adults. Harada et al. (2009) utilized functional near-infrared
spectroscopy to study cortical contributions to walking in healthy older adults. This study
demonstrated increased oxygenated hemoglobin in the prefrontal cortex and supplementary
motor area during walking for older compared to young adults, and found that this difference
was greater during walking at 70% of max speed than at 50% or 30% of max speed. In a similar
study, Mihara et al. (2008) used functional near-infrared spectroscopy to document activation
in the prefrontal cortex during responses to postural perturbations in young healthy participants.
The authors hypothesized that prefrontal involvement indicated utilization of visuospatial
attentional resources even for healthy young participants.

Taken together, the studies described in this section support the hypothesis that there is an age-
associated shift from automatic (lower level) movement control to attentional (higher level)
movement control involving motor imagery, somatosensory information, and visual feedback.
Given this, it may be that central control mechanisms are even more important to maintaining
postural stability than the peripheral sensorimotor system in older adults. Results from imaging
studies (Harada et al., 2009; Heuninckx et al., 2005; Heuninckx et al., 2008; Mihara et al.,
2008) and studies involving dual task experimental paradigms (Maylor et al., 1996;
Lindenberger et al., 2000) provide convincing evidence that visuospatial cortical processes are
involved in executing locomotor-like actions and maintaining postural stability. Meanwhile,
brain structures including the cerebellum and prefrontal cortical regions that underlie such
processes exhibit the largest differences across age groups (see Figure 1). Understanding the
shift in control mechanisms with age may provide further insight into age-related motor
performance decrements, including the increased risk of falls.

Age effects in brain structure, biochemistry and function are all likely implicated in this age-
related increase in the dual-task cost of concurrent cognitive and motor behavior. A greater
reliance on cognitive control for motor tasks makes structural differences in the prefrontal
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cortex interesting from the perspective of age-related decrements in motor control. Specifically,
the anterior to posterior pattern of gray and white matter age effects (see section 3.1) suggests
that while older adults tend to recruit prefrontal resources for motor control (see section 3.3),
these resources may be limited. Additionally, age-related dopaminergic degeneration, which
has been shown to decrease performance on executive function and working memory tasks,
may indirectly contribute to age related motor dysfunction by further confounding this
prefrontal resource bottleneck.

5. Can motor deficits be ameliorated?
The ability to mitigate or even reverse age-related motor deficits will be critical for successful
aging in our graying society. By preventing or compensating for brain changes and motor
performance deficits, older adults will be better able to perform activities of daily living such
as operating a motor vehicle safely, avoiding a potentially injurious fall, and performing daily
chores around the house. Several interventions hold great promise in this regard, including
exercise, motor training, and pharmaceutical approaches.

5.1 Exercise interventions
Research investigating the effects of exercise on older adults has primarily focused on brain
structural and functional changes with relation to cognitive improvements. Neurophysiological
studies utilizing in vivo noninvasive imaging techniques have expanded our knowledge of
exercise-induced brain changes. Electroencephalography has shown that physically active
older adults are able to recruit additional brain resources to improve performance on various
cognitive and motor tasks than their sedentary counterparts (Hatta et al., 2005; Hillman et al.,
2002; Hillman et al., 2004). Moreover, MRI studies have shown that older adults with higher
aerobic fitness levels may have greater brain volume in the areas discussed in section 3 as being
particularly vulnerable to age-related effects, including the prefrontal, superior parietal, and
middle/inferior temporal cortices and anterior white matter tracts (Colcombe et al., 2003).
Older adults enrolled in a six-month aerobic fitness intervention increased brain volume in
both gray matter (anterior cingulate cortex, supplementary motor area, posterior middle frontal
gyrus, and left superior temporal lobe) and white matter (anterior third of corpus callosum)
(Colcombe et al., 2006). In addition, Colcombe et al. (2006) showed older adults with higher
cardiovascular fitness levels are better at activating attentional resources, including decreased
activation of the anterior cingulate cortex. This suggests that physically active older adults
require less error monitoring and show improvements in motor performance. Exercise appears
to enhance the functioning of prefrontal brain regions. As discussed in sections 3 and 4, motor
control increasingly relies on cognitive control and the prefrontal cortex with advancing age.
Therefore, exercise interventions will likely result in improved motor control for older adults.

These neuroimaging studies show that physical activity mitigates brain structural and
functional deficits. Although our main goal here is to review age-related changes in motor
performance, the research on exercise interventions has primarily investigated the impact on
cognitive performance for older adults. Since exercise is a motor behavior and many of the
cognitive tests include a motor component, it is appropriate to comment on the effect of physical
activity on the cognitive abilities of older adults. Reaction time and processing speed are very
important for motor functions used in fall recovery, driving, etc. Older adults enrolled in a four-
month aerobic intervention have shown improved performance on simple and choice reaction
time tests over sedentary older adults (Dustman et al., 1984). Physical activity has also been
shown to improve visuospatial performance (Shay et al., 1992). Lifting items or placing a key
in a door involves visuospatial cognition, so physically active older adults may be better
prepared to perform everyday motor tasks independently. There is strong evidence that exercise
ameliorates age-related declines in the brain, ultimately improving overall physical and
cognitive health. Such improvements are likely linked to motor functioning as well.
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5.2 Training interventions / sensorimotor plasticity
The brain's capacity for sensorimotor plasticity can be measured by evaluating changes in
motor representations that occur with motor training (cf. Sawaki et al., 2003) or by measuring
the effects of repeated, paired associative stimulation (cf. Tecchio et al., 2008). These
approaches have yielded conflicting results in terms of how such cortical plasticity differs
between young and older adults. Sawaki et al. (2003) looked at the effect of age and gender
on motor cortical plasticity using transcranial magnetic stimulation (TMS) to map motor
representations before and after a single bout of motor learning. Older adults improved motor
performance and had changed motor cortical representations following training; however their
improvement was considerably smaller than that of the younger adults. In the same study, there
was also less plasticity in young females than in young males. Since there was no gender
difference between the older participants, males showed greater age differences than females.
Tecchio et al. (2008) showed a decline in plasticity occurring in response to paired associative
stimulation (i.e., temporally synchronous TMS pulses and median nerve stimulation) only in
older females, which contradicts the findings of Sawaki et al. (2003). One possible explanation
for the difference is the hormone levels in the female participants. Tecchio et al. controlled for
hormonal levels in young females by testing them during the follicular phase of their menstrual
cycle. However, they did not report whether the older female participants were on hormone
replacement therapy.

A decrease in sensorimotor cortical plasticity could lead to learning deficits in older adults.
However, it has been shown that older adults learn some motor tasks as well as younger
participants despite their overall slower performance (cf. Seidler, 2006). Older adults are also
able to learn to learn new motor skills (Seidler, 2007a, 2007b). That is, older adults learn a new
task faster if they previously learn multiple other motor tasks. Long term sensorimotor training
is associated with increases in gray matter volume for older adults (Boyke et al., 2008). Similar
to findings obtained with young adults (Driemeyer et al., 2008; Draganski et al., 2004), three
months of juggling practice resulted in a significant increase in gray matter volume in the mid-
temporal cortex (in the region specialized for motion processing) for older adults relative to
age-matched controls. Overall, the literature described in this section provides evidence that
the older brain shows adaptive benefits associated with motor training.

5.3 Pharmaceutical interventions
The literature reviewed in section 3.2 describes deficient neurotransmission in multiple
neurotransmitter systems in older adults. Declines in cholinergic, serotonergic, noadrenergic,
and dopaminergic neurotransmission result in cognitive and motor deficits in older adults.
Many studies report that compensation of dopamine enhances behavioral performance.
Increasing dopaminergic transmission with Levodopa or dopamine agonists has been shown
to improve both cognitive (Castner & Goldman-Rakic, 2004; Gierski et al., 2007; Peretti et al.,
2004) and motor functions (Floel et al., 2008a; Floel et al., 2008b; Newman et al., 1985) in
healthy older adults. Specifically, administration of dopaminergic agents led to improved
working memory (Castner & Goldman-Rakic, 2004), cognitive skill learning (Peretti et al.,
2004), and verbal fluency (Gierski et al., 2007). Skilled motor performance (Floel et al.,
2008b) and movement encoding (Floel et al., 2008a) also improved after Levodopa
administration, whereas movement velocity, reaction time, and tremor did not improve
significantly (Newman et al., 1985).

Collectively, the results of these studies suggest the potential use of pharmacological agents
to facilitate behavioral performance in older adults. Cholinergic agents are already being used
for treating cognitive deficits in dementia (Ballard et al., 2005) and pharmaceuticals to
compensate for loss of serotonergic and noradrenergic transmission also show performance
enhancing effects for cognitive functions such as working memory (Buccafusco, 2008). These
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agents may also indirectly contribute to motor performance, considering the greater reliance
on cognitive processes for motor control in older adults (previously discussed in section 4 of
this review). Dopaminergic agents can improve motor performance more directly as evidenced
by the studies outlined above. However, further investigation as to whether the use of
dopaminergic agents as a treatment for older adults is warranted. As described by the ‘inverted-
U’ relationship between the level of dopamine and performance level, too much dopamine is
as bad for performance as too little (for review see Cools, 2006). Additionally, dopaminergic
agents are associated with a host of behavioral side effects and neurobiological adaptations
such as receptor modulation (cf. Outeiro & Ferreira, 2009). Thus this topic of research should
be approached with caution.

5.4 Assistive devices
Another route for rehabilitation of age-related motor declines is the provision of assistive
devices and strategies. For example, it has been shown that older participants can make use of
contact cues from light fingertip forces applied to a stationary object to reduce postural sway,
particularly when visual information is removed (Tremblay et al., 2004; Baccini et al., 2007).
For older adults with extreme sensory loss, sensory substitution devices such as a vibrotactile
vest (Sienko et al., 2008) may provide additional sensory cues and improve balance. Robotic
devices being developed for rehabilitation of movement disorders patients (cf. Reinkensmeyer
& Patton, 2009) may also be effective at providing support and physical guidance during motor
training for healthy older adults.

6. Conclusions and Future Directions
Our knowledge regarding the cognitive neuroscience of aging has expanded greatly over the
past 10 – 15 years. The purpose of the current review was to summarize the subset of this
literature that has addressed age-related changes in the neural control of movement. While
previous work has emphasized the impact of peripheral changes in the neuromuscular and
sensory systems on motor control in older adults, it is clear that central brain changes play a
role as well. Several of the examples outlined in this review provide evidence that age
differences in brain structure, function, & biochemistry are related to motor performance.
Motor control relies on more widespread engagement of the prefrontal cortex and basal ganglia
networks for older adults. Paradoxically, these systems are the most detrimentally affected by
the aging process. These effects can be cast in a classical “supply and demand” framework
(see Figure 1): age-related declines in brain structure and neurotransmitter availability lead to
greater demand on cognitive resources for compensation. Unfortunately, the prefrontal systems
which support such cognitive processes are the most vulnerable to age-related losses, leading
to reduced availability of compensatory mechanisms. This hypothesis as well as competing
ones remain to be evaluated in future studies, as the nascent field of age differences in
neuromotor control gains momentum. A greater understanding of age-related motor system
changes is an important precursor to designing appropriate rehabilitation strategies. Exercise,
motor training, pharmaceutical agents, and assistive devices may provide promising avenues
for future interventions.
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Figure 1.
“Supply and demand” framework applied to age-related changes in the neural control of
movement. Older adults increasing rely on cognitive brain processes for motor control
(“cognitive demand”) due to structural and functional declines in the motor cortical regions
(MC), cerebellum, and basal ganglia pathways, coupled with reduced neurotransmitter
availability. At the same time attentional capacity and other relevant cognitive resources
(“cognitive supply”) are reduced due to differential degradation of the prefrontal cortex (PFC)
and anterior corpus callosum (CC). Young Adults (YA); Older Adults (OA).
Note: we use the term “cognitive” here in a general sense to represent attention, working
memory, visuospatial processing, and other functions contributing to motor control.
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Table 1

Studies that have demonstrated significant relationships between motor performance and gray matter volume, as
well as studies that have demonstrated relationships between motor performance and measures of white mater
integrity. FA = Fractional Anisotropy, λL = Longitudinal diffusivity, ADC = Apparent diffusion coefficient,
DOM = Dominant side, NON = Non-dominant side, BA = Brodmann's area, OA = Older adults, YA = Young
adults.

Gray Matter

Study Motor Task Movement Frequency Gray matter regions associated with motor
task performance in older adults

Kennedy
and Raz
(2005)

6-pointed star
mirror tracing with
DOM hand

Self-selected Positive correlation between gray matter
volume and tracing performance (i.e. larger
gray matter volume correlated with better
performance)
Bilateral Lateral Prefrontal Cortex (BA
8,9,10,45,46)
Bilateral Caudate Nuclei – Only in males during
late learning

Rosano et
al., (2009)

Treadmill walking Self selected Positive correlation between gray matter
volume and multiple gait parameters (i.e.
larger gray matter volume correlated with
better gait performance)
Bilateral Basal Ganglia (Pallidum) – Step width
Bilateral Inferior Parietal Lobule (BA 39) – Step
width, double stance support, step length
Right Middle Frontal Gyrus (DLPFC) – Step
width, step length, double stance support
Right Primary Motor Cortex (BA 4) – Step length,
double stance support
Bilateral Somatosensory (BA 1,2,3) – Step length,
double stance support
Right Superior Parietal Lobule (BA 7) – Step
length, double stance support
Left Supplementary Motor Area (BA 6) – Step
length

White Matter

Study Motor Task Movement Frequency White matter regions in which tract integrity
is associated with motor task performance in
older adults

Sullivan
et al.,
(2008)

Knurled pin rolling
between thumb and
index, DOM, NON
& bimanual hands

Maximum # of rotations
in 30 seconds

Positive correlation between white matter
integrity and motor performance (i.e. better
white matter integrity correlated with better
performance)
OA & YA Groups Combined
Internal Capsule – FA, λL
External Capsule – FA, λL
Cerebellar Hemisphere Bundle - λL

Sullivan
et al.,
(2009)

Static balance 30 seconds Negative correlation between white matter
hyperintensities and postural stability (i.e.
larger white matter hyperintensities
correlated with poorer stability)
OA & YA Groups Combined
Females Only
White matter hyperintensity volume – Sway path
length

Zahr et al.,
(2009)

Composite of
several motor tests,
DOM & NON

N/A Positive correlation between white matter
integrity and motor performance (i.e. better
white matter integrity correlated with better
performance)
OA & YA Groups Combined
Genu – FA, ADC
Fornix – FA, ADC
Splenium - ADC
Uncinate fasciculus – FA, ADC
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Table 2

Studies that have demonstrated significant relationships between motor performance and biochemical brain
changes with aging. DOM = Dominant side, DAT = Dopamine transporter, TMS = Transcranial magnetic
stimulation.

Study Motor Task Biochemical Marker(s) Brain regions associated with motor task
performance in older adults

Cham et
al.,
(2007)

Quiet standing
and postural
responses to
A/P
perturbations

[11C]-β-CFT - radioligand
for DAT

Negative correlation between AP postural sway
and presynaptic dopaminergic activity (i.e. less
dopaminergic activity associated with more
sway)
Anteroventral Striatum – Quiet stance (eyes open)
Anteroventral Striatum – Quiet stance (eyes closed)
Anteroventral Striatum – Sway referenced visual
environment
Anterior Putamen – Sway referenced visual
environment

Cham et
al.,
(2008)

Walking at a
self-selected
pace

[11C]-β-CFT - radioligand
for DAT

Age-dopamine-gait relationships that were
significantly less than their age-based predictions
Striatal DAT binding – Gait speed
Striatal DAT binding – Cadence
Striatal DAT binding – Single and double support
time
Striatal DAT binding – Double support time
variability

Floel et
al.,
(2008a)

Motor training
of DOM
thumb
performed in
opposite
direction of
TMS evoked
movement

[11C]raclopride - D2
receptor ligand raclopride

Positive correlation between motor memory
formation and dopamine release (i.e. more
dopamine release associated with more
movements in the direction of training)
Left Dorsal Caudate – While on levodopa

Van
Dyck et
al.,
(2008)

Simple
Reaction Time
& DOM Index
finger tapping
-maximum
number of taps
in 10 seconds

[123I] β-CIT - radioligand for
DAT

Negative correlation between motor
performance and striatal DAT binding (i.e. less
striatal DAT binding was associated with poorer
performance)
Striatal DAT binding – Simple reaction time
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Table 3

Studies that have demonstrated significant relationships between motor performance and functional brain
activation. DOM = Dominant side, NON = Non-dominant side, ISO = Isodirectional, NON-ISO = Non-
isodirectional, BA = Brodmann's area, OA = Older adults, YA = Young adults.

Study Motor Task Cue Movement Frequency Brain regions associated with
motor task performance in older
adults

Harada et
al., (2009)

Treadmill walking None 30, 50, & 70% walking
intensity (Karvonen

method)

Positive correlation with cadence
& velocity (i.e. compensatory
activation):
Medial Supplementary Motor Area
Medial Sensorimotor Cortex

Heuninckx
et al.,
(2008)

ISO & NON-ISO
simultaneous
movement of DOM
hand and foot

Visual YA: 1.0 & 1.5 Hz
OA: 1 Hz

Positive correlation with motor
task performance (i.e.
compensatory activation):
OA & YA Groups Combined
Left Primary Motor Cortex (M1
Hand Area) - ISO
Right Cerebellum Hemisphere (V) -
ISO
Left Primary Sensory Cortex (S1
Hand Area) - ISO & NON-ISO
Right Supplementary Motor Area –
NON-ISO
Left Inferior Postcentral Gyrus –
NON-ISO
Left Cingulate Cortex (Cingulate
Motor Area) – NON-ISO
OA Group
Left Middle Frontal Gyrus
(DLPFC) – NON-ISO
Left Inferior Frontal Gyrus (pars
opercularis) – NON-ISO
Left Anterior Insula – NON-ISO
Left Superior Frontal Sulcus (pre-
PMd) – NON-ISO
Left Superior Temporal Gyrus –
NON-ISO
Left Superior Parietal Gyrus –
NON-ISO
Left Cerebellar Hemisphere (V) –
NON-ISO
Right Cerebellar Hemisphere
(VIIIB) – NON-ISO

Mattay et
al., (2002)

Spatially cued
finger response
2nd-5th finger of
DOM hand

Visual 0.6 Hz Negative correlation with reaction
time (i.e. compensatory
activation):
Bilateral Primary Motor Cortex (BA
4)
Bilateral Lateral Premotor Area
(BA 6)
Medial Supplementary Motor Area
(BA 6)
Left Inferior Parietal Cortex (BA 40,
Supramarginal gyrus)
Left Occipital Cortex (BA 19, V3
Associative Visual Cortex)
Right Cerebellum Hemisphere (V)

Rieker et
al., (2006)

Index finger
tapping of DOM
hand

Auditory 2, 2.5, 3, 4, 5 & 6 Hz None - Overactivation in older
adults was not incrementally
increased with task difficulty (i.e.
overactivation did not appear to
serve a compensatory function)

Ward et al.,
(2008)

Isometric hand-
grip with DOM &
NON

Visual 15, 30 & 45% Maximal
Voluntary Contraction

Decrease with advancing age in
the parameter estimate
representing linear changes in
BOLD signal with grip force (i.e.
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Study Motor Task Cue Movement Frequency Brain regions associated with
motor task performance in older
adults
no increasing activation with
increasing force output):
Left Primary Sensory Cortex – Right
hand grip
Left Primary Motor Cortex –Right
hand grip
Left Premotor Cortex (PMd) – Right
hand grip
Superior Cingulate Sulcus –Right
hand grip
Right Primary Motor Cortex – Left
hand grip
Left Superior Cingulate Sulcus –
Left hand grip
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