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Abstract

Functional neuroimaging techniques have allowed for investigations into the mechanisms of age-
related deterioration in motor control. This study used functional Magnetic Resonance Imaging
(FMRI) to investigate age related differences in the control of grip force magnitude. Using an
event-related design, fMRI scans were completed on 13 older adults, and 13 gender matched
younger adults, while using their dominant hand to squeeze a rubber bulb for 4s at 10%, 40% or
70% of their maximum voluntary contraction. Both groups were able to match the relative force
targets, however the older adults produced significantly lower levels of absolute force. fMRI
analysis consisted of a 1) region of interest (ROI) approach to detect differences in selected motor
areas within brain and 2) a voxel-wise whole brain comparison to find areas of differential
activation that were not defined a priori between the older and younger group. The ROI analysis
revealed that despite producing lower levels of absolute force, the older adults showed higher
levels of activity predominantly in subcortical structures (putamen, thalamus and cerebellum)
when compared to the younger group. The older adults also showed higher levels of activity in the
ipsilateral ventral premotor cortex. A total of 19 of the 22 ROIs analyzed showed a significant
main effect of the required force-level. In the majority of the ROIs that showed a significant force
effect there were no significant differences in the magnitude of the blood-oxygen-level-dependent
(BOLD) signal between the 10% and 40% conditions but a significantly higher BOLD signal in
the 70% condition, suggesting that the modulation of brain activation with grip force may not be
controlled in a linear fashion. It was also found that the older adult group demonstrate higher
levels of activation in 7 areas during a force production task at higher force levels using a voxel-
wise analysis. The 7 clusters that showed significant differences tended to be areas that are
involved in visual-spatial and executive processing. The results of this study revealed that older
adults require significantly higher activation of several areas to perform the same motor task as
younger adults. Higher magnitudes of the BOLD signal in older adults may represent a
compensatory pattern to counter age related deterioration in motor control systems.
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1.0 Introduction

The normal aging process leads to several declines of the motor system that are related to
changes within the central nervous system, peripheral nervous system and the
musculoskeletal system (Seidler et al., 2010). These changes have the potential to lead to
decreased motor performance with aging, which has been observed in the forms of
decreased coordination, increased movement variability, slower movements and difficulties
with balance and gait (Seidler et al., 2010). Ward (2006) reviewed a number of potential
causes for decreased motor performance in older adults, including changes in the brain, such
as a loss of grey matter, decreased dendritic density (Anderson and Rutledge, 1996) and
reduced cerebral blood flow (Leenders et al., 1990). Other possible reasons for decreased
motor function with aging include reduced proprioception (Shaffer and Harrison, 2007),
slower peripheral nerve conduction (Gilmore, 1995) and age-related changes in the structure
and function of skeletal muscle (Dutta et al., 1997; Lang et al., 2010).

With the recent advances in neuroimaging, it is possible to examine whether functional
declines with aging are associated with specific changes in brain activation. A large number
of studies using functional magnetic resonance imaging (fMRI) in cognitive and perceptual
tasks have found that older adults show activity in a greater number of areas to accomplish
the same task as younger control subjects, despite not observing any changes in task
performance. For example, neuroimaging research in cognition has demonstrated that
activation in the prefrontal cortex is more bilateral in older adults compared to younger
adults during memory and word recognition tasks, despite not observing any age-related
differences in task performance (Cabeza, 2001). Studies focusing on the motor system have
also demonstrated age-related increases in the areas activated during motor tasks. A number
of studies have found a greater reliance on the ipsilateral primary sensorimotor cortex
(SMC) in older adults when compared to young adults (Hutchinson et al., 2002; Kim et al.,
2010; Mattay et al., 2002; Naccarato et al., 2006; Ward et al., 2008). These tasks have
included a paced thumb opposition task (Naccarato et al., 2006), a visually guided gripping
task at a moderate force level of approximately 45% of the participants maximum voluntary
contraction (MVC) (Ward et al., 2008), a continuous abduction/adduction task with the
index finger and a wrist flexion/extension task (Hutchinson et al., 2002) and an elbow
flexion and extension task (Kim et al., 2010). Taken together these data suggest that the
motor control demands for these tasks require additional neural resources in older adults to
achieve the same performance as younger adults. These age-related changes in neural
activity have been shown by the recruitment of additional areas to complete the task as well
as showing higher levels of activity in selected areas that were also activated by younger
adults. Age-related increases in brain activation have been found in areas including the
contralateral SMC, ipsilateral ventral premotor cortex, supplementary motor area, putamen
and cerebellum (Kim et al., 2010; Mattay et al., 2002; Riecker et al., 2006). Interestingly
these age-related differences were absent in each case when movements were unresisted or
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performed at lower force levels and hence motor control demands were diminished,
suggesting that these adaptive changes are more pronounced when greater demands are
placed on the motor control system.

Most of the motor tasks employed in past studies have been simple finger movements such
as a key press (Mattay et al., 2002), a tapping task (Naccarato et al., 2006) or a finger
abduction/adduction motion (Hutchinson et al., 2002). These tasks are not necessarily
relevant to activities performed in daily life, which commonly require different gradations of
muscle force to be produced (eg. lifting a milk jug and handling a delicate object). It is
important to study tasks that allow the examination of different levels of force production, as
gradation of force is often negatively affected in older adults. For example, as individuals
age they can experience a significant loss in the ability to produce muscle force with the
upper-limb (Shinohara et al., 2003a) and a larger variance in the production of muscle force
(Olafsdottir et al., 2007). Few studies have used fMRI to specifically analyze the effect of
aging while varying the level of the target force that is required. Ward et al (2008) had
participants perform a gripping task at 15%, 30% and 45% of their MVVC. They found that
the increase in activation of the contralateral primary motor cortex (M1), the contralateral
primary sensory cortex (S1), contralateral posterior cingulate motor areas and contralateral
dorsal premotor cortex in response to higher force levels is lower in magnitude for older
adults. However, this study used only relatively low levels of force production (< 50%
MVC), leaving the effect of aging on brain activation during the production of higher levels
of force unclear. Kim et al (2010) had participants perform an elbow flexion-extension task,
with or without resistance, in conjunction with fMRI scanning and found that the older
adults and younger subjects show similar areas of neural activation when the movement was
performed unresisted. When resistance was added, the older adult group showed
significantly higher levels of neural activity over a much larger area, including higher
activation in the M1, inferior frontal gyrus, putamen, substantia niagra and subthalamic
nucleus in the ipsilateral hemisphere and in the orbitofrontal gyrus, the insula and
cerebellum in the contralateral hemisphere.

In studies of young healthy adults, the level of brain activation observed in several motor
areas has been shown to be proportional to the amount of force produced in hand muscles
(Dai et al., 2001). These motor areas include the M1, S1 and premotor areas in the
contralateral hemisphere and the supplementary motor area, prefrontal cortex and
cerebellum bilaterally. Cramer et al (2002) specifically analyzed the effect of grip force on
the activation of motor areas within the brain across a range of force values. It was found
that both the magnitude of activation and the volume of activated voxels within the
contralateral SMC increased as the magnitude of the grip force increased. In addition, the
ipsilateral supplementary motor area (SMA) showed a greater number of activated voxels as
the force increased. Cramer et al (2002) also noted that there was no change in the laterality
of the activation of the primary or supplementary motor areas with increasing grip force.
Spraker et al (2007) used a region of interest (ROI) analysis to specifically analyze the role
of the basal ganglia during a force modulation task, where participants were asked to
perform pinch grips ranging between 5% and 80% MVC. It was found that the activity of
the globus pallidus internus and the subthalamic nucleus had a positive correlation with the
amount of force produced, along with the contralateral SMC.
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At the neuromuscular level it has been demonstrated that recruitment of motor units is used
during hand force production only up to 40-50% MVC (De Luca et al., 1982; Kukulka and
Clamann, 1981), suggesting that rate coding is primarily responsible for increasing force
output beyond 50% MVC. Rate coding occurs over a narrower range of forces in older
adults (Barry et al., 2007). In addition, the hand muscles of older adults are
disproportionately weaker when compared to young groups and therefore higher levels of
muscle activation are required to achieve the same force (Shinohara et al., 2003b). These
findings indicate some of the potential reasons that older adults could have difficulty with
force modulation tasks when compared to young adults.

The goal of this study was to use fMRI to determine how aging affects activation of brain
motor areas during a gripping task at different force levels. Specifically, an ROl analysis
approach was used to compare areas of neural activity in motor areas between a group of
older adults and a control group of young adults. It was hypothesized that the older adults
would require greater levels of activation within these motor areas to achieve the same
relative force levels as the younger group. It was expected that these differences would be
greatest at higher levels of force production due to the extra neural drive that is needed to
overcome the neuromuscular changes that occur with aging (Barry et al., 2007; De Luca et
al., 1982; Kukulka and Clamann, 1981). A voxel-wise whole brain analysis was also carried
out to determine all of the locations of age-related changes in brain activation during this
force modulation task.

2.0 Materials and Methods

2.1 Participants

2.2 Protocol

Thirteen healthy young adults (mean age = 26.1 years, range = 22-30 years, 7 Male, 6
Female) and thirteen gender matched older adults (mean age = 67.5, range = 58-78) were
recruited from the community. All participants were right hand dominant according to the
Edinburgh Handedness Inventory (Oldfield, 1971). Participants completed a brief health
screening questionnaire to ensure that there was no history of neurological, psychiatric or
cardiovascular disease. Participants also performed a brief questionnaire to ensure there
were no contraindications for the use of MR-imaging. The local university and hospital
ethical review boards approved all procedures used for this study and informed consent was
obtained from all participants prior to participation. The participants’ maximum isometric
grip strength was also measured with a standard hydraulic grip strength dynamometer for
each hand. Details regarding the participants can be found in Table 1. Group comparisons of
the participants’ maximum grip strength, measured with a grip strength dynamometer, were
carried out with independent samples £test to establish any pre-existing group differences in
these values.

The motor task consisted of a custom-built MR-compatible rubber squeeze bulb with a
diameter of 4cm connected to a pressure transducer that measured the pressure of water
within the bulb and tubing. Squeezing the rubber bulb caused an increase in the water
pressure within the bulb and tubing. Water was used rather than air since it cannot be
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compressed and the system would be less susceptible to leaks. Before the scanning session,
all participants were trained on the task until familiar with its requirements in order to
minimize the effect of motor learning during the scanning sessions. In addition,
electromyography measurements were taken during this practice session to ensure mirror
movements did not occur during task performance.

During the fMRI scanning sessions, participants lay supine with their elbow flexed at 90°
and the forearm in a resting position across their stomach with their hand pronated, gripping
the squeeze bulb. Participants were instructed to squeeze the bulb using a power grip and to
not change their grip during the scanning session. The MV C of each participant was
measured with the water-based pressure system prior to starting the task and all subsequent
squeezes were scaled to this value. During fMRI scanning, participants viewed a computer
screen via a back projection-mirror system that had a cross at the center of the screen for
fixation. Each trial began with an increase in size of the fixation cross, which indicated that a
squeeze was about to be required. After 2s, a vertical bar appeared on the screen to cue the
subject to squeeze the bulb and illustrate the required force. Participants were required to
squeeze until the pressure level matched the target level and then release when the target
disappeared, allowing the pressure level to return to baseline, while receiving visual
feedback on the force they were producing on the screen. Three target force levels (10%,
40% and 70% of MV C) were presented in each trial in a pseudo-random order.

An event related design was used to analyze the fMRI data for this study. Four runs were
completed during the MRI scanning session with 24 squeeze trials occurring per run. Each
squeeze trial lasted 4s to allow the hemodynamic response to stabilize. It was decided not to
use a squeeze duration greater than 4s in order to reduce the chance of developing muscular
fatigue. Blank (resting) scan intervals were included as a baseline control and randomly
inserted at the end of each squeeze trial; 60% of total scan time consisted of these blank
trials (Burock et al., 1998). These blank runs were jittered to last between 10s and 16s. This
procedure was employed to differentiate activation trials from baseline activation (Burock et
al., 1998). In total, each run lasted 6.8 min. The hand required to squeeze the bulb was
alternated between each of the 4 runs with the dominant hand being tested first. Only data
concerning the dominant hand were analyzed for this study. Following the fMRI runs, a high
resolution T1-weight anatomical scan was carried out for each participant.

2.3 fMRI data acquisition

A Philips Gyroscan Intera 3.0 T scanner (Philips, Best, the Netherlands), equipped with a
head-coil, was used to acquire both high resolution T1-weighted anatomical images (170
axial slices, matrix size = 256 x 256, voxel size = 1.0 x 1.0 x 1.0 mm) and T2*-weighted
echo-planar (EPI) images (matrix size = 128 x 128, pixel size = 1.9 x 1.9 mm, TR=2000 ms,
TE = 3.7). A total of 4 functional runs (each with 24 squeezes) took place, with each run
lasting 6.8 minutes. A total of 206 interleaved volumes were acquired during each run. Each
volume acquired during the fMRI analysis consisted of 36 axial slices of 3mm thickness,
with a gap thickness of 1mm.
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2.4 Behavioral data analysis

Custom Matlab software (Mathworks, Natwick MA) and the Psychtoolbox (Brainard, 1997)
were used to design and present stimuli and to collect behavioral data from the squeeze-bulb
device. Pressure data, in pounds per square inch (PSI), were collected during the fMRI
scanning sessions with a sampling rate of 60Hz. The pressure values were then normalized
to the participant’s MVC, which was collected at the beginning of the scanning session. The
average force magnitude applied over the middle second of each 4-second squeeze was
recorded for statistical analysis.

The effects of age (old versus young) and target force level (10%, 40% or 70% MVC) on the
absolute and relative force produced by the participants were analyzed with a two-way
mixed factor analysis of variance (ANOVA), with age as a between subject factor and target
force level as a within-subject factor.

2.5 fMRI Data Processing

Functional images were analyzed using publically available open-source software -Analysis
of Functional Neurolmaging (AFNI) (Cox, 1996). The following describes the data
processing procedures that were undertaken for the data for each individual participant. To
begin the fMRI data analysis the functional data were spatially aligned to remove head
motion artifacts, then coregistered to the same coordinate system and the four functional
runs were concatenated into a single file for data analysis. No subjects had head motion that
exceeded 2mm in any direction. The skull was then stripped from the anatomical image and
this anatomical image was aligned to the concatenated functional data. The functional data
were then analyzed with a random effects General Linear Model (GLM) to produce impulse
response functions (IRFs) on a voxel-wise level, for each participant. The regression matrix
for the GLM consisted of three vectors, which served as predictors of the timing of the
stimuli to squeeze for each of the three force levels. This analysis was carried out with
delays between the blood-oxygen-level-dependent (BOLD) signal and the force-level
predictors ranging between 0TRs to 5 TRs, for a total of 6 TRs. Varying the delay between
the BOLD signal and the force-level predictors allowed for the determination of the ideal
delay which would allow the identification of the maximum percent signal change (PSC) for
each force level. The GLM analysis produced an estimate of the hemodynamic response for
each of the three force levels relative to a baseline state (rest) without making a priori
assumptions about the shape, delay, or magnitude of the IRF and provided regression
coefficients for each TR that defined the hemodynamic activity for each force level. The
GLM analysis also provided a baseline coefficient for each functional run, which defined the
variation in baseline activity during the resting periods, for each participant. The percent
signal change (PSC) was estimated on a voxel-wise level across the whole brain, for each
participant, by dividing the regression coefficient for each force level by the average of the
baseline coefficients and multiplying by 100. The PSC value was calculated on a voxel-wise
basis, for each of the delay values, for each participant.

All data was transformed to Talairach-Tournoux space by the AFNI software package. In
order to do this, relevant landmarks were selected on the anatomical image and the
transformation matrix was determined by the software package and applied to both the
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processed functional images and the anatomical image. Gaussian blur with a kernel width of
4-mm full-width-half-maximum was then applied to each of the processed functional images
containing the PSC values, to account for anatomical variability and allow for the
application of statistical tests between participants. The processed functional images were
then analyzed using an ROl approach and a voxel-wise whole brain analysis, which will be
detailed in the following sections.

2.6 ROI Analysis

A total of 22 (11 each in each hemisphere) ROIs were included in the analysis. The first 12
ROIs were specified using the Human Motor Areas Template (HMAT), which specifies
cortical areas that are involved in human motor control based on a meta-analysis of 126
studies (Mayka et al., 2006). The areas included in the HMAT are the primary motor cortex
(M1), the primary somatosensory cortex (S1), supplementary motor area (SMA), pre-
supplementary motor area (pSMA), dorsal premotor cortex (PMd) and ventral premotor
cortex (PMv). These regions were analyzed in both the left and right hemispheres. The
remaining 10 ROIs were manually drawn on the anatomical image in Talairach space for
each participant and represented subcortical structures involved in human motor control:
caudate (CAU), putamen (PUT), thalamus (THAL), anterior cerebellum (ACER) and
posterior cerebellum (PCER). These areas were chosen to represent some of the sub-cortical
structures that are expected to be active during a force modulation task (Spraker et al., 2007;
Ward et al., 2008). The caudate, putamen and thalamus were manually drawn by selecting
the grey matter corresponding to the anatomical regions, guided by a neuroanatomical atlas
(Talairach and Tournoux, 1988) and were verified in both the axial and sagittal planes. The
cerebellum was divided into the anterior and posterior lobe; the division between these two
lobes was selected to be the primary fissure (Kimberley et al., 2008; Schmahmann et al.,
1999).

The average PSC across all of the voxels contained within each ROl was determined at each
of the 6 TRs that were used as a delay between the force level predictors and the BOLD
signal. The maximum average PSC across these 6 TRs for each ROl was recorded for
statistical analysis. The maximum average PSC tended to be found in the third TR. This
process was completed for each participant.

The effect of age and target force level on the peak PSC values across all ROIs were
analyzed using a two-way mixed multivariate analysis of variance (MANOVA), with age as
a between subject factor and target force level as a within subject factor. The peak PSC
values were then analyzed with a two-way univariate ANOVA for each ROI, with age as a
between subject factor and target force level as a within subject factor to determine which
ROIs contributed to any significant effects found in the MANOVA. The global alpha level
was set at 0.05 for all analyses (a = 0.05). Post-hoc analysis of any significant interaction or
main effects was carried out through a pair-wise comparison of Bonferroni corrected means.

2.7 Voxel-wise fMRI analysis

A whole brain voxel-wise analysis was carried out to determine which regions that were not
identified a priori demonstrated a group-by-force interaction effect during the force
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modulation task used in this study. To examine regions associated age-related differences in
brain activation during a force production task, we conducted a mixed-model analysis of
variance (ANOVA) on the PSC data at the third TR following the onset of the stimulus to
initiate the squeeze; this particular TR was chosen as it represented the peak signal intensity
for the majority of squeezes and represented the BOLD signal from the middle of the actual
squeeze. In the ANOVA each subject was treated as a random factor, nested within a group
(older versus younger adults) and with force condition (10%, 40% or 70% MVC) as a
repeated factor. To illustrate the overall effect of our experimental manipulations we tested
the group-by-condition interaction. A clustering algorithm was applied to find all regions
with a group by force interaction with a p-value of less than 0.002; the minimum threshold
for the volume of the cluster was set to 200 uL (Forman et al., 1995). The anatomical
regions that were related to the peak activation of each cluster were determined with the use
of the Talairach daemon (an online neuroanatomical atlas) (Lancaster et al., 2000). Clusters
that were found to be outside the analysis volume or were within white matter were
excluded from further analysis. The average PSC was then determined for each of the
remaining clusters for each group and force-level. The PSC for each group and force-level
was then plotted to determine the nature of the interaction effect within each cluster. The
mean PSC values within the clusters were also analyzed with a post-hoc analysis that
consisted of a comparison of Bonferroni corrected means.

3.0 Results

3.1 Participants

All of the participants were able to complete the force-matching task without difficulty. The
details regarding the participants are shown in Table 1. Although the grip strength of the
older adults was 18% less in the right hand and 20% lower in the left hand when compared
to the younger group, there was no statistically significant group difference in the grip
strength in either the right ({12) = 1.90; A= 0.07) or left ({12) = 1.90; £=0.08) hands.

3.2 Behavioral Results

The mean and standard deviation of the force level produced, in absolute and relative terms,
over the middle 1s of each squeeze were calculated for each force level and group (Table 2).
A plot showing the group differences in the ensemble averaged time-series of the absolute
and relative pressure at each force level is shown in Figure 1. While not analyzed
statistically in this experiment, it can be observed that the older adults took a longer period
of time to match the prescribed force level. No significant group difference was found in the
pressure when it was calculated as a percentage of the participants’ MVC (A1,72) = 0.851;
P=0.359). In contrast, a significant group difference was found when the absolute force
levels were compared (A1,72) = 8.166; £=0.006), with the older group producing
significantly lower levels of force when compared to the younger group at the 40% and 70%
MVC levels. A significant force-level effect was found for both the absolute and relative
force values (P < 0.001), and the post-hoc analysis confirmed that the participants produced
three distinct levels of force.
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3.3 ROI Results

The MANOVA that was carried out on the peak PSC values across all the ROIs revealed that
there were significant effects of both age (Wilk’s Lambda = 0.426; £< 0.001) and force-
level (Wilk’s Lambda = 0.247; P=0.001). The age-by-force-level interaction effect was not
significant (Wilk’s Lambda = 0.621; £ = 0.960). The univariate ANOVAs that were carried
out on the peak PSC values for each ROI revealed significant group effects for the putamen
bilaterally, the right thalamus, all cerebellar ROIs and the right PMv. In all cases where a
significant age effect was found the older adult group showed a higher peak PSC value when
compared to the younger group. A significant force-level effect was found on the peak PSC
values for all of the ROIs with the exception of the posterior cerebellar ROIs bilaterally, and
PMd in the left hemisphere. The results of these univariate ANOVAs are presented in Table
3, while the mean PSC values for each group in each force condition are shown in Figures 2
and 3.

For the 19 ROIs that showed a significant force-level effect, post-hoc analysis revealed that
there was not a significant difference between the magnitude of the BOLD signal at the 10%
and 40% MVC force levels, however the magnitude of the BOLD signal at the 70% force
level was significantly higher than the lower force levels. Three of the 19 ROIs that were
analyzed showed exceptions from this pattern. In the right thalamus ROI, the BOLD signal
only showed a significant difference between the 10% and 70% MVC conditions. In the
right pSMA and the left PMv the BOLD signal was lowest in the 40% MVC condition,
which resulted in a significant difference being found between the BOLD signal in the 40%
and 70% MVC condition, however there was no significant difference between the 40% and
70% MV C conditions.

3.4 Voxel-wise fMRI results

The clustering algorithm that was applied resulted in a total of 9 clusters being identified
that satisfied the clustering criteria (p < 0.002 for group-by-force interaction; min. volume =
200 pL). The coordinates and the anatomical descriptions of the clusters identified are
shown in Table 4. Two of the clusters (Clusters 5 and 7) were excluded from further analysis
as they were found to be in an area of white matter (Cluster 5) or were outside the analysis
volume (Cluster 7). Post-hoc analysis of the Bonferroni corrected mean PSC values within
these clusters revealed that the older adults had similar PSC values to the younger group at
the 10% and 40% force levels, however the average PSC values of the older adult group
were significantly higher at the 70% force level. The PSC values from these clusters for both
the older and younger groups are shown in Table 5.

4.0 Discussion

The main hypothesis of this study was that older adults would require higher levels of neural
activity, as measured by the BOLD signal, to achieve the same relative force level as a group
of younger adults. With the ROI analysis, higher levels of neural activity were found in
subcortical motor areas of the older adult group, specifically the putamen, the ipsilateral
thalamus and cerebellum. The older adults also demonstrated higher BOLD signals in the
ipsilateral ventral premotor cortex. With a voxel-wise whole brain analysis, seven clusters
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were identified as having a significant group-by-force interaction effect; however,
differences between older and younger adults became apparent only at the 70% MVC
condition with the older adults showing higher levels of neural activity. The anatomical
regions that were identified using the whole-brain analysis revealed age-related differences
in activation of areas that have been shown to be involved in visuo-spatial processing and
executive function in other fMRI studies (Cavanna and Trimble, 2006; Talati and Hirsch,
2005). The fact that the older adults showed higher levels of neural activity is even more
remarkable when it is considered that the older adults produced significantly lower levels of
absolute force as compared to the younger group. Thus, older adults required similar, if not
higher levels of neural activity to achieve lower absolute force levels.

Recent studies have shown that subcortical structures are important during force production
tasks (Spraker et al., 2007; Vaillancourt et al., 2007; Wasson et al., 2010); the present study
builds upon these findings by demonstrating that older adults have a greater reliance on these
subcortical structures during a visually guided force production task. This increased level of
activity in the older group could be considered a compensatory strategy that is in response to
age-related changes in the neurobiology of motor control systems (Seidler et al., 2010;
Ward, 2006). Using a motor task similar to that used in this study but at lower force levels,
Ward et al (2008) also showed an age-related increase in the activity of the putamen
bilaterally. This study also found that older adults show higher activation in the ipsilateral
ventral premotor cortex (PMv). This area has been shown to be active in motor tasks
involving the hand and the foot and in tasks where the recognition of motor pattern is
required (Binkofski and Buccino, 2006). This finding that the older adult group displayed
greater activation in this area, could indicate an increased amount of processing by premotor
circuitry to produce the same force output as the younger group.

A common finding in fMRI studies of age related differences in motor control tasks is that
older adults show higher levels of bilateral activation of the SMC (Kim et al., 2010;
Naccarato et al., 2006; Ward et al., 2008). The present study found that there were no
significant age related differences in the activity level of the ipsilateral sensorimotor cortex.
One potential reason for this discrepancy could be the differences in fMRI analysis
techniques. Previous studies used an ROI approach to compare the number of active voxels
in the sensorimotor cortex, by setting an activation threshold (Naccarato et al., 2006),
whereas the present study compared the peak PSC. However, past work has shown that the
use of signal intensity, such as the peak PSC, is more reliable than voxel counting techniques
for representing the overall activity in healthy participants (Kimberley et al., 2008).

The modulation of grip force is a complex task that requires coordination of several muscles.
The present study shows that there are significant changes in activation in the motor areas of
the brain depending on the magnitude of the squeeze force required. It was observed for
most of the ROIs analyzed in this study that the level of the BOLD signal in the 10% MVC
and 40% MVC conditions were statistically similar, while the BOLD signal for the 70%
MV C condition was significantly greater than the other conditions, indicating that there was
not a linear relationship between the magnitude of the force and the BOLD signal. Previous
studies have shown considerable variation in the relationship between the BOLD signal and
the generation of muscle force. Dai et al (2001) found increases in both the average intensity
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and number of active voxels in cortical areas and the cerebellum as grip force levels were
increased. Within the basal ganglia, Spraker et al (2007) found that there was no association
between the level of activity within the putamen or caudate and the level of force produced,
however regions of the thalamus did have a positive relationship between activity levels and
the amount of force produced. The present study’s findings regarding increased activity of
the basal ganglia at higher force levels could be due to methodological differences from
Spraker et al (2007), who used a block design where participants alternated between 30s of
force generation (producing 4s force pulses) using a pinch grip and rest, whereas this study
used a power grip and used an event related design to analyze which neural areas were
associated with a single squeeze. The differences of the type of grip used and the methods of
fMRI analysis could possibly explain some of the differences observed between this study
and the work of Spraker et al (2007). The cerebellum is thought to serve as a comparator for
the actual movement that is occurring and the intended movement and is also used in the
processing of visual feedback (Ghez and Thach, 2001). Previous studies of age related
changes in grip force control have shown increased variability of force production
(Nagasawa and Demura, 2009) and increased reliance on visual feedback in older adults
(Sosnoff and Newell, 2007). These changes in force variability and visual processing could
explain the higher levels of activity within the cerebellum for the older group.

The results of the voxel-wise analysis primarily revealed age-related differences in areas that
were different from the ROIs that were analyzed for this study. Two clusters were identified
that had some overlap with the ROIs that were drawn for this study. Cluster 3, which was
identified as the left lentiform nucleus by the Talairach daemon overlapped with the ROI of
the left putamen. This finding shows some consistency between the two analysis approaches
used in this study. Cluster 6 was identified as the left medial frontal gyrus and overlapped
with the left SMA ROI. Once again the voxel-wise analysis showed a group-by-force
interaction effect with the older group showing a significantly higher activation in the 70%
MV C condition; however the ROI analysis did not reveal any group differences for this area.
This is likely due to the fact that our ROI analysis averaged the PSC values over the entire
ROI even when a cluster only took up a very small volume of the ROI. Previous studies have
reported differences in findings based on whole brain analyses of group data versus
individual participant ROI approaches (Johansen-Berg and Matthews, 2002; Szycik et al.,
2009). Differences between ROI and whole-brain analyses largely stem from differences in
the numbers of multiple comparisons. Most of the areas identified in the voxel-wise analysis
were associated with visual-spatial processing and executive function. These findings are
consistent with previous studies that have demonstrated that older adults also tend to exhibit
higher levels of activation in areas involved in sensorimotor processing when compared to
younger adults; this increased activation is often associated with matching their performance
to that of younger control subjects, and thus can be seen as compensatory (Seidler et al.,
2010). Reasons for compensatory brain activation could be due to the decreased volume of
grey and white matter or the decreased ability to recruit the relevant structures to elicit an
appropriate motor response (Seidler et al., 2010).

The voxel-wise comparison of the group-by-force interaction effect revealed seven clusters,
with most of these clusters being areas that are involved in visual-spatial processing and
executive function (Cavanna and Trimble, 2006; Dong et al., 2010; James et al., 2010; Talati
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and Hirsch, 2005). The largest cluster identified was the right superior temporal gyrus. This
area is the primary auditory cortex and is responsible for processing language and some
emotional components and may be involved in multisensory perception action coupling
(James et al., 2010). The next cluster identified was the right medial frontal gyrus, which has
been shown to be involved in executive function, particularly in “Go-No Go Tasks”, which
are similar to the task that was used in this study (Talati and Hirsch, 2005). The left medial
frontal gyrus was also identified as an area where the older group and young adults showed
different levels of activation in response to the task. The clustering algorithm identified the
right lentiform nucleus as the next largest cluster. The lentiform nucleus is part of the basal
ganglia, which provides some additional support to the finding from the ROI analysis that
the older adults have higher activity levels in subcortical structures when compared to the
younger group for the task used in this study. The left cingulate gyrus was also identified as
an area with a significant group-by-force interaction effect. The cingulate gyrus receives
input from the thalamus and neocortex and is involved in emotion, processing, learning and
memory and executive functions, which are relevant to the task performed in this study,
where a target is presented and a response is required (Dong et al., 2010). The next area
identified by the Talairach daemon was the right precuneus. The precuneus is a an area
within the posteriomedial parietal lobe that is associated with visual-spatial processing, as
would be necessary to control the magnitude of the required force (Cavanna and Trimble,
2006). The last area identified by the clustering algorithm was identified as the left
precentral gyrus. This area is typically consistent with the primary motor cortex, however
when this cluster was plotted it appeared to be more anterior to the precentral gyrus and was
more likely to be in a pre-motor area. This cluster was also identified as being within 1mm
of the left inferior frontal gyrus and the left insula, which are also consistent with the motor
task that was used in this study. Post-hoc analysis of the activation of these areas revealed
that the older and younger adults showed similar levels of activation at the 10% MVC force-
level; however, group differences emerged at the higher force levels. This is consistent with
the hypothesis that the older adult group required higher levels of neural activity to produce
the same level of relative force and suggests that the older adults were employing a
compensatory activation. Additionally, the voxel-wise analysis performed in this experiment
had some correspondence to the study of Kim et al (2010), who found older adults had
increased activation in the cingulate gyrus, SMA, dorsolateral prefrontal cortex, and insula,
while performing the same elbow flexion task as a group of younger adults.

4.1 Limitations

The use of a visual target for force production may have led to increased activity in
subcortical structures and within the cerebellum (Floyer-Lea and Matthews, 2004). It is
possible some of the group differences we observed were caused by age related effects on
the visuomotor feedback system, however, we doubt that this explains our findings as we
also found differences at varied force levels. Additionally, it is possible that some degree of
motor learning took place during testing; we did provide an extensive practice session prior
to data collection to minimize any learning related effects. Previous work has shown that
motor learning can affect the regions and the amplitude of activation in fMRI studies,
particularly in a visuomotor coordination task such as that used in this study (Floyer-Lea and
Matthews, 2004).
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Some previous work has found that the signal to noise ratio of the BOLD signal is lower in
older adults, indicating that it is more difficult to detect significant differences in activation
in this population (D’Esposito et al., 1999). In this study it was found that the peak PSC
values of the older adults were either equal to or greater than those observed in the younger
group, despite producing lower levels of absolute force. Therefore the true neural activation
may actually be higher in older adults to produce an equivalent level of force.

Although every effort was made to ensure that all participants used the same style of grip on
the squeeze bulb, it is possible that participants changed the type of grip that they used for
the different force levels, which could partially explain some of the differences that were
observed across the force-levels. In particular it is possible that the 70% MVC condition led
the participants to engage their digits differently to squeeze more with their fingers and less
with their thumb.

4.2 Conclusions

In conclusion, the present study used an ROI fMRI analysis approach and found that older
adults generated greater activation of subcortical structures and in the ipsilateral ventral
premaotor cortex in order to produce the same relative level of grip force when compared to a
group of healthy young adults. This study also used a voxel-wise analysis to determine age
related differences in force production in areas that were no defined a priori. This analysis
identified 7 clusters that showed a significant group-by-force level interaction effect. This
analysis found 6 cortical areas where older adults showed higher levels of activation when
compared to the younger group. These cortical areas tended to be areas that are involved in
sensory processing and executive functioning which would be expected for the task that was
used in this study. It was also found that the older adult group showed greater activation at
the higher force levels, when motor control demands were increased. Future studies should
try to isolate the motor response from the visual feedback processing to determine which
neural structures are involved in the selection of an appropriate grip force.
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Figurel.
Average time series plots of the squeeze force, at each target force level, relative to the

participants” maximum voluntary contraction (A) and in terms of absolute pressure units
(B). The means for the older adult group are shown in dashed grey lines, while the means
from the younger group are shown with solid black lines.
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Figure 2.
Mean peak PSC values for the subcortical ROIs at each force level. The black bars represent

the means for the older adult group while the white bars represent the means for the younger
group. The asterisks represent a significant age effect exists for that ROI. Significant force-
level effects are indicated with an ‘a’ or a *b’; “a’ indicates that the PSC in the 70%
condition is significantly greater than the PSC in the 10% and 40% conditions, while ‘b’
represents a significant difference exists only between the 70% and 10% MV C conditions.
The error bars represent the standard error of the mean. CAU = Caudate, PUT = Putamen,
THAL = Thalamus, ACER = Anterior Cerebellum, PCER = Posterior Cerebellum.
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Mean peak PSC values for the cortical ROIs at each force level. The black bars represent the
means for the older adult group while the white bars represent the means for the younger
group. The asterisks represent a significant age effect exists for that ROI. Significant force-
level effects are indicated with an ‘a’ or a *b’; “a’ indicates that the PSC in the 70%
condition is significantly greater than the PSC in the 10% and 40% conditions, while ‘b’
represents a significant difference exists only between the 70% and 10% MV C conditions.
The error bars represent the standard error of the mean. M1 = Primary Motor Cortex, S1 =
Primary Sensory Cortex, SMA = Supplementary Motor Area, PSMA = Pre-supplementary
Motor Area, PMd = Dorsal Premotor Cortex, PMv = Ventral Premotor Cortex.

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



Page 20

Noble et al.

800 (8'8) 8'62 (9'8) 0°9¢ (631) pueH Y& -Ybusng duS “Xe
L0'0 (T'6) 8'0€ (Te)5Le (65) pueH bry -ybuans duo xew
- (7'9) 529 (81)T'9C (s1eak) aby
- 49'W.L-€T 4H49'W.L-€T (1apuab) N

anead  syNpy Bp|O  SHNPY BunoA

159)-] sa|dwies Juspuadapul Ue J0 NSl ay) Sa1e2IPUI aNjeA-d 8y "sasayiualed Ul UMOYS SI UOIRIASP pJepuels ay L "solsiisoeseyd Juedionied

T alqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



Page 21

Noble et al.

(8TvsL  WTT)SSY  (92°0)60°T pIO

(961) €6 (eTT)82S (62°0)8CT HBunak (1Sd) peonpo.d 80104 81njosqy

(ezvv)1e€9  (PeT) T8 (W'T) LT'6 plo

(152)e299 (zem)erlie (L0T)6T6 Hungk  (OAIN %) PRONPO.Id 80404 ALY
%0, %01 %0T

(DA %) 82104 8zoanbg L6 e |

‘sisayjuased

Ul UMOUS SI UoIeIASp paepurls ayl "dnoib yoes 1oy} ‘|ana] 92104 186.e) yaes 18 puey JueuIWOp a3yl Aq padnpold $3210) 9zaanbs 81njosqe pue aAle|al Ueal\

CIHR Author Manuscript

¢ 9lqeL

CIHR Author Manuscript

CIHR Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



Page 22

Noble et al.

"X8110D) 10J0Wald [eIUBA = AN ‘X3H0D) J010Wald [esioq = PINd ‘Baly 1010\ Arejuawaddns-aid = VINSd ‘ealy Jo1oy Arejuswaddng
= VINS ‘Xa10D Alosuas Asewiid = TS ‘X8LI0D 1010\ Arewiid = TIA ‘WN||8gaJaD J0L8IS0d = YIDd ‘WiN||8galad JousluY = YIDV ‘snwejeyl = TvHL ‘SN8jonN usweind = 1 Nd ‘SNajonN 8iepned = N

¢L0 c€0 200 ey 1€0 €0'T o1

160 600 T00 wes T00 G89 wbry ANd
S50 090 .00 0L¢ 91’0 c0¢ Ha

€50 S9°0 100 €9'G 170 9¢'e Wby PNd
900 c0€ 000 VETT €10 LE¢C a1

L¥'0 110 €00 6.°¢ 800 90°¢ Wby VINSd

€€0 €T'T 000 67T €0 160 o1

1.0 €0 000 [449) 6v'0 Lv'0 wbry VYINS

00T 000 000 90TT ev'o 290 Ha

¢6'0 800 000 vo'L 0€0 80'T Wby I

§8°0 97’0 000 €911 890 LT0 a1

¢L0 €€0 000 Lect ¢80 S0°0 Wby TIN

690 LE0 900 88'¢ 100 ve'8 o1

860 c00 0€'0 (44 000 ¢rot Wby ¥30d

€80 870 000 69°€T €00 €T'S Ho

880 434 000 26'CT 200 19'S wbry  ¥30V

LE0 <01 000 or'g ¢e0 660 a1

690 LE0 200 60v 000 080T Wby IVHL

¥5°0 90 000 L T00 6€9 o1

¥.'0 0€0 000 888 000 €9°0¢ wbry 1Nnd

66°0 100 000 ve9 LT0 68T Ho

€60 800 000 1E8 900 S5°€ Wby nvo
d | d 4 d | aJydsiweH 104

199443 uoieeIU| (2 =4p) 108y 80404 (T = 4p) 10843 8by

"pazIolIell pue pap|oq Uasg aABY GO'0 >4 18 JUBDIIUBIS a1e 1.yl SanjeA "0y Yoes Joj sanjen DSd Yead uo WAONY AeM-0M1 aleLIBAIUN 10) SINSaY

€ 9lqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



Page 23

Noble et al.

SnIA9 [esusdald 1 TT T - €4¢ 6
snaundeld 'y vy 8- €€ ¥9¢ 8

Jo)EN A2ID ON  8Y 9/- 67 8/¢ L

SNIAS [ejuoid [eIPSNl T €9 T- - 08¢ 9
sl AeID ON 1€ Le—- 9 68¢ ]

sniA9 aenbul) 1 6€ Sh— 6- 262 ¥

SNBIONN WloUeT 1 6 o 6T- 99¢ €
snIA9 [eluold [eIpBN 'Y TE o T 8y [4
snIA9 [ejodway Jouadns 'y pT 8¢- 514 00S T

pge eolworeuy  (ww)z  (ww) A (Ww) X SPEXOA JO#  BqunN BINn(D
(1vd) Uoitenloy Yead Jo91eulpood 1-1

*8zaanbs ay) 81e1liul 01 SNINWIS Y3 JO 18SU0 8yl Buimo||0) H1 pA1yl 8yl 1o} ale S} Nsay "uowaep yaelrefel
ay1 Buisn paulwLIaIap Sem JaIsn|d 8yl YA pale1dosse [age| [ealwoleue ay | adeds xnouino] -ydedrejel ul usAlb ale uoireAnde yead ayl JO S81eUIPIO0D
3yl ‘(roogz = azis Jaasnjo uiw zoo 0 = d) 1083 uonorIAUI 82104-Ag-dnoab JuediHIuUBIS PAMOYS YIIYym ‘SISAJeur [9AS]-|9X0A B AQ paljinuapl sIaisnjd

¥ alqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



Page 24

Noble et al.

« (0¥9°0) 6150 (¥05°0) 9€2°0 (619°0) 9200 pIO

(622'0) 890°0- (€91°0) T€0°0- (6€2°0) LL0O Bunox SNIA9 [enuadald 6
« (€L02) 0T0°C (806°0) 2150 (60L°0) 7250 pIO

(£00'T) YT 0- (52200 ¥v0L0 (926'0) ¥0L'0 Bunog snaundald 'Y 8
«(91Y°0) L2L0 (91€°0) LTV°0 (¢6€0) T2v0 pio

(0zz'0) 08T°0 (6v1°0) £92°0 (251°0) 822°0 Bunok snIA9 [ejuold [eIpaN 9
« (S¥7°0) TT0°0 (£81°0) TLT0- (T81°0) TLT'0- pIO

(291°0) TVZ'0- (267°0) veT0- (s0T°0) 9€0°0- Bunox snik9 apenburd 4
« (L62°0) L6€°0 (sez'0) g€€°0 (T9z°0) 62T°0- pIO

(sv1°0) ¥20°0 (0eT°0) BTT'0 (zeT'0) BYT'0 Bunog SNBJONN WoIUsT 7] €
« (2er0) 65T°0 (z0e0) 8eT0- (5ze0) G8T0- pio

(86T°0) 202°0- (¥60°0) 690°0- (€TT°0) T20°0 Bunok snIA9 [ejuold [eIpaN Y [4
«(L2z'0) ¥s20 (€81°0) 9200 (592°0) v€0°0- pIO

(est°0) 89T°0- (est°0) €20°0- (9€1°0) L80°0 Gunox  sniko [erodwal Jousdns Y T

(as) ves N (as) ves N (as) vesiy dnoig uoifey  e®sNID

(DA %02)80104 preH  (DAIN %0P) 80404 wnipIN - (DAIN %0T) 8.0 Aseq

"(50°0 >¢) dnoub 1abunoA ayi Jo 1eyl ueyl Jalealb Ajpuedlyiubis s1 uonIpuod
JenanJed 1ey Ul SyNpe Japjo 8yl J0j anjeA DSd Byl Teyl Sa1edlpul %sLIBlSe Uy “sasayiualed ul pa1edlpul i UOITRIASP pJepurls 8yl "azasnbs ayl areniul
01 SNINWINS a8y} BuImo||o) Y1 PAIYl Yl WUy aJe erep DSd 8yl "SISA[eue asIm-|aX0A 8y} YIM paijiiuspl S1sisn|o syl wody sanjea abueyd [eubis usdiad

G 9|qeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2011 June 01.



	Abstract
	1.0 Introduction
	2.0 Materials and Methods
	2.1 Participants
	2.2 Protocol
	2.3 fMRI data acquisition
	2.4 Behavioral data analysis
	2.5 fMRI Data Processing
	2.6 ROI Analysis
	2.7 Voxel-wise fMRI analysis

	3.0 Results
	3.1 Participants
	3.2 Behavioral Results
	3.3 ROI Results
	3.4 Voxel-wise fMRI results

	4.0 Discussion
	4.1 Limitations
	4.2 Conclusions

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

