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Abstract: Coordinated hand use is an essential component of many activities of daily living. Although
previous studies have demonstrated age-related behavioral deficits in bimanual tasks, studies that
assessed the neural basis underlying such declines in function do not exist. In this fMRI study, 16 old
and 16 young healthy adults performed bimanual movements varying in coordination complexity (i.e.,
in-phase, antiphase) and movement frequency (i.e., 45, 60, 75, 90% of critical antiphase speed)
demands. Difficulty was normalized on an individual subject basis leading to group performances
(measured by phase accuracy/stability) that were matched for young and old subjects. Despite lower
overall movement frequency, the old group “overactivated” brain areas compared with the young
adults. These regions included the supplementary motor area, higher order feedback processing areas,
and regions typically ascribed to cognitive functions (e.g., inferior parietal cortex/dorsolateral prefron-
tal cortex). Further, age-related increases in activity in the supplementary motor area and left second-
ary somatosensory cortex showed positive correlations with coordinative ability in the more complex
antiphase task, suggesting a compensation mechanism. Lastly, for both old and young subjects, similar
modulation of neural activity was seen with increased movement frequency. Overall, these findings
demonstrate for the first time that bimanual movements require greater neural resources for old adults
in order to match the level of performance seen in younger subjects. Nevertheless, this increase in neu-
ral activity does not preclude frequency-induced neural modulations as a function of increased task
demand in the elderly. Hum Brain Mapp 31:1281-1295, 2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Many activities of daily living, such as eating with uten-
sils and dressing, commonly require use of both hands in
a coordinated fashion. Based on behavioral research, it is
known that old adults have increased difficulty perform-
ing bimanual coordination tasks compared with young
adults [Lee et al., 2002; Serrien et al., 1996; 2000; Swinnen
et al., 1998; Wishart et al., 2000]. These studies have relied
upon a well-established bimanual coordination paradigm
comparing the performance of two intrinsic coordination
tasks. Specifically, “in-phase” coordination tasks are mid-
line symmetric and involve simultaneous contractions of
homologous muscle pairs. Such movements are performed
quite easily across a wide range of speeds by subjects of
all ages. In contrast, midline asymmetric “antiphase” coor-
dination tasks, which require simultaneous contractions of
nonhomologous muscle pairs, are performed less accu-
rately than in-phase movements by young, and even more
so, old adults. Antiphase coordination tasks are also more
prone to phase transitions (i.e., a spontaneous shift to the
in-phase coordination mode) when performed at high
movement frequencies, with the “critical frequency” at
which this transition occurs being lower for old compared
with young individuals.

In addition to the bimanual deficits described above,
recent data show that bimanual movements occur more
than twice as often as those of either hand in isolation
[Rinehart et al., 2009; Vega-Gonzalez and Granat, 2005],
providing a strong impetus for exploring the neural basis of
bimanual coordination in the elderly. Although, currently,
studies that have attempted to make a substantive link
between bimanual performance and neural activation in
old adults do not exist, previous studies involving other
forms of movement control in the elderly provide some ba-
sis for forming a prediction. First, studies involving unima-
nual finger responses for speeded tapping [Riecker et al.,
2006] and motor sequence learning [Daselaar et al., 2003]
have suggested that minimal or no differences exist in the
neural control of elderly movement. In this case, known
bimanual deficits in elderly behavior would appear to be
the result of age-related differences in nonneural factors
such as muscular strength and/or biomechanics. Alterna-
tively, there is mounting evidence that elderly subjects have
greater neural activation compared with young individuals
(i.e., “overactivation”) when performing motor-related
tasks [for review, see Ward, 2006]. Indeed, such overactiva-
tion has been reported for a wide range of movement tasks
including auditorily paced thumb to index finger tapping
[Calautti et al., 2001], finger abduction/adduction [Hutchin-
son et al., 2002], wrist flexion/extension [Hutchinson et al.,
2002], sequential finger presses [Mattay et al., 2002; Wu and
Hallett, 2005], hand force production [Ward and Fracko-
wiak, 2003; Ward et al., 2008], and hand/foot coordination
[Heuninckx et al., 2005, 2008; Van Impe et al., 2009].

Of the aforementioned studies, the work of Heuninckx
et al. [2005, 2008] is particularly relevant to the neural con-

trol of bimanual coordination in the elderly. In these stud-
ies, interlimb coordination was assessed during hand and
foot movements that were either isodirectional or noniso-
directional. These movement patterns are analogous to the
in-phase and antiphase tasks that have already been
shown to induce behavioral bimanual coordination deficits
in the elderly. Heuninckx et al. showed that coordination
of the hand and foot is characterized by greater activation
for the elderly compared with young subjects. This
increase in activation was evident even though the relative
task difficulty was matched by allowing old subjects to
move at a slower, more comfortable speed. Areas of
greater activation for elderly subjects spanned brain areas
typically associated with both motor and nonmotor func-
tions (see Tables III and IV in the article by Heuninckx
et al. [2005]). Further, using correlation approaches, it was
shown that at least some of the age-related increases in
activation appeared to have a compensatory role as they
correlated positively with task performance (see Table III
in the article by Heuninckx et al. [2008]). Interestingly,
these results are compatible with a number of studies in
the cognitive aging domain [Cabeza et al., 2002; Grady,
2000, 2008; Reuter-Lorenz and Lustig, 2005].

In this study, age-related differences in brain activation
during bimanual coordination tasks were determined for
the first time. Based on previous studies of coordinative
ability in the elderly [Heuninckx et al., 2005, 2008] it was
hypothesized that old individuals would demonstrate
greater neural activity than young subjects in both motor
and nonmotor regions. From a motor standpoint, age-
related increases were expected in areas known to be im-
portant for bimanual coordination, such as the supplemen-
tary motor area (SMA) and cingulate motor cortex
[Carson, 2005; Paus, 2001; Swinnen and Wenderoth, 2004].
With respect to nonmotor regions, it was thought that el-
derly individuals might recruit areas associated with
higher-order sensory feedback processing such as second-
ary somatosensory cortex (SII) and/or motor attention
regions such as dorsolateral prefrontal cortex (DLPFC) and
inferior frontal gyrus (IFG).

Given the influence of movement frequency on bima-
nual coordination, an additional aim of this study was to
examine systematic responses to parametric changes in
movement frequency during bimanual tasks for young
and old adults. This analysis provided information regard-
ing the extent to which brain areas could modulate neural
activity in accordance with changes in movement rate. Pre-
vious work in young subjects has shown an extensive net-
work of sensorimotor regions including primary
somatosensory cortex and cerebellum that increase in ac-
tivity with increased movement frequency [Blinkenberg
et al., 1996; Deiber et al., 1999; Jancke et al., 1998a,b; Rao
et al., 1996; Sadato et al., 1996; Schlaug et al., 1996; Turner
et al., 2003; Van Meter et al., 1995]. Interestingly, in the
only known study to examine this phenomenon in old
adults, no differences were found between young individ-
uals and a small group of very high-functioning elderly
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Figure I.
Wrist coordination tasks involving alternating flexion/extension of the wrists according to the mid-
line symmetric, in-phase pattern (A) and the midline asymmetric, antiphase pattern (B). [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

[Riecker et al., 2006]. This study expands this initial find-
ing by assessing such modulation in a larger, more typical,
group of elderly subjects.

Lastly, this study sought to determine if coordinative
ability was reflected by the level of activation in regions
that were found to be more active in old compared with
young subjects. Activation in these regions were correlated
with performance to provide a direct link between brain
and behavior, revealing the extent to which compensatory
recruitment mechanisms might underlie the neural control
of bimanual movements in the elderly. Overall, the results
of this study not only afford a better understanding of the
neural basis of bimanual movement in elderly individuals
but also provide a starting point for future clinical inter-
ventions aimed at the enhancement of compensatory neu-
ral recruitment for increased coordinative performance.

MATERIALS AND METHODS
Participants

Sixteen old adults (mean age = 68.3 years; range, 61.1-
78.7 years; eight females, eight males) and 16 young adults
(mean age = 25.7 years; range, 21.0-30.9 years; eight
females, eight males) were recruited from the local com-
munity. Participants were right-handed as indicated by lat-

erality quotients of greater than +90 on the Edinburgh
Handedness Inventory [Oldfield, 1971]. Subjects were free
of neuromuscular impairment at the time of testing and
were not under psychoactive or vasoactive medication.
General assessment of cognitive function was conducted
using the Mini-Mental State Examination [Folstein et al.,
1975], upon which all subjects scored within normal limits
(i.e., score >27). Informed consent was obtained for all
participants and procedures were conducted following
guidelines established by the ethics committee of Biomedi-
cal Research at Katholieke Universiteit Leuven in compli-
ance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Experimental Design
Task procedures

Subjects performed alternating 21-s blocks of three task
conditions over four runs (i.e., time series) in a functional
magnetic resonance imaging (fMRI) scanner. In the first
task condition, involving in-phase coordination (Fig. 1A),
subjects made wrist flexion and extension movements in a
mirror symmetric fashion with respect to body midline
(i.e., with simultaneous activation of homologous muscles).
In contrast, the second task condition involved antiphase
coordination (Fig. 1B), with parallel motions of the hands
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via simultaneous flexion of one wrist and extension of the
other, and then visa versa. In the third task, a rest condi-
tion was included where subjects abstained from moving
either hand.

The three tasks were performed in the presence of
clearly audible pacing tones, which were used to set
movement frequency for the in-phase and antiphase task
conditions. Subjects were instructed to move smoothly and
continuously, while timing each peak flexion/extension
wrist movement with the occurrence of a tone. The fre-
quency of tone presentation varied between blocks in a
balanced fashion and corresponded to each subject’s rela-
tive capability in the antiphase coordination task (i.e.,
speeds of 45, 60, 75, and 90% of critical frequency). Sub-
critical speeds were chosen to prevent phase transitions.
Critical frequency was calculated as the maximum speed
where subjects were able to maintain antiphase task per-
formance within +45° of relative phase for at least 3 s.
This was determined from three frequency ramping trials
performed prior to testing, which involved antiphase
movements being performed at progressively faster speeds
starting at 0.5 Hz and increasing by 0.125 Hz every 5 s.

The normalization procedure described above was pri-
marily employed as a conservative approach to determine
age-related increases in brain activation during sensorimo-
tor tasks. With this procedure it is less likely that potential
overactivation in the elderly simply reflects the fact that
old individuals perform the task closer to their maximum
capacity than young subjects. It is anticipated that match-
ing task difficulty will result in young subjects making, on
average, more movements during a scan run than old
individuals. Thus, brain activation primarily related to the
movement frequency would actually be slightly underesti-
mated in the old compared with the young individuals.

Scanning procedures

Within 2 days before all scanning sessions, 45 min of
practice was given in a “dummy scanner” to familiarize
subjects with task procedures and the scan environment.
On the actual day of testing, subjects were placed head-
first and supine in the scanner with arms placed along the
trunk and elbows flexed at ~45°. This position was main-
tained throughout the scanning procedure with the aid of
supportive cushioning. A bite-bar was used to minimize
movements of the head, and a mirror was utilized to allow
vision of images from an LCD projection system displayed
on a screen mounted above the shoulders. This setup was
used to cue the different task conditions during each scan
run, preventing subjects from seeing their hands during
the movement task. Subjects wore headphones for commu-
nication with the experimenter and for hearing auditory
pacing tones. Orthoses, which limited wrist movement to
flexion and extension, were attached to the left and right
arms along the forearm and hand segments. These devices
were equipped with nonferromagnetic optical shaft
encoders (sampled at 100 Hz) that measured joint dis-

placement at a spatial resolution of 0.09°. The displace-
ment signal was available in real-time to the researchers
during scanning, allowing them to ensure that subjects
were complying with task instructions. This signal was
also recorded for off-line analysis following the experi-
mental session.

Image acquisition was achieved using a Siemens 3-T
Magnetom Trio MRI scanner (Siemens, Erlangen, Ger-
many) with standard head coil. Each scanning session
included a high-resolution T1-weighted image (MPRAGE;
TR = 2,300 ms, echo time [TE] =298 ms, 1 x 1 x 1.1 mm
voxels, field of view: 240 x 256, 160 sagittal slices) for ana-
tomical detail. Functional (fMRI) data were acquired over
four time series (i.e., runs) with an interleaved EPI pulse
sequence for T2*-weighted images (TR = 3,000 ms, TE =
30 ms, flip angle = 90°, 50 oblique slices each 2.8 mm
thick, interslice gap 0.028 mm, in-plane resolution 2.5 x
2.5 mm, 80 x 80 matrix). Three “dummy” scans at the be-
ginning of each run were discarded from analysis to allow
for scanner equilibration. Each run lasted 378 s (6.3 min)
consisting of six blocks of the three task conditions with
each condition lasting 21 s (i.e., seven whole brain images).
The order of conditions within a block was randomized
across time series and the auditorily paced movement
frequency for each block was randomized according to
a balanced presentation across all blocks. Rest periods of
~3 min were inserted following each time series.

Kinematic Data Analyses

Coordinative ability was determined using the relative
phase (@) between left and right wrists, as calculated
according to the following formula described by Scholz
and Kelso [1989]:

@=0r— 0= tan’l[(dXR/dt)]/XR] — tan’l[(dXL/dt)}/XL}

whereby R and L refer to the right and left wrists, respec-
tively; 0 is the mean phase of the limb at each point in the
movement cycle; X is the position of the limb (rescaled
between —1 and 1); and dX/dt is the instantaneous veloc-
ity (rescaled between —1 and 1). From this measure, coor-
dination accuracy (i.e., mean phase error) was determined
as the average absolute deviation between the obtained
relative phase and the target relative phase for in-phase
(i.e., 0°) or antiphase (i.e., 180°) movements. The standard
deviation of mean phase error was then quantified to pro-
vide a measure of coordination stability (i.e., phase
variability).

Beyond these phase measures, mean cycling frequency
and movement amplitude were calculated. Cycle fre-
quency was defined as the number of total movement
cycles per second (Hz) made by a particular hand. Move-
ment amplitude corresponded to the peak-to-peak dis-
placement of the wrist joint during each half cycle of
movement. Statistical analysis of all kinematic measures
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(i.e, ¢ accuracy, ¢ stability, frequency, amplitude)
involved multivariate analysis of variance (MANOVA)
with the following factors: age group (i.e.,, young, old),
coordination task (i.e., in-phase, antiphase), and movement
frequency (i.e., 45, 60, 75, 90% critical). Post-hoc analyses
were performed using Tukey’s honestly significant differ-
ence test. Statistical significance was considered at P <
0.05.

fMRI Data Analyses

Imaging data were processed using Statistical Parametric
Mapping (SPM) 5 software (Wellcome Department of
Imaging Neuroscience, London, UK) implemented in Mat-
Lab 7.4 (MathWorks, Natick, MA). For each subject, EPI
volumes were realigned to the first image in the first time
series and a mean image was created from the realigned
volumes. No subject in either group moved more than
2 mm in any direction over the course of a time series;
however, some task-related movement was observed. To
account for this, realigned images underwent an “unwarp”
procedure to remove some of the unwanted movement-
related variance independent of variance related to the
task conditions [Andersson et al., 2001]. Normalization of
the resulting images was performed using a standardized
EPI template based on the Montreal Neurological Institute
reference brain in Talairach space [Talairach and Tour-
naux, 1998]. Voxels were subsampled at 2 x 2 x 2 mm
and smoothed with a Gaussian kernel (10 mm FWHM).

All statistical analyses were performed in accordance
with the general linear model [Friston et al., 1995]. For
each subject, a first level model was specified with four
regressors in total. Regressors for in-phase and antiphase
movement were modeled with boxcar functions represent-
ing periods of movement and rest with onset and duration
calculations based on the kinematics recorded during scan-
ning. Thus, activation during movement conditions was
compared with an implicit (rest) baseline. Additionally,
parametric modulation of relative movement frequency in
the in-phase and antiphase conditions was added to esti-
mate linear change about the mean response. Positive esti-
mates indicated brain areas that increased activation
linearly with increasing frequency and vice versa. Regres-
sors were convolved with the canonical hemodynamic
response function provided in SPM and subjected to high-
pass filtering (1/128 Hz) to remove low-frequency drifts.

First-level contrasts for in-phase and antiphase were
entered into a second-level, random effects analysis of var-
iance (ANOVA) with the following factors: group (young,
old) and task (in-phase, antiphase). Separate ANOVAs
were run for the mean and parametric (i.e., linear relation-
ship with frequency) responses. A masking procedure was
utilized [Heuninckx et al., 2005], which restricted analyses
to voxels with significant activation during either the in-
phase or antiphase task in either group with family wise
error <0.05. This procedure reduces the search volume on

the basis of an independent contrast which has been
shown to be both valid and advantageous compared with
functional localizer approaches [Friston et al., 2006].

Common activations between young and old subjects

For both the mean and parametric response ANOVAs, a
conjunction analysis previously described by Heuninckx
et al. [2005, 2008] was utilized to determine areas that
were active, or that modulated activation with frequency,
in a similar fashion between both young and old individu-
als during coordination tasks. Conjunctions were deter-
mined according to the method of Nichols et al. [2005]
whereby significant activation reflects that both groups
exceeded the threshold level. For all analyses, a false dis-
covery rate (FDR) was applied to ensure P < 0.01 across
groups. Only cluster sizes with an extent of at least 20
voxels were considered.

Age-related differences in activation
for young and old subjects

Differential activations between young and old individu-
als in terms of mean and parametric responses were iden-
tified using post-hoc t comparisons within the framework
of the ANOVA model. FDR correction and cluster extents
were as described earlier.

Correlation of areas with age-related
activation differences and performance

When areas were found to have greater activation for
one group, multiple linear regression analyses were con-
ducted to determine significant correlations between
increased activity and task performance. To accomplish
this, a constrained search [Friston et al., 2006] was again
performed based on the results of the independent con-
trasts conducted in the previous methods step (i.e., the
contrast images for each of the main effects of bimanual
movement), using areas that were significantly more
active in one group versus the other. Next, a second level
model was defined, with a performance covariate of inter-
est for each subject as well as age and critical movement
frequency covariates of no interest. For the performance
covariate, the inverse of coordination accuracy was cho-
sen, simplifying interpretation of the results such that pos-
itive effects indicated increased performance with
increased activation [for a similar procedure, see Heu-
ninckx et al.,, 2008]. To increase sensitivity, this analysis
was first conducted at an uncorrected threshold of P <
0.05 within SPM 5 [cf. Colcombe et al., 2005]. Then, subse-
quent correlation tests between cluster-level percent signal
change (PSC) (marsbar toolbox) [Brett et al., 2002] and
performance were conducted to obtain measures of rela-
tionship strength (r-values), and significance (P < 0.01,
Bonferroni corrected), respectively.
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Figure 2.

Coordination accuracy (A) and stability (B) for young and old individuals in each task (IP, in-
phase; AP, antiphase) and frequency (45, 60, 75, 90% critical) condition. Task performance did
not significantly differ between groups. However, in-phase accuracy (P > 0.001) and stability (P
> 0.001) was greater in the in-phase compared with antiphase condition across young and old

subjects.

RESULTS
Kinematic Data

As expected, the mean critical frequency of young sub-
jects (1.8 Hz) was significantly greater (F(1,15 = 135.6, P <
0.001) than that of elderly individuals (1.5 Hz). Impor-
tantly, neither bimanual coordination accuracy (Fig. 2A)
nor stability (Fig. 2B) differed between groups at any of
the relative movement frequencies. For both groups, coor-
dinative ability was significantly decreased during anti-
phase versus in-phase tasks (accuracy: Fg 15 = 66.8, P <
0.001; stability: F15 = 97.6, P < 0.001). Lower accuracy
and stability was also observed for both groups at the 45%
compared with 75% and 90% critical frequencies (Tukey’s
HSD). Small, but significant (F1.:5 = 5.3, P < 0.01),
decreases in movement amplitude were seen with
increased movement frequency. However, movement am-
plitude was not different between left and right hands and
did not significantly differ between age groups.

Imaging Data
Activations during bimanual coordination tasks

Brain areas significantly activated during bimanual coor-
dination tasks compared with rest are provided in Figure
3. The ANOVA model did not reveal a main effect of task
between the in-phase and antiphase conditions, and thus,
these results reflect both in-phase and antiphase condi-
tions. Activations common to young and old subjects (rep-
resented in yellow in Fig. 3; peak coordinates in Table I)

included areas typically observed during motor coordina-
tion tasks. Specifically, significant activations were seen
bilaterally in the sensorimotor cortices (SMI), SMA, cere-
bellum, and dorsal premotor cortices (PMd), as well as in
the right ventral premotor cortex (PMv). Additionally,
there was activation along the left and right lateral fissures
involving regions such as secondary somatosensory area
(SII), primary auditory cortex (AI), and the IFG (pars
opercularis).

With respect to group differences, a main effect of age
was found revealing several areas that were significantly
more active with age (represented in red on Fig. 3; peak
coordinates in Table II). These areas included more exten-
sive activation of the SMA and areas along the left and
right lateral fissures (SII, IFG pars opercularis), as well as
unique activations in bilateral middle cingulate cortex, sec-
ondary auditory area (AIl), left inferior parietal cortex
(IPC), and right DLPFC. No areas that showed signifi-
cantly more activity in young compared with old subjects
were found.

Modulated neural activity in accordance with
movement frequency

Parametric analyses revealed several areas that linearly
modulated activity with changes in movement frequency
(see Fig. 4). A main effect of task was again not evident
and so the results pertain to both the in-phase and anti-
phase tasks. Compared with rest, parametrically modu-
lated activations common to both young and old
individuals (represented in yellow in Fig. 4; peak
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Figure 3.
Mean activations during bimanual coordination tasks versus rest, overlaid on a standard MNI
template brain. Areas activated by both young and old individuals (common) are shown in yellow,
whereas greater activations by old subjects are depicted in red. Bar plots represent BOLD
responses measured in percent signal change for the overactivated areas during in-phase (IP) and
antiphase (AP) tasks, in old (red) and young (green) subjects.

coordinates in Table III) involved a variety of motor execu- jects whereby slightly more extensive modulation of SMA
tion areas. These included left and right SMI, SMA, PMd, (represented in red in Fig. 4; peak coordinates: x = —4, y
cerebellum, and left middle cingulate cortex. Only one = —20, z = 64; t = 3.19) was seen in old compared with
group difference was found between young and old sub- young individuals.
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TABLE I. Areas with significant activation in old and
young individuals during bimanual coordination tasks
compared with rest

Activation peak location Side x y z  t-value
CLUSTER#1 - 11,237 voxels
Precentral gyrus (MI, BA 4) L -30 -30 58 14.24
R 34 —-24 52 1154
Postcentral gyrus (SI, BA 1/3) L -3 —-40 70 876
R 38 —-30 66 11.03
Middle frontal gyrus L -4 -10 60 13.09
(SMA, BA 6)
R 6 —12 58 1222
Precentral gyrus (PMd, BA 6) L -3 -12 66 998
R 28 —-16 64 113
CLUSTER#2 — 2,242 voxels
Cerebellar hemisphere (IV-V) L 20 —46 —-24 8.05
R 24 —44 -26  8.56
Cerebellar vermis (IV-V) L -2 —60 -16 8.4
R 2 —48 -4 651
CLUSTER#3 — 475 voxels
Parietal operculum (SII, BA43) L —46 -28 22 6.88
Superior temporal gyrus L 46 -36 24 638
(A, BA 41)
Supramarginal gyrus (SI, BA2) L 56 —-26 36 3.92
CLUSTER#4 — 259 voxels
IFG (pars opercularis, BA 44) R 60 10 12 411
CLUSTER#5 — 748 voxels
Parietal operculum (SII, BA 43) R 46 -26 20 6.08
Superior temporal gyrus R 58 -30 20 573
(AT, BA 41)
Supramarginal gyrus (SI, BA 2) R 54 -32 32 564
CLUSTER#6 — 21 voxels
Precentral gyrus (PMv, BA 6) R 58 8 40 5.89
CLUSTER#7 — 31 voxels
IFG (pars opercularis, BA 44) L 54 4 0 275

lying bimanual movements. By normalizing movement fre-
quencies across age groups, it was shown that, even when
coordination performance was similar for young and old
individuals, elderly brain function was characterized by
greater age-related activation in multiple motor, sensory,
and cognitive regions. These areas included, importantly,
activity in SMA and left SII that correlated positively with
performance in the more complex antiphase task condition
and suggest a compensatory recruitment strategy. Addi-
tionally, parametric brain responses associated with
increased movement frequency showed that old and
young subjects have similar capacities for modulating
brain activity with altered movement frequency demands.
This unexpected and encouraging result indicates that
greater age-related brain activity does not preclude
frequency-induced neural modulation as a function of
increased task demand in the elderly.

Areas of Increased Activation for Elderly
Bimanual Movements

The in-phase and antiphase tasks utilized in this study
represent base patterns of coordination for many activities
of daily living such as opening a box, swimming, dancing,
or swinging one’s arms during gait. As such, our results
provide important information regarding age-related dif-
ferences in the neural control of bimanual movement and

TABLE Il. Areas with significant overactivation in old
versus young individuals during bimanual coordination
tasks compared with rest

BA, Brodmann area.

Correlations between areas more active in the
elderly and coordination performance

Based on the regression analysis, two clusters were iden-
tified in old subjects that demonstrated a positive relation-
ship between coordinative ability and degree of activation.
In this case, these areas were specific to the more complex
antiphase versus in-phase task condition. As shown in Fig-
ure 5, the clusters were located in SMA (peak coordinates:
x=—4,y=-22,z=72t=241) and SII (peak coordi-
nates: x = —60, y = —26, z = 30; t = 1.98), respectively.
Post-hoc correlations involving PSC and task performance
demonstrated that the strength of this relationship was r =
0.57 (P < 0.01) for SMA and r = 0.69 (P < 0.01) for SII. No
significant brain-behavior correlations were observed for
young individuals.

DISCUSSION

This study represents the first definitive analysis of age-
related differences in the neural activation patterns under-

Activation peak location Side x y z t-value
CLUSTER#1 — 517 voxels
Superior frontal gyrus L -10 -18 64 3.18
(SMA, BA 6)
R 12 20 66 3.87
CLUSTER#2 - 313 voxels
Parietal operculum (SII, BA 43) L -60 -—-28 28 4
Superior temporal gyrus L —-66 —-16 12 47
(AL BA 22)
CLUSTER#3 — 120 voxels
Parietal operculum (SII, BA 43) R 68 —12 14 4.25
Superior temporal gyrus R 66 —14 10 442
(AL BA 22)
CLUSTER#4 — 86 voxels
IFG (pars opercularis, BA 44) L 58 12 2 422
CLUSTER#5 — 196 voxels
IFG (pars opercularis, BA 44) R 62 20 4 396
CLUSTER#6 — 78 voxels
Inferior parietal cortex (BA 40) L 40 —-44 52 328
CLUSTER#7 — 69 voxels
Middle frontal gyrus R 34 34 38 357
(DLPFC, BA 46)
CLUSTER#8 — 48 voxels
Middle cingulate cortex (BA 23) L -2 —16 44 344
R 4 -8 42 319
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Figure 4.

Areas showing parametric modulation of brain activity in accord-
ance with changes in movement frequency. Similar responses for
young and old individuals (common) are shown in yellow,
whereas modulation by elderly, but not young, is depicted in
red. Bar plots represent BOLD responses measured in percent

the general “resiliency features” that support it. More spe-
cifically, it appears that bimanual coordination in the el-
derly is accomplished through age-related activation in
regions that span the motor, sensory, and cognitive
domains.

From a motor standpoint, brain areas along the medial
wall (SMA and cingulate motor areas) seem particularly
relevant because these regions appear to play a vital role
in the temporal organization and execution of bimanual
tasks [Carson, 2005; Paus, 2001; Swinnen, 2002; Swinnen
and Wenderoth, 2004]. Indeed, early studies involving
nonhuman primates have shown that SMA lesions lead to
enduring deficits in the ability to use the arms in a cooper-
ative fashion [Brinkman, 1981, 1984]. More recently, medi-
cal imaging studies contrasting unimanual versus
bimanual tasks have shown that SMA [Debaere et al.,
2004; Goerres et al., 1998; Immisch et al.,, 2001; Sadato
et al., 1997; Stephan et al., 1999; Toyokura et al., 1999,

signal change across tasks for old (red) and young (green) sub-
jects in each frequency (45, 60, 75, 90% critical) condition.
[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

2002; Ullen et al., 2003; Wenderoth et al., 2004] and cingu-
late motor areas [Debaere et al., 2004; Immisch et al., 2001;
Stephan et al., 1999; Ullen et al., 2003, Wenderoth et al.,
2005] are more extensively involved during bimanual
movements. These activations are especially striking dur-
ing bimanual tasks requiring increased levels of coordina-
tion complexity.

In addition to the medial motor areas, old adults
showed greater activation in various sensory feedback
processing regions along lateral sulci of the left and right
hemispheres. These activations included the regions of SII,
All, and the frontal opercula. Activation in SII, as defined
by Eickhoff et al. [2006], is known to have multiple soma-
tosensory feedback functions including the perception of
movement-related proprioceptive feedback [Naito et al.,
2005, 2007]. Given that movements in this study were
made without visual guidance, SII activation, therefore,
likely reflected greater proprioceptive monitoring of the
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Figure 5.
Areas demonstrating a positive relationship between activation and performance in elderly sub-
jects during the antiphase task. Cross-plots show strength of relationship within the in-phase
(cyan) and antiphase (violet) conditions. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

hands by elderly subjects to maintain the desired coordi-
nation patterns. Similarly, increased activation in AIl may
also reflect increased monitoring of sensory information
but, in this case, related to the auditory modality (i.e., met-
ronome pacing). Although AII has traditionally been asso-
ciated with verbal information processing, recent studies
have clearly demonstrated a role for this area in other
aspects of audition including, for example, memory for
pitch [Gaab et al., 2003, 2006]. In accord with SII and AIl
activations, more extensive activation during coordinated
movement was seen for older individuals in the frontal
opercula. This region is thought to play an important role
in the higher-order processing of auditory information
[Bamiou et al., 2003; Platel et al., 1997; Thaut, 2003], partic-
ularly as it relates to the synchronization of movement to
an auditory tone [Lewis et al.,, 2004; Thaut, 2003]. Taken
together, the overactivated areas described above suggest
a greater reliance on sensory information processing mech-
anisms for elderly subjects to perform rhythmic bimanual
actions.

Old individuals in this study also showed overactiva-
tions in brain areas typically ascribed to more cognitive
aspects of performance. Greater activation for old adults in

DLPEC and IPC, for example, have previously been impli-
cated as part of a compensatory frontoparietal network in
tasks requiring visual attention [Cabeza et al., 2004, Grady

TABLE Ill. Areas showing significant modulation of
activity with changes in movement frequency for both
young and old individuals

Activation peak location Side «x Y z  t-value
CLUSTER#1 - 5,820 voxels
Central sulcus (SM1, BA 3/4) L -24 -26 58 877
R 26 —26 56 6.66
Middle frontal gyrus L -2 -8 64 613
(SMA proper, BA 6)
R 2 -14 56 512
Precentral gyrus (PMd, BA 6) L 42 -12 60 46
R 46 -10 48 341
Middle cingulate cortex (BA 23) L -8 —24 50 3.85
CLUSTER#2 — 655 voxels
Cerebellar vermis (IV-V) R 2 —46 —4 44
Cerebellar vermis (VI) 0 —66 —12 436
Cerebellar hemisphere (IV-V) R 8§ —60 —12 4.08
Cerebellar hemisphere (VI) R 24 —48 -22 34
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et al, 1994, Madden et al., 1997, 2007]. Further, right
DLPFEC has received increasing attention in the aging liter-
ature due to its likely involvement in memory retrieval
[D’Esposito et al., 1999; Rypma and D’Esposito, 2000] and
the formation of action-oriented representations derived
from sensory information [Jueptner et al., 1997; Toni and
Passingham, 1999; Toni et al., 2001]. In the latter case,
DLPFEC activation is thought to reflect “attention to
action,” as activity is decreased in this area when task per-
formance becomes automated. With respect to left IPC,
greater activation for old adults in this area was in a simi-
lar location as that described by Rushworth et al. [1997,
2001a,b] for motor attentional processes. Such studies have
provided convincing evidence that activity in more
anterior regions of left parietal cortex relate to ongoing
monitoring of actions to be performed, in the absence of
any (visual) orienting cues. To this extent, movements
made by elderly individuals in this study appear to have
necessitated greater mental effort than those of young
subjects.

The greater bilateral activations found in inferior frontal
gyri (p. opercularis) for elderly subjects during bimanual
coordination might also reflect a cognition-based differ-
ence between young and old subjects. Specifically, it has
been shown that a similar pattern of activation is charac-
teristic of response inhibition tasks such as “go/no go”
[Langenecker and Nielson, 2003; Nielson et al., 2002] and
“Stroop” [Langenecker et al.,, 2004]. In this case, young
and elderly individuals activate comparable regions across
the brain when presented with a response conflict. How-
ever, old individuals have greater, and sometimes more
extensive, activations in frontal regions including, espe-
cially, the left and right inferior frontal gyri.

Age-Resistant Parametric Responses
to Altered Movement Frequency

Contrary to our original hypothesis, young and old sub-
jects showed similar responses to changes in movement
frequency with only slightly more extensive SMA activa-
tion for elderly individuals. Although the relationship
between neural activation and frequency-related move-
ment parameters has been explored in depth for young
subjects [Blinkenberg et al., 1996; Deiber et al., 1999; Jancke
et al., 1998a,b; Rao et al., 1996; Sadato et al., 1996; Schlaug
et al., 1996; Turner et al., 2003; Van Meter et al., 1995], lit-
tle is known regarding older individuals. In the only other
aging study assessing changes in brain activation with
movements of increasing speed [Riecker et al., 2006] it was
also shown that old and young subjects did not differ in
brain areas demonstrating frequency-related neural modu-
lation. The study by Riecker et al. [2006] was restricted,
however, to young and elderly subjects who could per-
form finger tapping movements at an extremely high rate
(6 Hz, one tap every 167 ms). In contrast, the frequency
normalization procedure utilized in this study likely

allowed for a more representative sample of the elderly
population to be tested. In this case, it appears that this as-
pect of elderly neural function is a relatively robust phe-
nomenon and future research is no doubt necessary to
determine the extent to which this relatively age-resistant
aspect of neural function extends beyond the sensorimotor
domain.

Age-Related Increases in Activation
as a Compensatory Mechanism for
Bimanual Movements

Although overactivation itself may reflect a general form
of neural compensation in the elderly, positive correlations
between task performance and areas of increased activa-
tion for old adults in SMA and left SII provide the clearest
evidence of a compensatory strategy employed by elderly
individuals. As previously stated, SMA is known to be a
critical area for bimanual coordination (especially during
tasks requiring increased coordination demands), and
therefore, it is perhaps not surprising that greater recruit-
ment of this area resulted in improved antiphase coordina-
tion. With respect to SII, its role in higher-order processing
of somatosensory function also makes it a feasible sub-
strate for enhancing bimanual movement performance,
given that the tasks performed were proprioceptively
guided.

It is worthy of note that evidence now exists in young
subjects that proprioceptive processing in SII is relatively
lateralized to the right hemisphere—a phenomenon which
may underlie contralateral left arm advantages for pro-
prioceptive arm position monitoring [Goble and Brown,
2007, 2008a,b,c, 2009; Goble et al., 2005, 2006, 2009a]. A
similar asymmetry was also seen for old adults in this
study (right S2 PSC = 0.80; left S2 PSC = 0.39), which
might allow for a parallel to be drawn between our find-
ings and the hemispheric asymmetry reduction in old
adults (i.e, HARold) model of aging [Cabeza, 2002;
Cabeza et al., 2002; Dolcos et al., 2002]. In this case, known
deficits in the proprioceptive sensibility of elderly individ-
uals [Goble et al., 2009b] may have been compensated for
in successfully performing elderly by a reduction in the
degree of right lateralized S2 activity. However, given that
our experiment was not designed to address such ques-
tions of laterality, some caution should be exercised with
respect to the interpretation of this result.

Additional Considerations and Future Work

Although a tendency was noted for greater neural acti-
vation in antiphase versus in-phase movement conditions,
statistical significance was not achieved at the rather
stringent threshold selected. The lack of differences seen
may simply be related to the imposed movement fre-
quency requirements in this study, which dictated that
movements be performed at stable, subcritical speeds.
This design was necessary to equate subject performance
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and to ensure the coordination tasks of interest were per-
formed correctly, while maintaining the desired target
frequencies. In future work, it may be interesting to look
at critical and/or supracritical speeds to elucidate activa-
tions related to a transition from the antiphase to in-
phase movement. Despite this caveat, however, task-
related differences were evident in kinematic measures of
movement performance (i.e., phase accuracy/stability)
and in the analysis of compensatory overactivation. Inter-
estingly, if absolute frequencies were to be maintained
across all subjects, it is most likely that the age-related
increase in activation reported here would actually have
been even greater and more extensive in nature. Simi-
larly, an underestimation of overactivation may also have
occurred based on age-related differences in neurovascu-
lar coupling. Indeed, although old subjects are known to
have a similar peak BOLD response as young subjects, it
has been shown to be more variable and of longer dura-
tion [D’Esposito et al., 1999].

Study Relevance

It is important to investigate bimanual coordination
from both fundamental and clinical perspectives. On the
one hand, the principles governing interlimb coordination
are not simple extrapolations of those obtained in single-
limb movements. This has been shown for several patho-
logical populations who can easily perform tasks involving
a single arm, but have great difficulty when performing
activities with both arms [Swinnen, 2002]. On the other
hand, there have been increasing attempts to use bimanual
synergies as a tool for the training and treatment of indi-
viduals with unilateral sensorimotor dysfunction includ-
ing, especially, individuals with hemiparetic stroke. For
example, using active—passive bilateral therapy, Stinear
et al. [2008] were recently able to demonstrate that a rela-
tive “rebalancing” of the affected and less affected hemi-
spheres is possible using 10-15 min of passive bilateral
movement prior to active movement training. In addition,
it has been shown on a number of occasions that it is possi-
ble to exploit the inherent neural coupling underlying bima-
nual movement in such a way that simultaneous movement
of the unaffected arm with the affected arm can improve
the level of affected arm performance [Cauraugh et al,
2009; Goble, 2006; Stewart et al., 2006; Summers et al.,
2007]. Given the promise of this work, studies such as the
present one will assist in further informing researchers of
the neural status underlying bimanual coordination ability
under normal aging conditions.

CONCLUSIONS

Bimanual coordination is a frequent and necessary com-
ponent of many activities of daily living [Swinnen, 2002;
Swinnen and Wenderoth, 2004], and declines in bimanual
performance are characteristic of old versus younger indi-

viduals [Lee et al., 2002; Serrien et al., 1996, 2000; Swinnen
et al., 1998; Wishart et al., 2000]. This study provided the
first known assessment of the neural correlates associated
with bimanual coordination in the elderly. Age-related
increases in activation, observed in old compared with
young subjects, extend recent work showing that complex
movements require greater neural resources with aging,
including those related to sensorimotor and cognitive
functions. Positive correlations between the SMA and left
SII with movement performance demonstrate that age-
associated increases in neural activity are, at least in part,
compensatory for bimanual tasks. A surprising, yet
encouraging, finding was the ability of old adults to mod-
ulate neural activity with changes in movement frequency
to a similar degree as their young counterparts. Overall, it
appears from these results that aging is associated with a
shift from more automatic to feedback-dependent control
of bimanual movements. This may come at the cost of per-
forming other, nonmotor activities, as has been evident in
various dual-tasking paradigms (e.g., Doumas et al., 2008,
2009, Heuninckx et al., 2004]. In this way, our results have
both theoretical as well as clinical relevance to the field of
gerontology.
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