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Abstract

The ability to grip objects allows us to perform many activities of daily living such as eating and
drinking. Lesions to and disorders of the basal ganglia can cause deficits in grip force control.
Although the prediction of grip force amplitude is an important component of performing a grip force
task, the extant literature suggests that this process may not include the basal ganglia. This study
used functional magnetic resonance imaging (FMRI) to explore the functional brain mechanisms
underlying the prediction of grip force amplitude. The mean force and duration of force did not vary
across prediction levels. As anticipated, the reaction time decreased with the level of grip force
predictions. In confirmation of previous studies, the parieto-frontal and cerebellar circuits increased
their fMRI signal as grip force predictability increased. In addition, the novel finding was that anterior
nuclei in the basal ganglia such as caudate and anterior putamen also had an fMRI signal that increased
with the level of grip force prediction. In contrast, the fMRI signal in posterior nuclei of the basal
ganglia did not change with the level of prediction. These findings provide new evidence indicating
that anterior basal ganglia nuclei are involved in the predictive scaling of precision grip force control.
Further, the results provide additional support for the planning and parameterization model of the
basal ganglia by demonstrating than specific anterior nuclei of the basal ganglia are involved in
planning grip force.

Introduction

The ability to grip objects allows us to perform many activities of daily living such as eating
and drinking. When we lift an object there is a parallel increase in grip force and load force
before lift off (Forssberg et al., 1991; Johansson and Cole, 1994). Since explicit information
about the weight of an object is available only at lift off, individuals use visual information of
the object's properties to predicatively scale appropriate fingertip forces (Danion and Sarlegna,
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2007; Flanagan et al., 2001; Gordon et al., 1991a, b). Despite the fact that visual information
allows predictive grip force scaling, relatively little is known about the neuronal processes in
the brain that mediate our ability to predict an appropriate grip force output.

Predicting an appropriate grip force output is an important component of the planning process.
Schmitz and colleagues (2005) studied brain activity during predictable and unpredictable
weight changes during a grip force task that did not use visual feedback. During predictable
grip force, they found increased brain activity in parietal-frontal circuits, along with the left
cerebellum and left thalamus. While scanning coverage included the basal ganglia nuclei, they
did not find any changes in activation in the basal ganglia. However, there is emerging evidence
to suggest that the basal ganglia are involved in grip force control.

In arecent review on precision grip force control (Prodoehl et al., 2009), the basal ganglia have
been proposed to regulate specific aspects of precision grip force control. For instance, the
planning and parameterization model of the basal ganglia proposes that anterior nuclei (eg.
caudate and anterior putamen) in the basal ganglia are involved in planning grip force, and
posterior nuclei (eg. subthalamic nucleus and internal globus pallidus) in the basal ganglia are
involved in the parameterization of grip force output (Prodoehl et al., 2009). In support of this
model, subjects were asked to produce grip force that was either at a consistent force amplitude
level or was deliberately varied by the subject to internally select different force amplitudes
(Vaillancourt et al., 2007). Using fMRI to examine activation in the basal ganglia, the authors
found that the anterior basal ganglia nuclei showed increased activation related to the selection
component of the task whereas activation in posterior basal ganglia nuclei was related to
dynamic force pulse production. Pope and colleagues (2005) used a slightly different force
production task and also found a specific role for anterior basal ganglia nuclei in planning and
switching aspects of force control. It remains unclear however if anterior basal ganglia nuclei,
which include the caudate and anterior putamen, have a role in the prediction of grip force
output.

The purpose of this study was to use functional magnetic resonance imaging (fMRI) to examine
how the blood oxygen level dependent (BOLD) signal changes during a grip force task that
utilized different levels of predictability of appropriate force amplitude. The independent
variable manipulated was the number of predictable force pulses during a sequence of grip
force pulses. We expected that when subjects could predict the amplitude of the upcoming
force pulse their reaction time would decrease (Hick, 1952; Hyman, 1953). Since it has been
shown that the amplitude of force and duration of force can both affect BOLD fMRI signals
in the basal ganglia (Prodoehl et al., 2008b; Spraker et al., 2007), these parameters were
carefully controlled across prediction levels. Based on the planning and parameterization
model (Prodoehl et al., 2009), we test the hypothesis that the caudate and anterior putamen are
part of the parietal-frontal and cerebellar circuits that have previously been shown to be
involved in grip force prediction. We also test the hypothesis that other nuclei in the basal
ganglia (such as subthalamic nucleus and globus pallidus) will not show increased activity
when the number of predictable force pulses increases.

Eleven neurologically healthy right handed subjects (5 males and 6 females) age 21-33 years
participated in the experiment. All subjects agreed to the experimental procedure by giving
informed consent. The research plan was approved by the local Institutional Review Board and
all procedures were in compliance with the Declaration of Helsinki.
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Force Data Acquisition

Subjects produced force on a rigid precision grip device with the index and middle finger
opposing the thumb of their right hand. The custom made pinch grip device (Vaillancourt et
al., 2003) was made of non metallic material (polycarbonate) and was therefore suitable for
use within the fMRI environment. The pinch grip device was connected to a 35 feet long plastic
tube which loaded into an Entran (EPX-NI3-250P) pressure transducer located outside the
fMRI environment. When force was produced against the pinch grip device, hydraulic pressure
increased. This increase was sensed by the pressure transducer. The output of the pressure
transducer was amplified through a pressure gauge amplifier. A PCMCI National Instruments
AJD converter sampled the pressure at 100 Hz. The subject was presented with online visual
feedback of the force produced.

MRI Data Acquisition

Magnetic resonance images were collected using a volume head coil inside a 3 Tesla MR
Scanner (GE Healthcare 3T94 Excite 2.0). To minimize any head movement, foam pads were
fitted around the head of the subject. In addition, visual feedback about head position was
provided to the subject through the use of a projector-visor system (Thulborn and Shen,
1999). The subject's ears were shielded from the noise of the scanner with the use of earphones
and earplugs. The functional images were collected with a T,* sensitive, single-shot, gradient-
echo echo-planar pulse sequence (echotime 25 ms; repeat time 2500 ms; flip angle 90; field of
view 200 mm; imaging matrix 64 x 64; 42 contiguous slices with a slice thickness of 3mm).
Slices were acquired axially with full coverage of the brain including the cerebellum. Following
the fMRI scans, anatomical images were collected using a T1 weighted 3D inversion recovery
fast spoiled gradient recalled (3DIRfSPGR) pulse sequence (echotime 3 ms; repeat time 25
ms; flip angle 40; field of view 240 mm; imaging matrix 256 x 256; 120 contiguous slices with
a slice thickness of 1.5 mm).

Experimental Design

The maximum voluntary contraction (MVC) was collected first as subjects were asked to
sustain a maximum force for three consecutive 5s trials. Each trial was separated by a period
of rest. The MVC was calculated as the average force during the sustained force period. The
fMRI experiment was performed as a block design, with a total of 3 separate fMRI scans. As
depicted in Figure 1A, each of the functional scans consisted of a 30s rest period alternating
with a 30s task block that repeated 4 times and ended with an additional rest period.

Subjects were positioned supine in the scanner, and held the pinch grip device in their right
hand. During the 30s rest period subjects could see on a display screen two horizontal bars: a
white cursor bar and a target bar (above the white bar). The target bar was red, and both the
white cursor bar and the red target bar were stationary. During the rest time subjects were
instructed to fixate on the stationary target bar and produce no force.

During each 30s task block, subjects were required to produce two sequences of 5 force pulse
contractions (i.e. sequence of pulses 1-5 and sequence of pulses 6-10). To cue the initiation of
the first force pulse of a sequence the target bar turned to blue from red and simultaneously
reached a target force level on screen (Figure 1B — Pulse 1). Upon seeing this cue, the subject
initiated force production to match the white cursor bar to the displayed target force bar. The
white cursor bar was directly related to the force produced by the subject and moved vertically
towards the target bar with an increase in force. The target bar stayed at the particular force
level for a period of 2s after which it returned to red for 1s. This served as the cue for the subject
to relax by stopping force production. To cue the initiation of each of the following force pulses,
the target bar turned to green (not blue) from red and simultaneously reached a target force
level on screen (Figure 1B — Pulses 2-5 and Pulses 7-10). For each of these force pulses, the
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target force level was displayed for a period of 2s and was followed by a red target bar for 1s.
Once the target bar cue was available, subjects were instructed to respond quickly and produce
each force pulse as fast and accurately as possible. The target force levels were set to different
percentages of the subject's MVC based on a set of prediction rules.

The three functional scans measured three levels of predictability: 20%, 40% and 80%. The
20% level of predictability was the least predictable and the 80% level of predictability was
the most predictable. (1) 20% (Figure 1B): Subjects were trained in advance that within each
force sequence of the task block, the target force level for the second pulse of each five pulse
sequence would be at the same force level as the first pulse of that sequence. This is shown in
Figure 1B where the target force level for pulse 2 is at the same force level as for pulse 1 and
the target force level for pulse 7 is at the same force level as for pulse 6. Thus, pulses 2 and 7
were predictable. The target force levels for pulse 1 and pulse 6 could appear at any force level
and therefore were unpredictable for the subjects. Similarly, the target force levels for pulses
3,4,5,8,9and 10 could appear at any force level and were also unpredictable for the subjects.
(2) 40% (Figure 1C): Similar to the 20% level of predictability, subjects were trained in advance
that within each force sequence of the task block, the target force level for pulse 2 would be at
the same force level as pulse 1, and pulse 7 at the same force level as pulse 6. In addition,
subjects were trained that the force level for pulse 3 would be at double the force level of pulse
1, and pulse 8 would be double the force level of pulse 6. (3) 80% (Figure 1D): Similar to the
40 % level of predictability, subjects were trained in advance that within each force sequence
of the task, the target force level for pulse 2 would be the same as pulse 1, and pulse 7 the same
as pulse 6. In addition, consistent with the 40% level of predictability pulse 3 was double that
of pulse 1, and pulse 8 was double that of pulse 6. In addition, they were trained that the target
force level for pulse 4 would be half the force level of pulse 1 of the sequence, and pulse 9
would be half that of pulse 6. Finally, the target force level for pulse 5 would be 75% greater
than pulse 1, and pulse 10 would be 75% greater than pulse 6.

Subjects were trained extensively for two hours outside the scanner on the day before fMRI
data collection so that the subjects learned the rules to apply within the three levels of
predictability of the scans. When in the scanner, subjects were informed before each scan about
the level of predictability in the upcoming scan and the order of the 3 scans was counterbalanced
across subjects. Itis important to note that the values of the target force levels were not identical
for the two force sequences within a task block. For instance in the 20% level of predictability,
one of the task blocks had the following target force levels: 5, 5, 10, 14, and 20 % of MVC for
sequence of pulses 1-5, and 18, 18, 30, 22 and 8% of MVC for sequence of pulses 6-10,
respectively. Additionally, no two force sequences were identical across the task blocks. This
was done to ensure that the subject was making active use of the information provided by the
first target force level to predict the force level of the upcoming pulse in each and every
forthcoming sequence.

Further, since previous studies have shown that the cortex and specific nuclei in the basal
ganglia (subthalamic nucleus and internal segment of the globus pallidus) increase in signal
intensity with the average level of force output during a grip task (Dai et al., 2001; Spraker et
al., 2007), the average of the target force levels that were displayed during a single task block
of any scan was kept constant at 15% of MVC. Therefore the average force produced across
the three scans was controlled. A low value of 15% of MVC was chosen to minimize the effects
of fatigue during task performance.

Force and fMRI Data Analysis

Force data analysis—The reaction time for each force pulse in every task block of the three
levels of predictability was calculated using a custom written algorithm in MATLAB. The
mean force during each force pulse was calculated during the steady-state phase of the 2s pulse.
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The mean force was then averaged across all pulses in the scan. The duration of force was
calculated as the time period between the onset and offset of a force pulse. The onset of a force
pulse was the data sample at which the subject reached 5% of the peak force level of that
particular pulse. The offset of a force pulse was the data sample at which the force being
produced by the subject reduced to less than 5% of the peak force level required for that
particular pulse. Reaction time was the difference in time between the stimulus onset and onset
of the force pulse. The peak rate of change of force was the maximum of the first derivative
of force from the force onset to when the force level reached the target acquisition force. Since
there were 10 pulses per block and 4 blocks, this resulted in 40 pulses per scan. The average
of these 40 values was used in the statistical analysis for each dependent measure respectively.
A separate one factor (prediction level) repeated measures ANOVA was performed for each
dependent measure (average reaction time per scan, average rate of change of force per scan,
average of mean force per scan, and average duration of force per scan) using STATISTICA
V6.1

fMRI head motion analysis—The fMRI data were imported from the scanner and data
processing was performed using the public domain software AFNI
(http://afni.nimh.nih.gov/afni/). Motion detection and correction (3Dvolreg) were performed
on each functional dataset of each subject. To be included in data analysis, the permitted head
movement (peak to peak displacement) had to be less than a third of a voxel (voxel size =3.125
x 3.125 x 3mm) in any direction. All subjects met this strict criterion and were included in the
data analysis.

Voxel-wise group analysis—The voxel-wise analysis identified regions of the brain that
showed a significant change in BOLD signal across the three levels of predictability. We used
a Gaussian filter with a FWHM of 3mm on each subject's motion corrected functional datasets.
The signal within each scan of each subject was normalized by dividing the signal in each voxel
recorded at each TR of the time series by the average signal in that voxel during the entire time
series. Next, a multiple regression analysis was performed (3dDeconvolve) that calculated the
task related regression coefficient between the expected hemodynamic response and the actual
hemodynamic response obtained in each of the scans. A simulated hemodynamic response that
corresponded to the time series of the 5 rest and 4 force task blocks was regressed to each of
the functional datasets. Before group analyses, each subject's anatomical dataset was manually
transformed to Talairach space using AFNI. Then, each subject's individual functional datasets
were transformed to Talairach space using the normalized anatomical dataset as a template.
All coordinates are reported in Talairach space, and in MNI coordinates based on the tal2icbm
MATLAB algorithm (Laird et al., 2005).

A mixed-effect two-way ANOVA was then performed at the group level with the three levels
of predictability as a fixed factor and subject as a random factor. In order to control for Type
I error,a Monte Carlo simulation (AlphaSim in AFNI) was performed that provides a correction
for the large number of tests performed during the group analysis. According to this simulation
the number of voxels that make a cluster should be equal to 7 or more for a corrected p value
of 0.05. The group map was threshholded to include voxels that had p < 0.005. According to
the results of the AlphaSim simulation, clusters of activation with a volume size of 205 mm3
or more (3.125 x 3.125x 3 x 7) were included in the group map. Anatomical guidelines from
previously published literature were used to help identify each cluster of activation in the cortex
(Mayka et al., 2006), basal ganglia (Prodoehl et al., 2008a), and cerebellum (Schmahmann et
al., 2000).

Regions of interest analysis—To quantify the relation between prediction level and

percent signal change, we also used a region of interest (ROI) analysis. Template masks
containing these regions of the cortex, basal ganglia, and cerebellum were drawn a priori based
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on templates regularly used in our laboratory (Mayka et al., 2006; Prodoehl et al., 2008a;
Schmahmann et al., 2000) and were therefore independent of the voxel-wise results
(Kriegeskorte et al., 2009). In addition to examining areas identified in the voxel-wise results,
we also conducted an ROI analysis in external globus pallidus (GPe), internal globus pallidus
(GPi), and subthalamic nucleus (STN). This analysis was performed to increase our confidence
that these three areas of the basal ganglia did not scale with prediction. For calculating the
percent signal change of each voxel, we first calculated the mean signal during the rest block
of a scan and the mean signal during the force blocks of the same scan. Then, the difference
in signal change during the force and rest blocks for each scan was calculated. The average
percent signal change for the positive percent signal change voxels in each of the three
predictability conditions was quantified (3dROlstats in AFNI). One-way repeated measures
ANOVAs, with three prediction levels (20%, 40%, 80%) as the factor, were performed for
percent signal change in GPe, GPi, and STN. The ANOVAs were interpreted as significant
based on p < 0.05.

Force output performance

In accordance with the design of the experiment, mean force did not change across the three
levels of predictability (Figure 2A) [F (2, 20) = 0.68, p > 0.05]. Similarly, Figure 2B shows
the mean duration of force was not different across the three levels of predictability [F (2, 20)
=0.04, p > 0.05]. These results confirm that any differences observed in the brain imaging
analyses were not related to differences in either the magnitude or duration of force. Figure 2C
shows that, consistent with the study hypothesis, mean reaction time reduced across the levels
of predictability [F (2, 20) = 10.83, p < 0.05]. Figure 2D indicates that the rate of change of
force increased with prediction level [F (2, 20) = 19.13, p < 0 .05].

Voxel-wise fMRI group analysis

The voxel-wise group analysis identified several foci of activation located in the frontal lobe,
parietal lobe, basal ganglia and cerebellum that showed significant differences in signal change
across the three levels of predictability. Table 1 lists the co-ordinates in Talairach and MNI
space of the centroid of activation of the significant cortical and subcortical regions. Figure
3A (top) displays activation in the left dorsolateral prefrontal cortex (DLPFC) located in the
dorsal portion of area 46. Figure 3A (bottom) displays activation in the rostral (pre
supplementary motor area, pre-SMA) and the caudal (SMA) portion of area 6. Activation
clusters were observed in other areas of the cortex as well (not shown in Figure 3A, see Table
1). On the superior and lateral surface of the frontal lobe, activation in the region of the dorsal
premotor cortex (PMd) was found bilaterally. Parietal lobe activation was localized to the right
inferior parietal lobule (IPL) and bilateral precuneus (Table 1).

Figure 4A displays activation within subcortical areas. Figure 4A displays the rostrally located
activation within the left caudate, and Figure 4B shows the cluster in left anterior putamen of
the basal ganglia. In addition, the right anterior putamen (see Table 1) also showed a significant
change in activity with prediction level (Figure 4A). Thalamic activation was found bilaterally
inthe ventrolateral subdivision of the thalamus (Table 1). Figure 4C illustrates activation within
the left lobule V/VI and right lobule VI of the cerebellum. In addition, an activated cluster was
also noted in the left and right lobule V111 of the cerebellum (Table 1).

Regions of interest analysis

The BOLD response was further examined using ROI analyses of percent signal change. Figure
3B illustrates the percent signal change results of the ROI analysis for the left DLPFC, pre-
SMA and SMA and Figure 4B illustrates the percent signal change results for the left caudate,
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left and right anterior putamen, left lobule V/V1 and right lobule VI. An ROI analysis was also
used to further confirm that other basal ganglia nuclei did not have a BOLD signal that changed
across prediction level. Figure 5 shows that the BOLD signal in GPe, GPi, and STN did not
change across prediction level. The statistical analysis supported Figure 5 [GPe: F (2, 20) =
1.9,p=0.17; GPi: F (2,20) = 1.3, p=0.27; STN: F (2, 20) = 0.8, p = 0.45].

Discussion

This study used fMRI to examine the brain regions that mediate the prediction of grip force
output. The findings demonstrate that in addition to the cortex, ventral thalamus, and
cerebellum, anterior nuclei in the basal ganglia (caudate and anterior putamen) have a BOLD
signal that increases with the level of grip force prediction. In contrast, posterior nuclei in the
basal ganglia did not have a BOLD signal that scaled with the level of prediction. These findings
provide new evidence that the basal ganglia are involved in the predictive scaling of precision
grip force control. Further, the results show that it is the caudate and anterior putamen that
modified their activation consistent with a role of the anterior basal ganglia nuclei in the
planning aspects of grip force control (Prodoehl et al. 2009).

Predicting Grip Force Amplitude

When gripping and lifting an object of a constant weight, Schmitz and colleagues (2005)
previously identified a network of activated brain areas which includes the contralateral motor
cortex, PMd, cingulate motor area, SMA, cerebellum (lobules V, V1), IPL, and ventral thalamus
(Schmitz et al., 2005). When the weight of the object is known to be constant, the amplitude
of force that must be applied to lift the object is fully predictable. Schmitz and colleagues
(2005) also found that when the weight is altered between two choices in a predictable manner
compared to a constant weight, the left postcentral sulcus, left cerebellum (lobule V1), left
thalamus, and left parietal operculum have an increased BOLD signal. The current study found
that the BOLD signal parametrically increased with the prediction level in the SMA, left and
right PMd, left DLPFC, right IPL, left and right precuneus, left and right thalamus, left
cerebellum (lobules VI, VIII), and right cerebellum (Crus I and lobule VIII). Consistent with
our hypothesis, we also found that the BOLD signal in left caudate, and left and right anterior
putamen increased with the prediction level. While there are some differences in the regions
identified between studies, there does appear to be general agreement that when predicting grip
force amplitude, a network including PMd, SMA, cerebellum, IPL, and ventral thalamus are
necessary to successfully execute sequences of grip force pulses that require prediction.

One of the main areas that differ between the current study and the study by Schmitz and
colleagues (2005) is the basal ganglia. For instance, Schmitz and colleagues did not report any
activation in the basal ganglia, even during the contrasts comparing grip and lift to baseline
rest. The study by Schmitz and colleagues (2005) required subjects to grip and lift a heavy
weight repeatedly without a large cognitive component to the task. In the current study, subjects
had to maintain a specific rule about upcoming grip force amplitudes in memory, and this
additional requirement may have required subjects to access working memory circuits (ie.
DLPFC and caudate) that were not utilized during the task used by Schmitz and colleagues
(2005). Also, our study was guided by visual feedback, whereas the study by Schmitz and
colleagues blindfolded the subjects during the scanning protocol. It has been shown that
providing visual feedback during a grip force task can increase BOLD fMRI signals in the
basal ganglia (Vaillancourt et al., 2003). It should be pointed out that in our three visual
feedback conditions the same level of visual stimulation was provided for each level of
prediction, which suggests that visual feedback alone was an unlikely source to explain the
current findings. Another possible factor to explain why we found basal ganglia activation and
Schmitz and colleagues (2005) did not was the field strength of the magnet used in each study.
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A 1.5T scanner was used by Schmitz and colleagues (2005) and it is established that BOLD
signals are weaker at 1.5 T compared with 3T (Menon et al., 1998). Since the current study
used a 3T scanner, basal ganglia activation may have been detected because of increased signal
to noise ratio.

When the prediction level increased, we found that reaction time decreased and rate of change
of force increased. One might suspect that the rate of change of force could have influenced
the activity in the caudate and anterior putamen. Previously, our laboratory has designed
experiments that specifically manipulated the rate of change of force (Prodoehl et al., 2008b;
Vaillancourt et al., 2004). These two studies demonstrated that GPi and STN change in percent
signal change when the rate of change of force is increased, whereas caudate, anterior putamen,
posterior putamen, and GPe do not change in percent signal change with the rate of change of
force. As such, since the current study found that anterior putamen and caudate increase in
percent signal change with prediction level, the rate of change of force is an unlikely
explanation for the current results.

Adequate grip force prediction may require holding predictive information in working memory
and utilizing the predictive information in the programming of motor output. This is consistent
with the parametrically increased BOLD scaling of areas seen in Table 1. Several types of
memory have been discussed in relation to predictive grip force tasks. When humans lift objects
they tend to scale fingertip forces according to the previous lift, and this has been referred to
as sensorimotor memory (Johansson and Westling, 1984,1988b;Nowak et al., 2007;Quaney et
al., 2003). Since the average force level and duration of force pulses was similar across the
predictive conditions, we speculate that sensorimotor memory was most likely also similar
across all three predictable conditions. Another type of memory is accessed when visual
analysis of the object size and shape enable visuomotor transformations that facilitate memory
for predictive grip force mechanisms (Gordon et al., 1991a;Jenmalm et al., 2000). An example
of this in everyday life would be applying greater grip and load force to a carton of milk that
has a greater volume of liquid than the same carton of milk with less liquid. In this example,
prediction would occur whether the carton contains a large or small amount of liquid, and the
level of memory would likely be the same. In the current study the target was visual and subjects
likely used the visual feedback to facilitate memory circuits to predict grip force amplitude on
subsequent force pulses. It could also be argued that when a greater number of predictions were
required, working memory circuits were accessed to a greater extent. Indeed, the 40% and 80%
conditions required additional cognitive functions such as rule retrieval in order to implement
grip force predictions. It is therefore possible that the additional demands of rule retrieval
enhanced the neuronal activity in areas involved in performing grip force prediction. It is also
possible that other types of grip force prediction would not need to access memory circuits to
the extent demanded in this study.

Previous studies have observed preparatory activity in the striatum (caudate and putamen) of
monkeys prior to limb movements, and predictive information has been shown to influence
single cell activity (Apicella et al., 1998; Jaeger et al., 1993). During self-timed movements a
slow increase in putaminal activity has been observed in the monkey striatum hundreds of
milliseconds prior to movement (Lee and Assad, 2003). Such preparatory activity may not
underlie the current results for the putamen. In this experiment, the timing of all the force pulses
was known in advance and was the same (every 3s) for each predictive condition. Thus, while
preparatory activity for the timing of each pulse may well have occurred in the putamen in the
current task, our results suggest the presence of specialized putaminal activity that was only
seen when the upcoming grip force amplitude could be predicted. This anterior putaminal
activity was absent when force amplitude prediction was not possible. Thus it seems unlikely
that the anterior putaminal activity seen in our experiment was the same as the preparatory
activity observed during self-timed movements (Lee and Assad, 2003). This point is further

Neuroimage. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wasson et al.

Page 9

supported by a study that examined alternating and equal intervals of either force or time. Pope
and colleagues (2005) examined a task that required subjects to produce force pulses during
four conditions that had: 1) equal temporal intervals and equal force, 2) alternating intervals
and equal force, 3) equal intervals and alternating force, and 4) alternating intervals and
alternating force. The condition that resulted in the greatest activity in the putamen was the
condition that required alternating force, rather than alternating temporal intervals. The
alternating force task required subjects to actively predict the force amplitude on each force
pulse, and this finding is consistent with the hypothesis that the left anterior putamen is involved
in actively predicting grip force amplitude.

In the present study, caudate and anterior putamen activity increased when a greater number
of grip force predictions were implemented. A recent study which examined dopamine
synthesis capacity using positron emission tomography and event-related fMRI suggests a
differential role of the caudate and putamen during the performance of a working memory task
(Landau et al., 2009). The authors found that both caudate and putamen activity increased with
the working memory load. In addition, the authors found that caudate dopamine correlated
positively with working memory capacity whereas putamen dopamine correlated positively
with motor speed. The current findings cannot differentiate between different roles of the
caudate and putamen in grip force prediction and future work is necessary to examine this
interesting issue in more detail.

Planning and Parameterization Model of the Basal Ganglia

In addition to its role in the control of limb movements, there is emerging evidence from work
in healthy individuals, as well as in individuals with diseases affecting the basal ganglia, that
the basal ganglia play an important role in the control of precision grip force. Prodoehl and
colleagues (2009) have recently proposed the hypothesis that anterior basal ganglia nuclei
(anterior putamen, caudate and GPe) are important in regulating specific planning aspects
related to precision grip force control, and that posterior basal ganglia nuclei (GPi and STN)
are important in regulating the parameterization of precision grip force control. This hypothesis
was based on several experimental observations which centered on the parametric scaling of
activation within specific nuclei of the basal ganglia during precision gripping tasks (Prodoehl
et al., 2008b; Spraker et al., 2007; Vaillancourt et al., 2004; Vaillancourt et al., 2007). The
general model suggested by Prodoehl and colleagues (2009) is that anterior nuclei in the basal
ganglia have a BOLD signal that increases when the selection and prediction of force amplitude
occurs during the grip task. On the other hand, posterior nuclei have a BOLD signal that scales
with the rate of change of force and overall amplitude of grip force exerted during the task.
The rate of change of force varied between 150-225 %MVC/s in the current study (Figure 2),
and previous evidence indicates that the percent signal change does not change with the rate
of change of force in this range (see Figure 6, Prodoehl et al. 2008b).

The current findings provide expanded evidence in support of the planning and
parameterization model because both caudate and anterior putamen (Figure 4) had an increased
BOLD signal when the prediction level of the grip force task increased. Consistent with this
model, other basal ganglia nuclei proposed to regulate the parameterization of grip force did
not have a BOLD signal that scaled with prediction level (Figure 5). It remains to be seen if
the caudate and anterior putamen have different roles in grip force prediction, and what this
might mean for force prediction deficits in individuals with abnormal basal ganglia function
such as Parkinson's disease.

Relation between Basal Ganglia, Cerebellum, and Parietal-Frontal Circuits of Grasping

The control of grasping requires precise coordination of fingertip forces (Castiello, 2005;
Johansson and Westling, 1984, 1988a). It has been proposed that two anatomically segregated
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parieto-frontal circuits exist for the control of reaching and grasping: a dorsolateral circuit
controlling the grasp component, consisting of an anterior intraparietal (AIP) area connected
to the rostral part of the ventral premotor cortex (PMv), and a dorsomedial circuit controlling
the reaching component, consisting of the anterior portion of the occipito-parietal sulcus (area
V6A) and the caudal dorsal premotor cortex (PMd) (Galletti et al., 2003; Tanne-Gariepy et al.,
2002). However, it should be noted that there may not be a strict dichotomy between circuitry
controlling the reach and grasp components. In an analysis of the changes in effective
connectivity in the occipito-parieto-frontal network during a visually guided reach and grasp
task, Grol et al. (2007) suggest that contributions to the dorsolateral and dorsomedial circuits
are a function of the degree of on-line control required by the task related in part to the object
size and width. Consistent with this hypothesis related to the degree of on-line control, our
laboratory has previously shown that the level of visual information modulates the activity in
dorsal premotor cortex (PMd) and PMv during precision grip force control (Vaillancourt et al.,
2006). In the current study, it was found that PMd increased with the level of prediction, but
while PMv was active during the task, the activity did not increase with the level of grip force
prediction. Our findings are different from a recent study using TMS. Dafotakis and colleagues
(2008) studied the effects of single pulse TMS on primary motor cortex, PMv, and AIP. The
authors found that TMS over PMv interfered with the predictive scaling of grip forces according
to the most recent lift when applied at the time of peak grasp aperture. TMS over AIP and
primary motor cortex did not alter the predictive scaling of grip force. One of the main
differences between the current study and the study by Dafotakis and colleagues (2008) is that
we used a visually-guided grip force task, and this may have increased the level of on-line
control necessary in the task thereby altering which part of the grasping network was involved
in predicting force output (Grol et al., 2007; Vaillancourt et al., 2003).

The output nuclei of the basal ganglia, and also the cerebellum, have shown clear anatomical
connectivity with two key nodes controlling grasping, namely AIP and PMv. PMv is the target
of output from the GPi via the thalamus (Hoover and Strick, 1993; Middleton and Strick,
2000), and AIP receives a projection, via the thalamus, from neurons located in the caudal two
thirds of the substantia nigra pars reticulata. In regards to the cerebellum, AIP is the target of
cerebellar output via the thalamus (Clower et al., 2005), and PMv receives a projection from
the dentate via the cerebellum (Middleton and Strick, 2000). Specifically, AIP receives a
broadly distributed as well as a focal projection from the dentate nucleus of the cerebellum
which forms an output channel via the thalamus to AIP. In the current study, we found right
and left lobule VI, left and right lobule VII1, right crus I, and left lobule V increased activation
with the level of grip force prediction. In a study of grip force corrections, it was found that
the right cerebellum increased activity when the grip force was too high for the unexpected
lighter object (Jenmalm et al., 2006). It was previously suggested that one possible role of the
cerebellum may be related to the anticipatory and reactive aspects of disturbances in grip
behavior (Serrien and Wiesendanger, 1999). Thus, the current findings on grip force prediction
combined with those of Jenmalm and colleagues (2006) provides further empirical support for
this hypothesis.

In summary, this study has shown that anterior nuclei of the basal ganglia are involved in the
regulation of grip force prediction. These findings are consistent with the Planning and
Parameterization Model of the Basal Ganglia (Prodoehl et al., 2009). In the context of the
literature on grasping, the current study indicates that in addition to the well-established parieto-
frontal circuit, specific areas of the basal ganglia and cerebellum also regulate components of
grip force control. As such, the current findings are consistent with the emerging viewpoint
that grasping may be viewed as a behavior that is regulated by a large motor network in the
cortex and in subcortical structures.
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Figure 1.

Experimental design for the prediction task. A, shows the general schematic of the experimental
block design which was the same in each scan. B-D, the sequence of ten force pulses (each
with 2s of force contraction and 1s of rest) within a task block in the 20% level of predictability,
40% level of predictability, and 80% level of predictability. The P above each respective pulse
indicates which pulses were predictable during each predictability condition. Note the target
bars are blue for the first and sixth reference pulses and green for the other pulses. The target
force levels for predictable pulses appear at amplitude levels determined by the rule governing
each level of predictability previously learned by the subject.
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Figure 2.

Behavioral force output performance. A, shows the group mean force output, B shows the
group mean duration of force, C shows the group mean reaction time, and D shows the rate of
change of force. Each data in Figure 2 represents the average across the 40 pulses (10 pulses
in 4 blocks) for each subject, which was then averaged across the 11 subjects in the study. The
standard error of the mean is shown at each prediction level.
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Figure 3.

Brain imaging results in the cortex across prediction level. A, displays the results from the
voxel-wise group analysis showing task related activity in cortical areas that include left
dorsolateral prefrontal cortex (DLPFC), pre-supplementary motor area (pre-SMA) and SMA.
The group activation threshold is at p < 0.05 (corrected). The complete results from the voxel-
wise analysis are presented in Table 1. B, shows results from the ROI analysis with percent
signal change in the left DLPFC, pre-SMA and SMA. These cortical areas form part of the
network that scaled significantly in activation with increases in the level of predictability. The
standard error of the mean is shown at each prediction level.
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Figure 4.

Subcortical brain imaging results across prediction level. A-C, displays the results from the
voxel-wise group analysis showing task related activity in subcortical areas that include left
caudate, left and right putamen, left and right lobule V1 of the cerebellum. The complete results
are shown in Table 1. D, depicts results from the ROI analysis with percent signal change in
these same areas. These subcortical areas form part of the network that scaled significantly in
activation across the levels of predictability. The standard error of the mean is shown at each
prediction level.
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Posterior basal ganglia activation across prediction level. Displays the results from the ROI

analysis with percent signal change as the dependent measure. These subcortical areas of the
basal ganglia did not change in signal intensity across the grip prediction level. External globus
pallidus (GPe), internal globus pallidus (GPi), and subthalamic nucleus (STN) are shown. The
standard error of the mean is shown at each prediction level.
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