1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Exp Brain Res 2008 June ; 188(1): 63-75. doi:10.1007/s00221-008-1339-3.

Gaze influences finger movement-related and visual-related
activation across the human brain

Patrick Bédard,
Department of Neuroscience, Alpert Medical School of Brown University, Box GL-N, Providence,
RI1 02912, USA

Arul Thangavel, and
Department of Neuroscience, Alpert Medical School of Brown University, Box GL-N, Providence,
RI1 02912, USA

Jerome N. Sanes
Department of Neuroscience, Alpert Medical School of Brown University, Box GL-N, Providence,
RI 02912, USA

Jerome N. Sanes: Jerome_Sanes@brown.edu

Abstract

The brain uses gaze orientation to organize myriad spatial tasks including hand movements.
However, the neural correlates of gaze signals and their interaction with brain systems for arm
movement control remain unresolved. Many studies have shown that gaze orientation modifies
neuronal spike discharge in monkeys and activation in humans related to reaching and finger
movements in parietal and frontal areas. To continue earlier studies that addressed interaction of
horizontal gaze and hand movements in humans (Baker et al. 1999), we assessed how horizontal
and vertical gaze deviations modified finger-related activation, hypothesizing that areas
throughout the brain would exhibit movement-related activation that depended on gaze angle. The
results indicated finger movement-related activation related to combinations of horizontal,
vertical, and diagonal gaze deviations. We extended our prior findings to observation of these
gaze-dependent effects in visual cortex, parietal cortex, motor, supplementary motor area,
putamen, and cerebellum. Most significantly, we found a modulation bias for increased activation
toward rightward, upper-right and vertically upward gaze deviations. Our results indicate that gaze
modulation of finger movement-related regions in the human brain is spatially organized and
could subserve sensorimotor transformations.

Keywords
Finger movement; Functional MRI; Gaze position; Human

Introduction

Humans commonly use their hands to reach, grasp, and manipulate objects, often using
visual guidance. To perform these movements, the brain processes the location and physical
properties of an object via visual information coded relative to gaze orientation, that is, in a
gaze-centered frame of reference (Buneo and Andersen 2006). Psychophysics studies have
provided substantial evidence that gaze orientation influences accuracy of hand movements
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(Bock et al. 1986; Enright 1995; Mclintyre et al. 1997; Desmurget et al. 1998; Henriques et
al. 1998), thereby demonstrating the importance of gaze signals for planning and controlling
hand movements. These results suggest that hand movements are planned in a gaze-centered
frame of reference (Mclntyre et al. 1997; Henriques et al. 1998; Buneo and Andersen 2006).
In addition, gaze orientation can influence identification of a sound source (Lewald 1997)
and spatial navigation (Hollands et al. 2002). Therefore, gaze orientation represents a
significant input signal that the brain computes when planning hand movements as well as
other tasks.

Despite the importance of gaze in controlling everyday behavior, the precise mode that gaze
orientation affects brain processing still remains somewhat elusive. Neural recording studies
with monkeys and neuroimaging work with humans have revealed that gaze orientation
modifies neuronal spike counts and MRI signal in various parts of the brain. In monkey,
neuronal spike counts are modulated upon a reaching movement as a function of gaze
orientation in the parietal cortex (MIP, area 5, V6A; Andersen and Mountcastle 1983;
Andersen et al. 1985; Batista et al. 1999; Battaglia-Mayer et al. 2000; 2003; Buneo et al.
2002; Cisek and Kalaska 2002) and the ventral and dorsal part of the premotor cortex (PMv
and PMd; Mushiake et al. 1997; Boussaoud et al. 1998; Jouffrais and Boussaoud 1999;
Cisek and Kalaska 2002) but not in the primary motor cortex (M1; Mushiake et al. 1997).
Neurons in the visual cortex also exhibit gaze-related modulation of spiking upon visual
information processing (Trotter and Celebrini 1999; Rosenbluth and Allman 2002).

Human brain activation studies have also indicated that gaze angle can modulate
information processing in a variety of brain areas involved in planning and preparing
skeletal movements (Baker et al. 1999; DeSouza et al. 2000; 2002; Medendorp et al. 2003;
Andersson et al. 2007). These gaze effects occur for tasks that required gaze alignment with
finger pointing (DeSouza et al. 2000; Medendorp et al. 2003) and simply for arm position
(Baker et al. 1999). Therefore, gaze effects on movement-related activation occur for
dynamic pointing and for postural maintenance.

In the current work, we aimed to achieve a broader understanding of the spatial organization
of gaze effects on brain representations for human voluntary movements, beyond the earlier
descriptions of how horizontal gaze modulated hand movement-related activation (Baker et
al. 1999; DeSouza et al. 2000; Medendorp et al. 2003). Revealing how vertical gaze
deviations influence finger-related activation in humans also has importance since the lower
visual field seems over-represented in visual and parietal areas compared to the upper visual
field (Galletti et al. 1999; Dougherty et al. 2003). This over-representation might mediate
the observed lower visual field advantage for controlling visually-guided movements
(Danckert and Goodale 2001; Khan and Lawrence 2005). Prior studies focused upon frontal
and parietal structures, although other brain structures, such as the cerebellum, have clear
roles in oculomotor and arm motor control (Desmurget et al. 2001; Robinson and Fuchs
2001; Miall and Reckess 2002). Therefore, we undertook a more comprehensive evaluation
of gaze effects on movement related activation in the entire human brain by asking
participants to perform a visually-cued finger-tapping task and to maintain gaze on various
visible targets arranged vertically and horizontally.

We hypothesized that visual, parietal, and frontal motor areas would exhibit horizontal gaze
effects and that movement-related activation would increase as gaze deviated towards the
effector. We also expected that sub-cortical regions such as the cerebellum and basal ganglia
would show gaze effects since these regions have involvement in generating hand
movements and they have reciprocal connections with cerebral cortex. We also
hypothesized that deviating gaze vertically would modulate movement-related activation;
here we reasoned that since lower visual field has an over-representation from behavioral
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and functional imaging work, there would be an increase of activation as gaze deviated
downward in the visual, parietal, and frontal motor areas.

Materials and methods

Participants

Fifteen healthy adults (aged 19-34 years; 10 female, 5 male, 13 right-handed) recruited from
the Brown University community participated in this project. They had no history of
neurological, sensory or motor disorder. All participants provided written informed consent
according to established Institution Review Board guidelines for human participation in
experimental procedures at Brown University and Memorial Hospital of Rhode Island (the
site of the MR imaging). Participants received modest monetary compensation for their
participation.

Tasks and apparatus

Participants performed a repetitive finger-tapping task, using the right index finger while
statically directing gaze to one of nine visually defined locations (Fig. 1a). The simplicity of
the task likely did not induce any nuisance effects due to two participants using their non-
dominant index finger. After receiving task instructions, participants practiced the
procedures for a few minutes before becoming positioned in the MRI in the standard supine
body position with the right arm lying fully extended and pronated beside their right side
(Fig. 1b). An MRI compatible game pad equipped with push-buttons (Resonance
Technology, Inc., Northridge, CA) sensed the finger movements which were registered and
stored in a Macintosh G3 Powerbook. Participants wore a set of headphones, for ear
protection and communication with the experimenter, and a pair of MRI compatible LCD-
based goggles for delivery of visual stimuli and eye movement monitoring via an embedded
infrared camera (Resonance Technology, Inc.; 800 x 600 pixels resolution; accuracy of £1
degree; Viewpoint software, Arrington Research, Scottsdale, AZ). A set of nine targets
(circles, 10 mm diameter) in a 3 x 3 array (deviation of 10° of visual angle) was presented to
the participant (Fig. 1a, b). This arrangement has similarity to experimental designs
employed by others (e.g., Andersen and Mountcastle 1983;Boussaoud et al. 1998; Bremmer
et al. 1999). All nine targets appeared as white dots on a black background, and they
remained visible throughout the experiment. We used PsychToolbox for Matlab 5.2
(Mathworks, Natick, MA, http://www.psychtoolbox.org/;Brainard 1997;Pelli 1997) running
on a Macintosh Powerbook 3400c to generate visual stimuli.

Each of six successive periods of acquiring functional MRI data consisted of three sets of 16
trials each. For each and every set of 16 trials, 18 sets of trials in total, participants fixed
gaze upon one of the 9 targets as instructed by the target having colors other than white for
each trial, first red, then yellow, then blinking green at 3 Hz (Fig. 1a). The blinking green
target signaled participants to emit three synchronous taps using the right index finger. The
flashing sequence (red-yellow-blinking green) was repeated 16 times for a particular target;
then the same sequence occurred for another target until all nine targets had become
sampled, upon which all nine targets become sampled once again, thereby yielding two sets
of 16 trials of functional MRI data for each of the nine targets. The sequence of trial events
yielded functional MRI signals for 288 finger-movement events (9 targets x 2 presentations
x 16 trials). After 16 trials of gaze directed to a particular target, all targets turned to yellow
for 500 ms to indicate that the flashing sequence would occur for a target at a different
location. Participants were instructed to maintain gaze fixated on a single target until the set
of 16 trials finished. The presentation order of the first and second set of nine targets
occurred according to a Latin-square design to eliminate potential order effects and was
randomized across participants. Eye position was monitored on-line and recorded via an
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infrared camera mounted inside the goggles (sampling rate 30 Hz), and participants became
informed if their gaze had moved away from a particular target after each scan (i.e., three
sets of 16 trials). Participants succeeded in maintaining gaze at the requested location for the
duration of each set of 16 trials such that no trials became rejected due to non-compliance
with the gaze fixation requirements.

Trials occurred with randomly presented trial-onset-asynchronies ranging from 3.84 to 7.68
sin 0.96 s increments, so as to facilitate the subsequent event-related functional MRI data
analysis procedures. Each trial had the following time-course (x refers to one of the trial-
onset-asynchronies): red target: 0.96 s + (x — 1.96 s)/2; yellow target: (x — 1.96 s)/2); green
target flashing, 1 s.

MRI procedures

We used a 1.5 T Symphony MRI Magnetom MR system equipped with Quantum gradients
(Siemens Medical Solutions, Erlangen, Germany) to acquire anatomical and functional MR
images. Participants lay supine inside the magnet bore with the head resting inside a
circularly polarized receive-only head coil used for radio frequency reception; the body coil
transmitted radio frequency signals. Head movements were reduced by cushioning and mild
restraint. After shimming the standing magnetic field, we acquired a high-resolution three-
dimensional anatomical image consisting of 160 1 mm parasaggital slices (magnetization
prepared rapid acquisition gradient echo sequence, MPRAGE; repetition time (TR) = 1,900
ms, echo time (TE) = 4.15 ms, inversion time = 20 ms, 1 mm isotropic voxels, 256 mm field
of view). We then acquired T2*-weighted gradient echo images using the blood oxygenation
level-dependent (BOLD) mechanism (Kwong et al. 1992; Ogawa et al. 1992). Forty-eight
slices were acquired covering the whole brain (TE =38 ms, TR = 3.84 s, field of view = 192
mm, image matrix = 64 x 64, 3 mm slice thickness for 3 mm isotropic voxels). The MRI
system acquired the slices in an ascending interleaved manner. Images were acquired during
81 volumes (75 volumes for three participants) in each of six periods of three 16-trials sets
of (five periods for one participant, see “Tasks and apparatus” above). The experimental
procedures lasted 31.1 min and another ~9 min for the high-resolution T1-weighted MR
image.

MRI signal processing and analysis

Images were processed, analyzed and visualized using AFNI (analysis of functional
neuroimages; Medical College of Wisconsin; National Institute of Health:
http://afni.nimh.nih.gov/afni, (Cox 1996;Cox and Hyde 1997) and FSL software packages
(FMRIB software library, http://www.fmrib.ox.ac.uk/fsl/). The first two volumes in each
scan were discarded from further consideration due to T1 saturation effects. The anatomical
and functional datasets were co-registered and normalized with FSL to the MNI template
(Mazziotta et al. 1995) using linear (affine) registration (Jenkinson and Smith 2001). The
BOLD dataset for each participant was motion corrected using six motion parameters (x, y
and z translations and roll, pitch and yaw rotations), the linear trends were removed, and it
was spatially smoothed with a 6 x 6 x 6 mm Gaussian kernel using AFNI tools.

The occurrence of each tapping cue in each of the nine conditions (i.e., the nine target
positions) was convolved with a gamma variate function (AFNI, waver tool; Cohen 1997) to
yield an impulse response function. We then used these nine reference functions and the six
motion correction parameters as inputs to a multiple regression analysis (AFNI,
3dDeconvolve tool) to estimate the 5 weight of each condition on a voxel-wise base. AFNI
automatically computes a baseline activation level with this model. Finally, we normalized
the estimated S weights into percentage change signal by dividing them by the mean signal
of the entire time-series.
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We first determined those voxels that exhibited significant finger movement-related
activation by testing the null hypothesis that finger movement did not elicit activation using
a t test for each target separately and retaining voxels that passed a threshold of p < 0.001
for at least one target. We then corrected the resulting voxel-level analysis for multiple
comparisons by setting a cluster threshold of p < 0.05 corresponding to 12 adjacently
clustered voxels. The cluster-level analysis used the Monte Carlo sampling procedure
(AFNI, AlphaSim tool) and yielded seven clusters deemed to have finger movement-related
activation (Fig. 2; Table 1).

Note that the two left-handed participants showed the expected increased activation in the
left hemisphere when tapping; this activation had similarly to that observed in the right-
handed participants. As a check that inclusion of these two individuals in the group of
otherwise right-handed participants might have untowardly influenced the results, we
conducted a subsidiary analysis without these participants. The results of this sub-analysis
indicated the same clusters of activation for the group of right-handed participants and the
same gaze-dependent effects on movement-related activation. Therefore, we retained the
two left-handed participants in the data analyses reported here.

We then tested the null hypothesis that gaze position did not modify finger movement-
related activation in these seven clusters by computing the slope of observed activation
across gaze conditions for each voxel within these clusters for the horizontal, vertical, and
diagonal components (tested independently). We set the regressors to identify voxels
showing increased activation as gaze deviated rightward (horizontal) or downward
(vertical), though opposite effects would become detected with negative slopes (AFNI,
3dRegAna tool). For the diagonal regression, we tested for increase of activation for gaze
deviations from the upper left target towards the lower right one (UL-LR) and from lower
left target towards upper right one (LL-UR). In the horizontal dimension, we also used non-
linear regression with weights of [1 2 2] for the left, center and right columns of targets to
try to replicate the results of Baker et al. (1999) who found a higher number of activated
voxels for both straight ahead and rightward gaze deviations than leftward gaze. We then
used t test across voxels in each cluster to test whether the slopes differed significantly from
zero.

We also determined whether gaze position influenced voxels that did not exhibit finger
movement-related activation. For this analysis, we created a masked dataset using those
voxels identified in the previous analysis as having finger movement-related activation and
ran linear regression on the horizontal, vertical, and diagonal dimensions separately. In the
horizontal dimension, we also used nonlinear regression with weights of [1 2 2] for the left,
center and right columns of targets as in the previous analysis. For the horizontal and
vertical regressions, we tested for increase of activation as gaze deviated rightward and
downward, respectively. For the diagonal regression, we tested for increase of activation for
gaze deviations from the upper left target towards the lower right one (UL-LR) and from
lower left target towards upper right one (LL-UR). Figure 1c illustrates the mappings for the
linear regressions for the horizontal, vertical and diagonal LL-UR regression model to the
targets. For all regressions, we tested also for the opposite fit to a model. We used a voxel
threshold of p = 0.001 and a cluster threshold of p = 0.05 corresponding to 11 adjacent
voxels (smaller than the previous analysis because of the masking procedure).

We analyzed functional MRI data for 15 participants but behavioral data for 14 participants
since one behavioral data-set became corrupted. As noted, we monitored eye position during
the MRI procedures to ascertain that gaze remained fixed on a single target during each
block of trials. Non-compliance to the instructions occurred rarely; therefore, we had no
need to reject trial-data for any participant due to errant gaze positioning. Figure 1d
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illustrates gaze positions for each of the nine targets for a single representative participant.
Each dot represents the average of all samples that were within two standard deviations of
the mean for a trial during the TAP event (1 s) and each ellipse represents the area covering
95% of the average positions for each trial. We eliminated eye-position data beyond two
SD’s, since they typically represented instability in the eye-tracking hardware.

We used the brain atlas of Duvernoy (1991), the cerebellum atlas of Schmahmann et al.
(1999), and a navigable web-based human brain atlas
(http://lwww.msu.edu/~brains/brains/human/index.html) to localize activation to brain areas
and to assign Brodmann areas.

We addressed whether a particular gaze deviation affected behavioral aspects of finger
movements by computing the reaction time (RT) of finger movements (elapsed time
between the green cue appearing and the first tap, see Fig. 1a) by testing the null-hypothesis
of no difference of RT for each target, using a one-way ANOVA. This analysis revealed no
difference in RT across the nine targets, Fg 117 = 0.35, with the mean (+SD) RT = 328 + 30
ms (averaged across all nine targets; range: 290-370 ms). We also considered whether
participants, contrary to the instructions, performed an unequal number of taps for different
targets. The output of the one-way ANOVA failed to reject the null hypothesis that tap
quantity did not differ across the nine gaze positions, with a mean number of finger taps per
target of 3.05 * 0.05 (averaged across targets; Fg 117 = 1.11). These results indicate that
behavior had similarity across the various gaze locations.

Finger movement-dependent gaze effects

We identified seven clusters that exhibited finger movement-related activation; their
location appears in Fig. 2 and Table 1 provides additional details about these activation
clusters. The largest of these finger movement related clusters appeared in occipital lobe and
encompassed portions of the visual cortex, lingual gyrus (BA18, BA19), cuneus bilaterally,
and right SPL (BA7); its location had consistency with prior work in our laboratory showing
involvement of occipital cortical areas in visually paced tapping (Kim et al. 2005). We also
found clusters in more classical motor regions, including the left M1 (BA4), right
cerebellum (CR-IV-V), left ACC (BA24), right SPL (BAT7), left SMA (BA®6), and right
putamen.

Figure 3a depicts the percent signal change for each cluster as a function of gaze positions in
the horizontal dimension; the data revealed that all clusters exhibited increased activation as
gaze deviated rightward. Our analyses did not reveal any cluster with the greatest
movement-related activation when participants gazed leftward. All seven clusters had slopes
significantly different than zero (all p < 0.0005) as gaze deviated increasingly rightward,
indicating significant gaze effects on finger movement-related activation. Note that for the
clusters in SPL and visual cortex the functional MRI signal was deactivated for all gaze
positions; thus, gaze deviations toward the right yielded less deactivation, in other words, a
relative increase in activation as gaze position moved from the left to the right. The
regression analysis using the non-linear [1 2 2] model also indicated that all clusters had
slopes significantly different than zero. However, we found that not all of the gaze-related
patterns from individual voxels within any particular cluster exhibited a positive slope
(Table 1). To evaluate the distribution of gaze-related patterns types within a cluster, we
tabulated the percentage of voxels that exhibited a gaze-related pattern with a positive slope
and ascertained whether this percentage occurred by chance. For all clusters, but the
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putamen, the percentage of positive slopes differed significantly than what was expected by
chance (X2 > 3.84 (df = 1), p < 0.05). In the putamen, activation for 10/12 voxels exhibited a
gaze-related positive slope. The lack of significance likely relates to power issue as 11/12
voxels with positive slope would have been significantly different than chance.

For vertical gaze, all but one of the clusters with movement-related activation exhibited
slopes significantly different than zero. The clusters in the SMA, ACC, SPL, cerebellum,
and visual cortex showed increased activation as gaze deviated upward, whereas the
putamen had increased activation as gaze deviated downward (all p < 0.002). The activation
in M1 did not exhibit a vertical gaze effect, i.e., slopes were not significantly different than
zero (p = 0.66). We also tabulated the percentage of voxels within each cluster that exhibited
activation having positive slope as gaze increasing deviated downward. This analysis
revealed that all, but M1, had more negative slopes than what was expected by chance; the
putamen had more positive slopes than expected by chance (Table 1).

We found that all seven clusters with finger movement-related activation had slopes
significantly different than zero for the LL-UR model (all p < 0.005), and all clusters but the
one located in the putamen showed increased activation for gaze deviating toward the upper-
right; the putamen exhibited increased activation for gaze deviating towards the lower left.
For the UL-LR model all clusters but the ACC and SMA (p > 0.01) had slopes significantly
different than zero and these showed increased of activation as gaze deviated towards the
lower-right. Figure 3c illustrates the finger movement-related activation for all gaze
positions for the cerebellum, SPL, and putamen.

We also note that participants experienced asymmetric visual input to the two hemispheres
when they looked to the left or to the right targets. Since the targets remained visible
throughout the procedures, it is possible that some of the observed activation patterns related
to asymmetries in visual input, especially regarding lateralization of possible activation
patterns. To address this potential confound, we examined the spatial distribution of the
positive and negative slopes within the activation clusters relative to gaze deviating from left
to right. We found that the cluster located in the region of the visual cortex exhibited a clear
spatial dependence on visual input such that voxels in the left hemisphere had negative
activation slopes, that is, less activation as gaze deviated increasingly rightward, whereas
voxels in the right hemisphere had positive slopes, that is, more activation as gaze deviated
increasingly rightward. No other activation cluster showed similar hemispheric effects
related to deviations of gaze angle. We found no spatial effects for gaze in the vertical
dimension.

Finger-movement independent gaze effects

We next identified brain regions that exhibited systematic gaze-related modulation of
activation independent of finger-movement activation. For the horizontal regression [1 2 3]
model, we identified only a single cluster that exhibited increasing activation as gaze
deviated from left to right; the cluster was located in the occipital cortex (104 voxels; x =
—13,y =7,z =—1; max R% = 0.24). The cluster in the occipital cortex found with the
horizontal [1 2 3] model largely overlapped (81%; the remaining voxels formed a small
cluster of 10 voxels and the rest of the 9 voxels were scattered; not shown) with a cluster in
the occipital gyrus/lingual gyrus (BA18) activated according to the horizontal [1 2 2] model
(Table 2). We also found 12 voxels in the left MFG that exhibited increasing activation as
gaze deviated rightward. However, these voxels did not form a reliable and contiguous
cluster since the activation of a single voxel in this region was slightly below (p = 0.0015)
the rigorous statistical threshold (dark pink label in axial slices in Fig. 4a). We found four
clusters with an activation pattern that conformed to the [1 2 2] horizontal model (Table 2,
Fig. 4a). We found four activation clusters for the [1 2 2] model with two clusters located in
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an expanse of right visual cortex (Fig. 4a, red label; on the coronal view they are separated
by the dashed line) involving BA17, BA18, and BA19, the lingual and fusiform gyrus, and
the right cuneus (most superior cluster). The analysis also revealed a cluster in the left pre-
frontal cortex (BA46) and one in the right medial frontal gyrus (MFG, BAS; axial slices).
Figure 4a also illustrates the locations of these clusters and corresponding overlap with those
clusters showing activation conforming to the horizontal [1 2 3] model (red and yellow
labels, respectively).

Deviations in vertical gaze yielded systematic variation in activation independent of finger
movement for 11 clusters, 6 that exhibited increased activation as gaze deviated increasingly
downward and 5 clusters that showed more activation as gaze deviated increasingly upward
(in Fig. 4b, red and blue labels, respectively, Table 3). From those five clusters with upward
gaze effects, we found three adjacent clusters in the occipital cortex with one cluster located
in the occipital gyrus extending superiorly to the pre-cuneus and SPL (BA18, 7; inferior
saggital image) and two clusters in the left cuneus (BA18; most superior saggital image);
they showed increasing activation as gaze shifted from the lower to the upper targets. We
found two other clusters with this effect in the left IFG (BAL0; not shown) and
parahippocampal gyrus (37; axial image). The six activated clusters best related to
downward gaze appeared in the parahippocampal formation (BA37; axial image) bilaterally
and in the anterior orbito-frontal gyrus bilaterally (BA11; axial image) and medially (BA11,
saggital image) and right fusiform gyrus (BA37; not shown).

We also found activation that tracked linear gaze shifts along the diagonal of the target
array. Application of the LL-UR regression model (Fig. 4c; Table 4) revealed seven clusters
with two of these clusters exhibiting increased activation as gaze deviated progressively
from the lower-left toward the upper-right portions of the visual workspace (Fig. 4c, red
label). We found a large activation cluster posteriorly and principally in the right hemisphere
that involved the lingual gyrus, the cuneus, and the visual cortex (BA17, BA18, and BA19)
and extended superiorly to the right SPL (BA7). There was also a cluster in the left
cerebellum (CR-1) that showed the same effect. Clusters that exhibited increasing activation
as gaze deviated from the upper-right toward the lower-left of the target array (Fig. 4c, blue
label) occurred bilaterally in the orbito-frontal gyrus (BA11; note that we found two clusters
in each hemisphere) and the left parahippocampal gyrus (BA37). Finally, the UL-LR
regression revealed four clusters (green labels) located in the orbito-frontal gyrus bilaterally
(BA11), left superior temporal gyrus (BA38; not shown), and right lingual gyrus (BA18).

Discussion

The current findings replicate previous findings that static gaze orientation influences finger
movement-related brain activation in humans (Baker et al. 1999; DeSouza et al. 2000) and
neural spiking of cortical areas in monkeys (Andersen and Mountcastle 1983; Andersen et
al. 1985; Batista et al. 1999; Battaglia-Mayer et al. 2000; 2003; Buneo et al. 2002; Cisek and
Kalaska 2002). We replicate these gaze effects in frontal and parietal areas and for the first
time in the cerebellum and putamen. We also show that these gaze effects have an orderly
spatial organization much like that described for neural activity in monkeys (Boussaoud et
al. 1998; Bremmer et al. 1998). Finally, we show that gaze orientation also has a global
influence on activation independently of finger movement, perhaps an attentional effect, in a
host of cortical and sub-cortical regions across the entire brain. These results suggest that
gaze represents an essential signal computed by the brain and that it underlies a basic
organizational principle for conveying static and dynamic properties of visual input to wide
sectors of the brain. Nevertheless, the lateralization of the visual inputs for the gaze left and
gaze right conditions alone could have been a factor in some of the observed results and may
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for some areas prevent a clear differentiation between modulatory effects related to visual
input or gaze.

Gaze effects on finger movement

The current findings provide support for widespread modulatory effects of gaze position on
brain processing (e.g., Trotter and Celebrini 1999; Buneo et al. 2002) and in particular
interactions between the ocular motor and skeletal motor systems (Baker et al. 1999; Batista
et al. 1999; DeSouza et al. 2000; Buneo et al. 2002; Cisek and Kalaska 2002). We found
static gaze effects in M1, ACC, and SMA, thereby extending to some frontal motor areas
prior observations of gaze effects in humans that had been mostly limited to the parietal
cortex (DeSouza et al. 2000; Medendorp et al. 2003). We also show for the first time in
humans that maintaining gaze in different positions affects finger movement-related
activation in the putamen and cerebellum. While we show that gaze modulated movement-
related processing in M1 (Baker et al. 1999), other groups have not found this effect (e.qg.,
Mushiake et al. 1997; DeSouza et al. 2000); the discrepancies may relate to differences in
the tasks used across experiments, with gaze position modulating tapping-related activation
(Baker et al. 1999 and current results) but not neural processes related to reaching
(Mushiake et al. 1997; DeSouza et al. 2000).

We found that gaze held in different positions had widespread influences in the cerebellum
and putamen by modulating finger movement-related activation, likely having relationship
to the presumed role of these areas in forming voluntary motor commands. The cerebellum
has reciprocal connections with the parietal cortex (Middleton and Strick 1998; Glickstein
2003) and participates in eye-hand coordination and regulation of ongoing movements
(Desmurget et al. 2001; Robinson and Fuchs 2001; Miall and Reckess 2002). The
cerebellum also sends projections to the putamen (Hoshi et al. 2005) which is connected to
SMA and M1 via the basal ganglia thalamocortical circuits (Alexander et al. 1986). The
cerebellum and putamen along with parietal and frontal motor areas likely participate in
generating hand movements and our results show that these structures likely incorporate
gaze signals as a common reference frame. While our work does not directly address how
these regions integrate gaze and reaching reference frames, it nevertheless suggests
interactions between brain systems controlling gaze and skeletal movements.

Although previous studies have demonstrated that gaze orientation modulates human brain
processing (e.g., Baker et al. 1999; DeSouza et al. 2000; Medendorp et al. 2003), the current
results indicate that these gaze effects follow a spatial organization with a general preference
for rightward and upward gaze deviation, at least for finger-tapping. The vertical and
diagonal gaze modulation of finger movement-related activation may have particular
functional significance. Prior work has demonstrated an over-representation of the lower
visual field in visual and parietal areas (Galletti et al. 1999; Dougherty et al. 2003), perhaps
indicating asymmetries for visual processing in the vertical dimension. This vertical
asymmetrical effect resonates with psychophysical studies showing an advantage in
performing goal-directed movements in the lower visual field (Danckert and Goodale 2001;
Khan and Lawrence 2005; but see Binsted and Heath 2005). Our results demonstrating
coding of vertical visual space in motor areas, such as SMA, cerebellum, putamen, and also
parietal and visual brain regions provides a physiological substrate for the observations of
Danckert and Goodale (2001) and Khan and Lawrence (2005).

The current findings of gaze modulation in visual, parietal and frontal cortical areas and the
cerebellum have compatibility with results indicating that these areas use a gaze-centered
frame of reference to code visual information (Trotter and Celebrini 1999; DeSouza et al.
2002; Rosenbluth and Allman 2002) and plan movements (Baker et al. 1999; Batista et al.
1999; DeSouza et al. 2000; Buneo et al. 2002; Cisek and Kalaska 2002). Spatial congruence
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between the angle of gaze, visual targets and the physical location of the arm—as we found
here—seem to combine to yield enhanced activation in the human brain across a variety of
structures. However, this remains speculative since we have not tested the full range of hand
and gaze positions. Note that one could have anticipated stronger gaze effects had the spatial
congruence between gaze and hand been higher, that is had participants looked directly
towards their hand. There is however evidence that performing goal-directed movements
with simple sensorimotor transformations yields more MRI signal than movements with
complex sensorimotor transformations (Gorbet et al. 2004). Our task focused more on
spatial alignment between gaze and hand in the same hemispace which probably reduced the
strength of gaze effects.

The observations of modulated activation in the right parietal cortex might seem surprising
since one might have expected activation occurring predominantly in the left hemisphere,
contralateral to the right hand movements. However, this region, especially in the right
hemisphere of humans, has a prominent role in spatial attention and information processing
(Perenin and Vighetto 1988); a feature of the current task. Also, it is well recognized that the
ipsilateral hemisphere is critically involved in hand movements (Davare et al. 2007;
Kawashima et al. 1998; Schaefer et al. 2007). Moreover, we observed that changes in gaze
position modulated movement-relation changes in activation in a large portion of the visual
cortex, a region not commonly considered a “motor” structure (but see Kim et al. 2005).
However, Astafiev et al. (2004) recently showed enhanced occipital activation for
movements performed toward a covertly attended peripheral visual target.

These findings might have relation to our showing gaze effects in occipital regions upon
visually triggered hand movements. Nevertheless, we do acknowledge that activation
observed in the visual cortex may have been driven by visual processing alone since we also
found gaze effects in this region in the finger-independent gaze effects analysis.
Furthermore, we also found this region had sensitivity to lateralization of visual inputs, a
feature not present in other areas, certainly not as would be predicted by a strict segregation
of visual input from the two hemi-fields. Therefore, gaze effects in visual cortex may be
driven more by lateralization of visual inputs rather than by gaze effects on finger-
movement activation. We also did not find activation in traditional ocular motor regions
such as the parietal, frontal or supplementary eye fields (Krauzlis 2005), but consider that
our task did not have saccades but gaze fixation.

Pure gaze effects

Consistent with previous observations (Trotter and Celebrini 1999; DeSouza et al. 2002;
Rosenbluth and Allman 2002; Deutschlénder et al. 2005; Andersson et al. 2007), we found
that gaze modulated visual information processing activation independent of finger
movement in occipital, frontal, and parietal cortex and parahippocampal region. Contrary to
previous publications (Deutschléander et al. 2005; Andersson et al. 2007), we found a clear
spatial organization of gaze effects that generally showed preference for rightward and
upward gaze deviations. This spatial organization paralleled the one observed on finger
movements and suggest a tight coupling between the visual and motor systems that could
subserve and initiate visuo-motor integration. Gaze effects in the parahippocampal gyrus
may not have been expected but consider that others have described gaze-dependent visual
processing (Sato and Nakamura 2003; Deutschldnder et al. 2005) as well as finger
movement-related activation (Kertzman et al. 1997; Kim et al. 2005). These gaze effects
may relate strictly to visual processing but attention, a feature of our task, may have
enhanced the gaze effects as observed in posterior parietal cortex of monkeys (Andersen and
Mountcastle 1983). The effect of attention on gaze effects upon processing visual
information and/or computing hand movements has not been studied yet in humans.
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Gaze-related gain fields

The spatial organization of the gaze effects we found here resembles the results of Baker et
al. (1999) and those describing how gaze shifts by monkeys in two-dimensional space
influence spiking (e.g., Andersen and Mountcastle 1983; Boussaoud et al. 1998; Bremmer et
al. 1998; Buneo et al. 2002); the relationship between spiking and gaze position has been
coined as gaze gain fields (Andersen and Mountcastle 1983). The gaze effects observed here
could relate to the gaze gain field mechanism observed in monkeys. This gain field
mechanism offers an explanation how visual information about a target location becomes
transformed from a retinal to a head/body centered frame of reference (Salinas and
Sejnowski 2001). Additionally, gain fields have roles in other visual tasks such as object
recognition and spatial navigation (Salinas and Thier 2000; Salinas and Sejnowski 2001)
and are ubiquitous in the monkey brain. In human, no such effect had been described yet,
though our data suggest that these mechanisms occur across several neocortical and
subcortical regions.
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Fig. 1.

a Task schematic. Participants viewed nine targets and fixed gaze at 1 for 16 consecutive
trials. In each trial the target’s color changed from red to yellow to green (left-middle-right
panel for red-yellow-green, respectively) at which point the participant tapped three times
with the right index finger. Trial-onset-asynchronies were 3.84, 4.8, 5.76, 6.72, or 7.68 s
(random presentation). b Experimental set-up. Participants wore a pair of MRI compatible
goggles and tapped with their right index finger. ¢ Mapping of regression models for the
horizontal (left), vertical (middle), and diagonal (right) dimensions. d Averages gaze
positions for a subject for all trials as the target appeared green. See text for additional
details
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Fig. 2.

Finger-related activation. Activation presented here results from data pooled across all
targets. Note strong activation in classically defined motor areas, such as contralateral M1,
SMA, anterior cingulate gyrus, and ipsilateral anterior cerebellum. See Table 1 for all
activated areas. CS central sulcus
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Fig. 3.

Gaze effects of the finger movement-related activation for the horizontal and vertical
dimensions. a Activation for horizontal gaze shifts (pooled across vertical dimension).
Movement-related activation increases as gaze deviates towards the right for all clusters. b
Activation related to vertical gaze shifts (pooled across horizontal dimension). Movement-
related activation increased as gaze deviated upward for every cluster but the putamen in
which activation increased as gaze deviated downward and the primary motor cortex with
did not exhibit vertical gaze effects. ¢ Finger-movement-related activation of all gaze
positions for the cerebellum, SPL, and putamen. d Slopes of individual voxels in the visual
cortex cluster. Slopes show a spatial organization with negative slopes (more activation for
leftward than rightward gaze deviation) appearing in the left hemisphere and positive slopes
(more activation for rightward than for leftward gaze deviations) in the right hemisphere
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Fig. 4.

Horizontal, vertical, and diagonal gaze effects. a Horizontal gaze effects: brain responses
principally for horizontal gaze shifts showing activation in the frontal gyrus bilaterally and
occipital cortex (see Table 2 for all activated areas). Numbers refer to areas discussed in
text. b Vertical gaze effects: activation related to vertical gaze shifts showing labeling in the
occipital cortex, parahippocampal gyrus and orbito-frontal cortex bilaterally (see Table 3 for
all activated areas). ¢ Diagonal gaze effects: activation related to two diagonal regression
models, lower-left to upper-right (LL-UR) and upper-left to lower-right (UL-LR). For the
LL-UR regression, areas with gaze effects included a continuous cluster covering parts of
the visual cortex, the superior parietal area and the cuneus, the cerebellum. For the UL-LR
regression, gaze effects occurred in the right lingual gyrus, left superior temporal gyrus, and
orbito-frontal gyrus bilaterally. Complete details in Tables 2, 3, and 4
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