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Abstract

Electrophysiological studies in monkeys have identified effector-related regions in
the posterior parietal cortex (PPC). The lateral intraparietal area (LIP), for
example, responds preferentially for saccades whereas the parietal reach region
(PRR) responds preferentially for arm movements. However, the degree of
effector selectivity actually observed is limited; each area contains neurons
selective for the non-preferred effector, and many neurons in both areas respond
for both effectors. We used fMRI to assess the degree of effector preference at
the population level, focusing on topographically organized regions in the human
PPC (V7, IPS1 and IPS2). An event-related design adapted from monkey
experiments was employed. In each trial, an effector cue preceded the
appearance of a spatial target, after which a go-signal instructed subjects to
produce the specified movement with the specified effector. Our results show
that the degree of effector specificity is limited in many cortical areas, and
transitions gradually from saccade to reach preference as one moves through the
hierarchy of areas in the occipital, parietal, and frontal cortices. Saccade
preference was observed in visual cortex, including early areas and V7. IPS1
exhibited balanced activation to saccades and reaches, whereas IPS2 showed a
weak but significant preference for reaches. In frontal cortex, areas near the
central sulcus showed a clear and absolute preference for reaches while the
Frontal Eye Field (FEF) showed little or no effector selectivity. Although these
results contradict many theoretical conclusions about effector specificity, they are

compatible with the complex picture arising from electrophysiological studies and
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also with previous imaging studies that reported largely overlapping saccade and
arm related activation. The results are also compatible with theories of efficient

coding in cortex.
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The notion that movements by different effectors, like arms and eyes, are
encoded in different cortical areas is now a widely held view (Colby and
Duhamel, 1991; Colby and Goldberg, 1999; Snyder et al., 2000a; Andersen and
Buneo, 2002; Glimcher, 2003; Grefkes and Fink, 2005). According to this view
neurons in the lateral intraparietal area (area LIP), for example, are hypothesized
to participate principally, if not exclusively, in the generation of saccadic eye
movements (Gnadt and Andersen, 1988; Platt and Glimcher, 1998). In contrast,
the more medial and posterior parietal reach region (PRR), has been
hypothesized to represent a module dedicated largely, again if not exclusively, to
the generation of arm movements (Snyder et al., 1997; Galletti et al., 2003). This
modular hypothesis is also supported by the differential cortico-cortical
connections of areas within the PPC (Asanuma et al., 1985; Blatt et al., 1990;
Blatt et al., 1996; Caminiti et al., 1996; Lewis and Van Essen, 2000) and by
microstimulation studies showing that only specific regions within the PPC give
rise to eye movements when stimulated (Thier and Andersen, 1996, 1998).
However, both LIP and PRR have been shown to contain neurons that are either
responsive to both effectors or even specific for the ‘wrong’ effector (Snyder et
al., 1997; Colby and Goldberg, 1999; Gottlieb and Goldberg, 1999). These
observations challenge the hypothesis that distinct effector-specific cortical

modules exist in posterior parietal cortex (PPC).

If effector-specific anatomic modules do exist in PPC, then functional magnetic

resonance imaging (fMRI) is an ideal technique for revealing them because it
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reflects neural signals at the population level, and hence presumably at the level
of cortical modules. Several existing imaging studies have taken advantage of
this property in an effort to identify the human homologues of LIP and PRR by
searching for task-specific or effector-specific areas in regions like the
intraparietal sulcus (IPS). However, the results of these studies have been hard
to interpret with regard to the prevailing view that effector specific modules
populate the PPC (for review see (Grefkes and Fink, 2005; Culham and Valyear,
2006); for examples see (Kawashima et al., 1996; Connolly et al., 2000; Simon et
al., 2002; Astafiev et al., 2003; Connolly et al., 2003; Medendorp et al., 2003;

Medendorp et al., 2005)).

We therefore set out to determine whether distinct parieto-occipital areas, as
defined by the topographic mapping of sensory-motor space, separately encode
saccades and reaches as has been hypothesized. Previous studies (Sereno et
al., 2001; Schluppeck et al., 2005; Silver et al., 2005; Schluppeck et al., 2006)
have shown that the PPC contains at least two regions, or modules, that exhibit a
topographical organization during the planning and production of delayed
saccades, as well as during orienting of covert attention. Each region has been
shown to topographically map saccades into the contra-lateral visual field. The
two areas, termed IPS1 and IPS2, are anterior to visual area V7 and are
separated from each other and from V7 by reversals in visual field orientation.

Schluppeck and colleagues (Schluppeck et al., 2005) speculated that these two

ScholarOne, 375 Greenbrier D5rive, Charlottesville, VA, 22901



The Journal of Neuroscience
For Peer Review Only

areas may separately encode saccades and reaches in a manner similar to the

proposed organization of LIP and the PRR in monkey posterior parietal cortex.

To test that specific hypothesis, and the more general underlying hypothesis that
reaches and saccades are fully separable in parieto-occipital cortex, we
measured effector-preference in several other brain areas as well, ranging from
V1 to FEF. To accomplish this we adapted a behavioral protocol from the

monkey electrophysiological literature (Calton et al., 2002) to human fMRI.

Our results show that the transitions from encoding saccades to encoding
reaches, as well as the transitions from encoding sensory-to-motor task
properties, as one moves from cortical area to area, are not as distinct as might
be expected from the hypothesis that effector specific modules populate the
PPC. Although there are clear transitions from saccade to reach and from
sensory to motor as one moves from areas like V1 to areas like M1, these
transitions occur gradually across several cortical areas. Thus, while areas in the
PPC exhibited preferencesfor one effector or the other, none showed effector
specificity. In other words, while activity evoked during saccades and reaches
was significantly different (with larger responses in some areas during saccades
and in other areas during reaches), activity in all areas was significantly active
above baseline for both movement types. These findings challenge the widely-
held conclusion that entirely distinct effector-specific cortical modules exist in the

PPC.
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Materials and Methods

Subjects

Ten healthy right-handed volunteers (4 women), ages 24-43, participated in one
or both of the experiments. Eight subjects participated in both the localizer
experiment and in the main experiment, and two subjects participated in the main
experiment only. A portion of the data from the localizer experiment (from 3 out of
8 subjects) has appeared previously (Schluppeck et al., 2005). Procedures were
in compliance with the safety guidelines for MRI research and approved by the
University Committee on Activities Involving Human Subjects at New York
University. All subjects had normal or corrected to normal vision and provided

written informed consent.

Experimental protocol

MRI acquisition

Functional magnetic resonance imaging at 3T (Allegra, Siemens, Erlangen) was
used to measure blood-oxygen level dependent (BOLD) changes in cortical
activity. During each fMRI scan, a time series of volumes was acquired using a
T2*-weighted EPI pulse sequence. Localizer experiment: TR 1500ms, TE 30ms,
flip angle 80° 24 or 27 3mm slices with no inter-slice gap, in-plane resolution
3x3mm, FOV 192mm. Main experiment: TR 1250ms, TE 30ms, flip angle 80°, 20
or 23 4mm slices with a 1mm inter-slice gap, in-plane resolution 3x3 mm, FOV

192mm. Images were acquired using custom RF coils (NM-011 transmit head
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coil, NMSC-021 four-channel phased array receive coil and NMSC-011 four-
element parallel imaging array, NOVA Medical, Wakefield, MA). In addition, T1-
weighted high-resolution (1x1x1mm?®) anatomical images were acquired with an
MP-RAGE pulse sequence, and used for -cortical segmentation, 3D
reconstruction and volume-based statistical analysis. To minimize head
movement, subjects’ heads were stabilized with foam padding. Stimuli were
projected onto a screen at the back of the scanner, and subjects viewed them

through a mirror attached to the head coil.

Localizer: Topography for delayed saccades (8 subjects)

To localize topographically organized areas in posterior parietal cortex, subjects
performed a delayed saccade task in which targets appeared at successive
locations ‘around the clock’ at 112 eccentricity, separated by 30° angular steps
(Sereno et al., 2001; Schluppeck et al., 2005). Each cycle lasted 54s (number of
target locations x trial duration = 12 x 4.5s). Subjects performed the task for 5
cycles, resulting in scans lasting 270s. Scans in which the target progressed in

clockwise and counter-clockwise directions were interleaved.

To localize saccade-related areas in general, regardless of topography, each
topography scanning session also included one or two scans (duration, 270s) in
which subjects alternated between blocks of central fixation (27s) and blocks
consisting of a rapid series (one every 750ms) of eye movements (27s). During

the eye movement blocks, subjects shifted their gaze between the central fixation
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spot and a series of peripheral targets. The presentation of the peripheral targets
(750ms, 10° eccentricity, random angles) alternated with the central fixation spot

(750ms), only one of which was visible at any time.

Main experiment: saccades and reaching (10 subjects)

The aim of the main experiment was to look for effector-selectivity for arm and
eye movements. Subjects performed a series of trials making saccadic eye
movements, reaching arm movements, or holding the eyes and arm stationary.
The right arm was used in each scan; the upper arm rested on foam padding and
arm movements were made principally using the lower arm, with the hand closed
in a fist and the index finger extended in a pointing position. Movements were
made on an MRI-compatible touch screen, which could not be seen by the
subject, and which allowed us to monitor the movements during the experiment.
The touch screen was placed on an adjustable tray attached to the scanner bed.
The exact location of the touch screen and the angle respective to the subject
were individually adjusted for each subject, such that arm movement was as
comfortable as possible by placing the touch screen so that it lay within the
workspace of both arms. This required tilting the touch screen away from the
standard position (perpendicular to the torso) and toward the bed. As a result
arm movements were performed on a planar surface roughly 45° from alignment
with the scanner bed and roughly 135° from alignment with the visual field (i.e.,
45° from the direction of gaze). Each 7.5s trial began with an effector cue (reach,

saccade, or neither), indicated by a letter (‘R’, ‘S’, or a dot) at fixation, while
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subjects fixated and kept their index finger at the central target on the touch
screen (Figure 1). After a randomized delay period (2-4s) a peripheral target
appeared on the visual display (2s, 5° eccentricity) at one (randomly selected) of
seven possible polar angles (45° apart, starting at 45° to the left of the upper
vertical meridian. The left horizontal meridian was left out since we were
concerned that this target lay at the edge of the right arm workspace and would
require a shoulder extension that would induce a movement artifact during our
scans). The letter at fixation changed to a fixation point 500ms after target
appearance, cueing subjects to execute the movement specified by the target (a
movement of the unseen hand or the eye having the same amplitude and
direction as the fixation-to-target vector) and then to return immediately to the
ocular and manual fixation. Subjects were instructed to maintain visual fixation of
the central position while reaching, and to keep their index finger fixed at the
central target while making an eye movement. Physical distance for the reaching
movements was approximately 6cm. Each target was marked haptically on the
touch screen with a cloth disk (2cm diameter), so that subjects received
somatosensory feedback on accurate reach trials. Each scan started with a 20s
rest period in which subjects fixated on a central dot and kept their finger at the
central target on the touch screen. This was followed by either a single saccade
or a single reach trial that was ignored in the statistical analysis. 18 repetitions of
each trial type were then presented in a counterbalanced sequence, ending with

a 7.5s rest period, thus resulting in 440s long scans. Subjects participated in 3 to
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6 scans using their right arm. Before scanning, subjects went through a few

practice trials, first outside of the scanner and then inside.

Data analysis

fMRI data were analyzed with the BrainVoyager QX software package (Brain
Innovation, Masstricht, Netherlands) and with additional in-house software written
in Matlab (MathWorks Inc. Natick, MA). Preprocessing of functional scans
included discarding the first 3-6 volumes, inter- and intra-session 3D-motion
correction, slice scan time correction and removal of low frequencies up to 5
cycles per scan (linear trend removal and high pass filtering). Spatial smoothing
was applied to data from the main experiment using a Gaussian filter (4mm full
width at half maximum value, FWHM). The complete data set was transformed
into Talairach space (Talairach and Tournoux, 1988). The cortical surface was
reconstructed from the 3D MP-RAGE anatomical images using standard

procedures implemented in the BrainVoyager software.

Localizer

Data from delayed saccade scans were analyzed by computing a cross-
correlation between the signal in each voxel and a sinusoid of a 54s period. In
areas exhibiting a topographic map, adjacent patches of the cortical gray matter
represent adjacent parts of the visual field, and thus successive eye movements

to targets around the clock lead to a cortical wave of activity (Sereno et al., 2001;
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Schluppeck et al., 2005). Data from clockwise and counter-clockwise scans were
combined by time shifting the time series at each voxel to remove a rough
estimate of the hemodynamic delay (At = 4.5s), and reversing the counter-
clockwise scans. All the scans for each subject were then averaged across
sessions, resulting in a time series that reflected the timing of the clockwise
scans, in which targets progressed through the right hemifield in the first part of
each cycle and through the left hemifield in the second half. This mean time
series was used for computing the cross-correlation with the sinusoid. The color
coding in figures 2-3 represents the lag yielding the highest correlation, or the
phase of the sinusoid, in each voxel. Only clusters of at least 6 contiguous voxels

whose False Discovery Rate (FDR) was less than 0.05 are shown.

The block alternation scans were also averaged across scans, within each
subject. The time-course of activity at each voxel was correlated with a binary
reference function (1 during eye movement blocks and O during rest) convolved

with a standard hemodynamic response function.

Main experiment

Statistical analysis of the main experiment was based on linear regression, i.e., a
General Linear Model (Friston et al., 1995). The time-course of activity in each
patch of cortical gray matter was modeled as a sustained response during each
trial, convolved with a standard estimate of the hemodynamic impulse response

function (Boynton et al., 1996). This model was constructed for the saccade trials
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and the reaching trials, with the neutral trials serving as baseline. The model was
independently fitted to each voxel's activity time-course, yielding a pair of

coefficients, one for saccades and the other for reaches.

Using the model we performed three types of analysis:

1. Contrast analysis. The maps in figure 3 were obtained by a conjunction of two
t-tests. Reach-related voxels were defined as those in which the reach coefficient
was both positive and significantly greater than the saccade coefficient. Similarly,
saccade-related voxels were defined as those in which the saccade coefficient
was both positive and significantly greater than the reach coefficient. Only
clusters of at least 6 contiguous voxels whose False Discovery Rate (FDR) was
less than 0.05 are shown. In frontal areas we allowed a lower threshold (p<0.05
uncorrected) because we could not localize the putative FEF at the higher
threshold; given that FEF has been defined in numerous previous studies, we
wanted to make sure we were not missing any selective activation with an overly

conservative statistical threshold.

We also conducted a multi-subject contrast analysis using a random effect
procedure (Friston et al., 1999). In this analysis, separate coefficients were
computed for each predictor (saccade and reach) in each subject. A paired-t test
was then conducted between the saccade and reach coefficients across subjects
Results of the multi-subject analysis were projected on an inflated brain from a

single subject (Figure 6 and Supplementary Figure 1).
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2. Single-condition analysis. The maps in supplementary figure 2 highlight voxels
in which the coefficient of one predictor or both were significantly larger than
zero. The maps were constructed using either a high (p<10®) or a low (p<107)

per-voxel threshold. Only clusters of at least 6 contiguous voxels are shown.

3. Relative-contribution analysis. In supplementary figure 3 voxels are color
coded according to the relative contribution of the saccade and the reach
predictors. First, voxels were selected whose multiple correlation coefficient of
the full model (Riwta) Was above 0.1. Then, the model was refitted in each voxel
using 2 reduced models, one excluding the saccade predictor and another
excluding the reach predictor. The contribution of each predictor is then
computed as the square root of the difference between Ry and the multiple
coefficient correlation of the reduced model. The color of each voxel was then
determined by the difference between the contributions of the two predictors

divided by their sum.

ROI analysis

For 8 out of our 10 subjects, phase reversals of the topographic map were used
to mark the anterior and posterior borders of areas V7, IPS1 and IPS2
(Schluppeck et al., 2005). The medial and lateral borders of these areas were
defined by only including regions on the map that showed a significant response

(FDR<0.05) in both the topography experiment and the saccade block-designed
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experiment, which presented targets at an eccentricity of 11°. Because the
localizer only employed this single eccentricity, the regions we defined likely
represent only a portion of the true extent of these topographic maps. The maps
we obtained in this way were thus a conservative estimate of the extent of these

topographically mapped areas.

ROIs were also defined in the frontal eye fields (FEF), early visual cortex and
primary motor cortex. The saccade topography experiment yielded lateralized
activity in the vicinity of the junction between the precentral sulcus (preCS) and
the superior frontal sulcus (SFS), which was used to operationally define the
FEF, which was situated similarly to previous imaging studies (Corbetta et al.,
1998; Grosbras et al., 2005; Hagler and Sereno, 2006). Early visual cortex,
mostly corresponding to V1, was defined functionally and anatomically as a
region along the Calcarine sulcus that exhibited statistically significant activity
due to the changes in visual stimulation during each trial. To localize motor
cortex (mostly corresponding to area M1) we used an “internal-localizer”
approach: ROIls were defined using the contrast between reach and saccade
trials in half of the main experiment scans, and the other half was used to sample
the activity in those now pre-defined ROIs. Motor cortex was defined based on
reach-related activity in the dorsal part of the central sulcus (CS) and extending
into the precentral gyrus. Only subjects who participated in 6 scans were

included in this analysis to maximize statistical power.
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Two measures were used to quantify the effector selectivity in each ROI:

1. Extent of activation — the number of reach and saccade related voxels in each
ROI. A reach (saccade) related voxel was defined as one in which the reach
(saccade) coefficient was larger than the saccade (reach) coefficient (with no
threshold). An “effector selectivity index” was then defined in each ROI as the
difference between the number of reach-related voxels and the number of
saccade-related voxels, divided by their sum. An ROI that was only active for
reach would thus have an index value of 1; an ROI that was only active for
saccade would have an index of -1. To calculate the statistical significance of the
effector selectivity index we conducted a bootstrap analysis (Efron and
Tibshirani, 1993). First, activation extents for reach and saccade for all subjects
in each ROI were pooled together. Numbers were then randomly drawn with
repetition from these pooled values, and assigned as the reach and saccade
extent of activation for each subject. Selectivity index was then recalculated for
each subject using the randomly drawn numbers and was averaged across
subjects. This was repeated 10,000 times to yield a distribution of average
selectivity indices. The values obtained from the original data were compared to
the 2.5% percentile of each side of the distribution to determine their significance.
To directly compare the selectivity indices between IPS1 and IPS2 we performed
an additional bootstrap analysis in which selectivity indices of both areas in each
hemisphere were pooled together. Again, values were randomly drawn from this
pool and assigned as selectivity indices for IPS1 and IPS2, and the difference

between these indices was calculated and averaged across subjects. This was
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repeated 10,000 times to yield a distribution of difference values, and the 2.5%

percentile was again used as the level of significance.

2. Amplitude of activation - the average signal amplitude in each ROI. Repetitions
of each condition, including rest, were first averaged within subject. Next, the
averaged time course of activity during the rest periods was subtracted from the
averages during the saccade and reach trials. Finally, results were averaged

across subjects.

For both quantitative analyses we were concerned that the imbalance between
the number of left and right targets (caused by the omission of a target at the
right horizontal meridian; see main experiment above) might have caused a
difference in the activation patterns between the two hemispheres unrelated to
the reach/saccade distinction. We therefore repeated this analysis leaving out all
trials in which the targets were at the right horizontal meridian, thus rebalancing
the distribution of left and right targets in the analyzed data set. The results of the
two analyses were very similar. Figures 4, 5 and 7 present the results of the
balanced analysis, leaving out data from the target placed on the right horizontal

meridian.
The results of the amplitude analysis indicated a slightly earlier rise time for

reaches compared to saccades. To ensure that this was not a consequence of

field or motion effects during the reach trials due to the arm movement, we
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performed the analysis again splitting the reach trials into "easy" and "hard"
trials. Easy trials consisted of movements that only required a rotation of the
elbow and hard trials included extension or retraction of the shoulder joint -
movements most likely to compromise the fMRI measurements. All the effects
obtained for the full data set, including the early rise of reach-related activity

were maintained for each group of movement directions separately.

Results

To examine the encoding of saccade and reach movements in posterior parietal
cortex, we first localized regions of interest (ROIs) in 8 subjects using
topographic mapping as described previously ((Sereno et al., 2001; Schluppeck
et al., 2005), Materials and Methods). Figure 2 presents the results of this
mapping in a single subject. The colors represent the fMRI response phases
corresponding to angular position in the visual field (indicated by the color
wheel). The response in each hemifield was biased for the contralateral visual
field, as one set of colors (red, magenta, blue) appeared in the left hemisphere
whereas a different set of colors (yellow, green, cyan) appeared in the right
hemisphere. The phase values progressed smoothly across the TOS and medial
aspect of the IPS, implying traveling waves of activity with the periodicity of the
targets. At the vicinity of the TOS the map phase corresponded to a
representation of the upper vertical meridian (UVM, red/yellow), smoothly shifting
towards a representation of the lower vertical meridian (LVM, blue/cyan) when

moving anteriorly along the IPS. Here the map reversed and shifted smoothly
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toward a second representation of the UVM, and then a second representation of
the LVM. Overall there was an overrepresentation of the horizontal meridian
compared to the vertical meridian. This phenomenon has been described before
in high-order visual areas (Larsson and Heeger, 2006), and is most probably a
consequence of methodological factors (e.g., blurring inherent in the
hemodynamics and post-processing), as well as the asymmetric arrangment of
response fields of neurons along the vertical meridian into the ipsilateral
hemifield, such that the vertical meridian is represented by neurons with
response field centers displaced away from the meridian (see (Larsson and

Heeger, 2006)).

The phase reversals of the map were used to define three topographically
organized areas - V7, IPS1 and IPS2. Figure 3 presents similar results in three
additional subjects. In all hemispheres at least two phase reversals were

observed, thus defining areas V7, IPS1 and IPS2 (Table 1).

Next, we constructed a statistical parametric map of the main experiment in
which activity during saccade trials (blue) was contrasted with activity during
reach trials (red) (Figure 3). Superimposing the borders of V7, IPS1 and IPS2 on
these maps shows a high degree of inter-subject variability, but at the same time
a general transition from saccade preference to reach preference when moving
from V7 to IPS2, and also from more lateral to more medial positions within these

areas. These general trends are also apparent when the data were combined
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across subjects, treating inter-subject variability as a “random effect” (Suppl.

Figure 1).

To quantify the contribution of saccade and reach activity to the total activation in
these areas, we performed three complementary analyses. First, we measured
the extent of activation by counting the number of saccade and reach related
voxels in each ROI (Materials and Methods, Figure 4 panel A). In the left
hemisphere (Figure 4A, left) V7 contained significantly more saccade than reach
voxels (p<0.05 two-tailed paired t-test, n=8), the area defined as IPS1 exhibited a
balanced picture with no difference in the number of saccade and reach voxels
(p=0.5), and the area defined as IPS2 exhibited a significant bias for reach
(p<0.005). In the right hemisphere similar trends were observed, but did not
reach statistical significance (Figure 4A, right). Despite inter-subject variability in
activation, these biases were largely consistent across subjects, as can be seen
in the scatter plots presented in Figure 4B. Out of 8 subjects, 6 had more
saccade-related voxels than reach-related voxels in left V7, and 7 showed the
same pattern in right V7, whereas all subjects had a higher number of reach-

related voxels in left IPS2.

A complementary measure of the preference of each ROI is the average
response amplitude across all voxels as a function of effector. Figure 5 presents
the time courses sampled from each of the ROIs. Only voxels that exhibited

highly significant activation to either saccades or reaching in the main experiment
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were included in the analysis. Again, in the left hemisphere (Figure 5, left) there
was a significant saccade-preference in V7 (two-tailed paired t-test of peak
activation, p<0.05), equal activation to saccades and reaching in IPS1 (p=0.15),
and a significant preference for reaches in IPS2 (p<0.05). In the right hemisphere
there was no significant difference of peak amplitude in V7 (p=0.5) and IPS1
(p=0.1), but IPS2 exhibited a significant reach preference (p<0.05). Interestingly,
rise time for reaches was slightly earlier compared to saccades. Further analysis
showed that this effect was maintained for different movement directions
(Materials and Methods), thus ruling out field or motion effects during the reach
trials due to the arm movement. Further research is needed to find out
whether the difference in rise time reflects differences in the nature of

preparation for arm compared to eye movements.

In a third analysis, we computed statistical parameter maps to assess the
preference of each voxel for each effector. Nowhere in parietal cortex did we
observe effector specificity, neither for reaches nor saccades. Rather, all areas
responded significantly above baseline to both effectors (Suppl. Fig. 2) and both

effectors contributed nearly equally to the activity in most areas (Suppl. Fig. 3).

Saccade and reach related activation was also observed in vast areas outside of
posterior parietal cortex. Figure 6 presents an average activation map computed
across 8 subjects. As expected, somatosensory, motor and premotor areas

responded more strongly to reaching than saccades, whereas visual areas

ScholarOne, 375 Greenbrier I%rllve, Charlottesville, VA, 22901



The Journal of Neuroscience
For Peer Review Only

responded (presumably for sensory reasons) more strongly during saccades. In
all subjects, a dorsolateral area in the left hemisphere, extending from the central
sulcus (CS) toward the precentral gyrus (PreCG), mostly corresponding to M1,
was significantly more active for reaching than for saccades (Table 2). In
addition, more anterior and more medial areas, corresponding to the premotor
cortex (PMC) and the supplementary motor areas (SMA) in both hemispheres,
responded more strongly to reaching. Finally, in frontal cortex, stronger saccade-
related activity was observed in 8 out of 10 subjects in the vicinity of the junction
between the Precentral Sulcus (PreCS) and the Medial Frontal Sulcus or Gyrus
(MFS or MFQG). In a few cases this activation was more posterior, in the PreCG,
or more ventral, in the Inferior Frontal Sulcus (IFS) (Figure 6, top left, Table 2).
Saccade-related activity was also observed in the middle part of the CS in 9

subjects in the right hemisphere and in 4 subjects in the left hemisphere.

To compare the saccade and reaching bias in these areas to the biases
observed in posterior parietal cortex, we defined several additional ROls
(bilateral early visual cortex; left motor cortex, since movements were produced
with the right hand; and bilateral FEF; see Materials and Methods), and counted
the number of saccade and reach related voxels in each ROI. V1 exhibited a
trend towards saccade-preference that did not reach significance both in the left
(390+50 mm® vs. 190+90mm?, p=0.08,n=8 paired t-tailed t-test) and in the right
(340+60 mm® vs. 17060 mm?® p=0.05,n=8) hemispheres. Left motor cortex

contained only reach-specific voxels (p<10®, n=8). Finally, FEF showed no
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significant difference in the number of reach and saccade related voxels (left:

p=0.15, n=8; right: p=0.17, n=7).

Figure 7 presents the “effector selectivity indices” computed for all the ROIs in
the left (top) and right (bottom) hemispheres, going from occipital through parietal
to frontal areas. A gradual shift from saccade-preference to reach-preference
was observed. In the left hemisphere, occipital cortex exhibited a non-significant
saccade preference. This preference disappeared in IPS1, turned into a
significant reach-preference in IPS2 (p<0.05, bootstrap analysis, see Materials
and Methods) and disappeared again in FEF. Finally, a strong reach preference
was observed in the vicinity of left M1. A similar pattern was observed in the right
hemisphere, where a saccade preference was significant in V7 (p<0.05), but the
reach preference in IPS2 did not reach significance (p=0.05). A direct test of the
difference in effector preference between the transition areas IPS1 and IPS2 did

not reach significance in either hemisphere (p=0.05).

Discussion

Summary

To test for effector specificity in topographically organized areas of the posterior
parietal cortex, we measured cortical activity with fMRI in human subjects while
they performed eye and arm movements. We found that these parietal areas
showed only slight, albeit significant, preferences for one effector or the other. V7

exhibited stronger responses during saccades than reaches (which might reflect
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the saccades themselves and/or the visual input induced by the saccades), IPS1
responded equally during saccades and reaches, and IPS2 exhibited stronger
responses during reaches than saccades (which might reflect the reaches

themselves and/or somatosensory input).

Our results also indicate a reach-preference in more medial portions of IPS1 and
IPS2, and a saccade-preference in more lateral portions of these same areas.
This raises the possibility that the human homologues of LIP and PRR divide
both IPS1 and IPS2 into medial and lateral sub-regions. While this possibility is
compatible with the location of LIP and PRR in monkey, the support for it found in
our data was weak. This was mainly because our analysis failed to find a
consistent geometrical relationship between the IPS1-IPS2 division and this
putative medial-lateral division across subjects. To look for such a relationship
we defined the axes of IPS1 and IPS2 in each hemisphere according to the
direction of the topographic map in each area. We then drew a line connecting
the centers of the reach and saccade related regions within IPS1 and a similar
line within IPS2, and computed the angle between each of these lines and the
axis of the corresponding area. Those angles ranged between 70° and 120° in
different subjects, making a subdivision of IPS1 and IPS2 into two regions not

very likely.
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Thus, while our results do generally support the notion of some effector
preference in topographically defined parietal areas, they do not appear to
support a fully modular effector specificity as has been previously hypothesized.
Before drawing that conclusion, however, a number of limitations in the current
study must be considered. It should be noted, for example, that reach and
saccade trials differed from each other in more than just the motor action
performed. First, visual input was slightly different in the two cases. Since the
peripheral target remained on for the duration of the trial, in saccade trials this
target was brought into fixation after the saccade to the target was made,
whereas in reach trials the target remained in the periphery. Second, in reach
trials subjects received somatosensory input from the epithelium of the digit,
which was absent in saccade trials. The difference in visual input might explain
the saccade preference observed in early visual areas. Differences in activity
between saccade and reach trials among the different parietal areas may also be
at least partly attributed to differences in visual and somatosensory input.
However, if the slight differences in effector preference we observed are only due
to sensory factors, then the lack of a clear distinction between encoding of
different effectors in PPC is even more pronounced than we have suggested
here. At the same time, our results do reveal a functional difference between
IPS1 and IPS2 in terms of their saccade- and reach-preferences, which was not

previously reported.

Saccade and reach activity in posterior parietal cortex

ScholarOne, 375 Greenbrier I%rslve, Charlottesville, VA, 22901



The Journal of Neuroscience
For Peer Review Only

Our conclusion that effector preference changes gradually across the cortical
surface is highly compatible with previous electrophysiological studies. Different
areas in monkey PPC have long been known to exhibit some degree of effector
preference (Andersen and Buneo, 2002). Area LIP neurons, for example,
respond preferentially to saccades compared to reaches, whereas PRR neurons
show the opposite preference both in single unit studies (Snyder et al., 1997,
1998; Calton et al., 2002) and when the local field potential is examined
(Scherberger et al., 2005). However, it has also been widely documented that
many neurons in both areas respond to both types of movement (Snyder et al.,
1997, 2000b) and some neurons even show a preference for the effector that is
non-preferred by the majority of neurons in each area (Platt and Glimcher, 1997;
Snyder et al., 1997). Moreover, Snyder et al (Snyder et al., 1997) reported that
32% out of 373 responsive neurons in PPC were significantly active for both
saccades and reaches. Even when an association task was used, in which the
monkey had to perform arm and eye movements to different targets
simultaneously, 16% of the neurons remained unspecific. Although the effector-
specific neurons were largely anatomically segregated, 16% of effector-specific
neurons in LIP were arm-specific and 10% of effector-specific neurons in PRR
were saccade-specific That is, not only do reach and saccade related neurons
co-exist in the same cortical areas, but a single neuron may respond equally to

both movements.
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Recent imaging results employing saccade and pointing tasks also support this
notion. Essentially every fMRI study conducted to date has reported either areas
showing a saccade preference (Simon et al., 2002; Medendorp et al., 2005) or
areas showing a pointing preference (Connolly et al., 2000; Astafiev et al., 2003;
Connolly et al., 2003), but not a dissociation between two distinct networks with
one selective for saccades and the other for reaching (although in some cases
this may have been because establishing such a segregation was not the main
goal of the paper, and in others because the authors only looked for stronger
activation for one effector). One PET study reported an anatomical segregation
for reaching and saccades (Kawashima et al., 1996), but the Talairach
coordinates of the reach-related region (30, -35, 50), place it in a more anterior

area, in the vicinity of primary somatosensory cortex.

Given the substantial inter-subject variability observed in our data, these previous
results seem highly compatible with what we have observed. On the one hand,
the effector preference is so slight that averaging across subjects may be
essential in order to observe it. On the other hand, averaging data across
subjects can easily obscure activation that is similar in nature but is located in
slightly different regions in different subjects, such that areas preferring a certain

effector may be preserved in some studies and not in others.

Interestingly, the general pattern of results we observed in our data was similar in

both hemispheres, if weaker in the right hemisphere, although the right arm was

7
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used in all the reaching trials. This lack of arm lateralization in PPC is also
compatible with previous studies reporting no distinctive effector specificity

(Connolly et al., 2003; Medendorp et al., 2005).

Hence, our interpretation of the previously published data is that there is no clear
evidence for effector-specific modules, neither in monkey LIP and PRR, nor in
human posterior parietal cortex. The gradual transition in effector preference that
we observed in IPS1 and IPS2 qualitatively agrees with that observed in monkey
LIP and PRR, leaving open the possibility that these areas might be functionally

homologous.

Saccade and reach activity in occipital and frontal areas

Effector-specific modules could, of course, exist in other areas outside of
posterior parietal cortex. To begin to test this possibility, we examined effector
specificity in a set of additional areas ranging from sensory to motor cortices. We
found a gradual and progressive shift from saccade preference to reach
preference starting with occipital visual areas and ending with frontal motor
areas, but no evidence for a distinct boundary along the cortical surface at which
there is an abrupt transition in effector specificity. Early visual areas, including
V1, exhibited a strong saccade preference, which could have resulted from the
differences in visual input during reach and saccade trials. Conversely, motor
areas M1, PMC and SMA were exclusively active in reach trials, which could

have resulted from the difference in somatosensory input during the reach and
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saccade trials. But no other cortical areas responded exclusively for either
saccades or reaches. Even the FEF as defined by our topography localizer did
not show any significant effector preference, perhaps a surprising finding but one
in agreement with previous imaging studies (Connolly et al., 2000; Astafiev et al.,
2003; Medendorp et al., 2005) and even a recent electrophysiological report in
monkeys (Lawrence and Snyder, 2006). Interestingly, a more ventral area in the
vicinity of PreCS and MFG did show a weak saccade preference. This region
may correspond to the area identified as FEF by Blanke et al (Blanke et al.,
2000) using electrical cortical stimulation. In some hemispheres this area was
closer to IFS and may correspond to the dorsolateral prefrontal cortex (DLPF)
(Hagler and Sereno, 2006). In either case, this area showed a frontal saccade
specificity that exceeded that of the area usually identified as the human FEF.
Preferential activity for saccades was also observed in the middle part of the CS,
which most likely corresponds to the representation of the face, including the
eyelid and the eyeball (Penfield and Jasper, 1954), a region of M1 expected to

be active during the saccade trials.

Separability of saccades and reaching: Efficient Coding Constraints

A correlation between an area’s activity and both saccades and reaches does not
imply that that area is causing both types of movements. For example, it is
possible that whenever an arm movement is planned and executed, a plan for an
eye movement along the same direction is also formed but not executed.

Saccade-related neurons will then be active during reaching movements,
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although they are not capable of causing such movements. Indeed, activity of
this type has been documented (Snyder et al., 1997). Similarly, both saccade
and reach planning are correlated with focused spatial attention, and thus both
reach areas and saccade areas may be active in either task due to allocation of

attention (Silver et al., 2005).

Such reasoning suggests the possibility of a different kind of modular
organization in posterior parietal cortex, rooted in the mathematical study of
optimal coding. Work in the early visual system has begun to indicate that cortical
areas may modularize information in a way that respects the statistical structure
of inputs rather than with regard to mathematical convenience (Barlow, 1961;
Olshausen and Field, 1996; Simoncelli and Olshausen, 2001). Common visual
spatial frequencies, for example, seem to be encoded by more neural elements
than uncommon spatial frequencies, despite the fact that a simple Fourier
transformation of the visual world would not have this property (Olshausen and
Field, 1996). Similarly, it has been suggested that tuning of neurons in motor
cortex reflects common aspects of the animal’s behavioral repertoire (Aflalo and
Graziano, 2006b). Our observations suggest that this may also be true for neural

representations of movement in the posterior parietal cortex.
In natural tasks eye and arm movements are tightly linked. A saccade is usually

made to an object or location that will subsequently be the target of a reach

(Land et al., 1999; Hayhoe et al., 2003; Hayhoe and Ballard, 2005). Depending
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on the task, the saccade may follow the reach rather than precede it, but in most
cases the difference between saccade and reach initiating times is minimal
(Hayhoe et al., 2003). Reaching is rarely done without an accompanying
saccade, and although eye movements are sometimes performed without any
accompanying limb movement, they are usually made in order to gather some

information that is required for the immediate task (Land et al., 1999).

From the point of view of efficient coding it therefore makes little sense to have
separate machinery for coding similar planned movements which differ only in
the effector used to execute them. If the arm and the eyes usually move together
toward the same target, a parsimonious coding in motor control areas may well
be expected to employ a single neuronal population for coding both actions at
some levels of the neuraxis. Given the high correlation between the statistics of
eye and arm movements, similar activations in brain areas governing the
movements of these effectors might well be expected. Interestingly, a recent
paper has made a similar suggestion regarding encoding in motor cortex, namely
that representations of different effectors are overlapping because the animal
uses those effectors together in normal behavior (Aflalo and Graziano, 2006a). At
the same time, although arm movements are usually correlated with eye
movements, we do occasionally dissociate these effectors. Even monkeys are
able to learn to move their eyes toward one target and their arm toward another
(Snyder et al.,, 1997). From this simple observation one might suggest that in

intermediate levels of the cortical neuraxis there should be limited but
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measurable separability of eye and arm-related neurons. We propose that this is

precisely the result that we have observed.
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Figure Legends

Figure 1. Experimental design of the main experiment. Saccade and reach trials
started with an effector cue (‘R’ or ‘S’) followed by a peripheral target in one of
seven possible locations. Effector cue was then replaced by a fixation point,
instructing subjects to move their arm or their eyes to the target and back to
central position. In neutral trials a fixation point appeared throughout the trial and
subjects fixated and kept their index finger at the central target on the touch

screen.

Figure 2. Saccade topography in posterior parietal areas. Results of the localizer
experiment in a single representative subject are presented on an inflated brain.
Top panel shows the demarcation of the IPS. Bottom panel shows the
topographic representation of saccade directions in the vicinity of the IPS. Color
code denotes saccade direction. Map reversals were used to delineate borders

of areas V7, IPS1 and IPS2.

Figure 3. Saccade topography and effector specificity maps in posterior parietal
cortex. Results of the localizer experiment (left columns) and the main
experiment (right columns) in the subject from figure 2 and three additional
subjects, in the left and right hemispheres. White lines denote the borders of
areas V7, IPS1 and IPS2, based on map reversals in the localizer experiment.

Red and blue regions showed significantly higher activation to reach and
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saccade trials respectively. Only regions whose activation to the preferred

effector was positive (above fixation baseline) are shown.

Figure 4. Effector specificity in posterior parietal cortex — extent of activation.

A number of voxels showing greater responses to reach (dark gray) or saccade
(light gray) in each ROI in the left and right hemispheres, averaged across 8
subjects and 6 targets. In the left hemisphere V7 exhibited a saccade bias, the
extent of activation for saccades and reaches was equal in IPS1, and IPS2
exhibited a reach bias. Similar trends were observed in the right hemispheres but
did not reach significance. Error bars denote standard error of the mean (SEM).
Asterisks denote statistical significance (*,p<0.05; **,p<0.005). B scatter plots of
activation extent for reaches and saccades. Each data point in each panel
corresponds to a single hemisphere from one subject. Triangles, left
hemispheres. Squares, right hemispheres. Although there are considerable
individual differences in the overall size of each cortical area, the saccade- or
reach-bias is generally consistent across subjects. Most of the data points are
below the diagonal line in V7, indicating saccade bias, most are above the

diagonal in IPS2 indicating reach bias.

Figure 5. Effector specificity in posterior parietal cortex — amplitude of activation.
Response time course for reach (red) and saccade (blue) trials in each ROI
averaged across 8 subjects and 6 targets. Activation is aligned in respect to

effector cue presentation (time 0). Error bars denote SEM. V7 and IPS2 exhibited
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slight biases for saccades and reaches respectively, whereas IPS1 responded
equally to saccades and reaches. Asterisks denote statistical significance

(p<0.05).

Figure 6. Effector specificity in frontal cortex. Activation map averaged across 8
subjects (random effects). Regions in red were significantly more activated to
reaching compared to saccades, and regions in blue exhibited the opposite
preference. Abbreviations: CS, Central Sulcus; MFS, Middle Frontal Sulcus;

PreCS, Precentral Sulcus; SFS, Superior Central Sulcus.

Figure 7. Effector specificity indices in different cortical areas. Saccade and
reach bias in each area was computed as the ratio between the difference and
the sum of activation extents for each effector. Error bars denote SEM. For left
motor cortex there was no variance between subjects, hence no error bar shown
for that point. Asterisks denote statistical significance (p<0.05) using a bootstrap

method.
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Table 1. Talairach coordinates — parietal areas

ROI Left Right
n X y z Volume | n X y z Volume
[mm] | [mm] | [mm] [cm3] [mm] | [mm] | [mm] [cm3]
V7 8 262 | -81x5 | 2246 | 2.8+1.1 8 26+3 | -80%5 266 2.8+1.0
IPS1 8 -20+5 | -79+6 | 346 | 2.0:0.5 8 22+2 | -77+7 35+5 2.3+0.6
IPS2 8 205 | -74+5 | 4416 | 2.6+1.1 8 23+3 | -71x6 444 2.8+1.2

Values are mean + s.d.

Table 2. Talairach coordinates — frontal areas

ROI Left Right

n X y z Volume n X y z Volume

[mm] | [mm] | [mm] | [cm®] [mm] | [mm] | [mm] [em®]

M1 7 -33+6 | -26+3 | 59+4 | 1.2+0.1
FEF 8 -32+4 | -11£5 | 513 | 1.4+0.8 8 32+4 | -10£3 | 513 1.2+0.2
Frontal 6 -41+3 | 0£10 | 3729 [ 1.3x0.9 4 43+2 | -10+8 | 456 1.240.9
saccade-
related area*

Values are mean + s.d.
*In some subjects the “frontal saccade-related area” corresponded to the

dorsolateral prefrontal cortex (Hagler and Sereno, 2006).
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Reach targets
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Figure 1. Experimental design of the main experiment. Saccade and reach trials started
with an effector cue ('R' or 'S’) followed by a peripheral target in one of seven possible
locations. Effector cue was then replaced by a fixation point, instructing subjects to move
their arm or their eyes to the target and back to central position. In neutral trials a
fixation point appeared throughout the trial and subjects fixated and kept their index
finger at the central target on the touch screen.
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Figure 2. Saccade topography in posterior parietal areas. Results of the localizer
experiment in a single representative subject are presented on an inflated brain. Top
panel shows the demarcation of the IPS. Bottom panel shows the topographic
representation of saccade directions in the vicinity of the IPS. Color code denotes saccade
direction. Map reversals were used to delineate borders of areas V7, IPS1 and IPS2.
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Figure 3. Saccade topography and effector specificity maps in posterior parietal cortex.
Results of the localizer experiment (left columns) and the main experiment (right
columns) in the subject from figure 2 and three additional subjects, in the left and right
hemispheres. White lines denote the borders of areas V7, IPS1 and IPS2, based on map
reversals in the localizer experiment. Red and blue regions showed significantly higher
activation to reach and saccade trials respectively. Only regions whose activation to the
preferred effector was positive (above fixation baseline) are shown.
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Figure 4. Effector specificity in posterior parietal cortex (] extent of activation. A number
of voxels showing greater responses to reach (dark gray) or saccade (light gray) in each
ROI in the left and right hemispheres, averaged across 8 subjects and 6 targets. In the
left hemisphere V7 exhibited a saccade bias, the extent of activation for saccades and
reaches was equal in IPS1, and IPS2 exhibited a reach bias. Similar trends were observed
in the right hemispheres but did not reach significance. Error bars denote standard error
of the mean (SEM). Asterisks denote statistical significance (*,p<0.05; **,p<0.005). B
scatter plots of activation extent for reaches and saccades. Each data point in each panel
corresponds to a single hemisphere from one subject. Triangles, left hemispheres.
Squares, right hemispheres. Although there are considerable individual differences in the
overall size of each cortical area, the saccade- or reach-bias is generally consistent across
subjects. Most of the data points are below the diagonal line in V7, indicating saccade
bias, most are above the diagonal in IPS2 indicating reach bias.
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Figure 5. Effector specificity in posterior parietal cortex [0 amplitude of activation.
Response time course for reach (red) and saccade (blue) trials in each ROI averaged
across 8 subjects and 6 targets. Activation is aligned in respect to effector cue
presentation (time 0). Error bars denote SEM. V7 and IPS2 exhibited slight biases for
saccades and reaches respectively, whereas IPS1 responded equally to saccades and
reaches. Asterisks denote statistical significance (p<0.05).
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Figure 6. Effector specificity in frontal cortex. Activation map averaged across 8 subjects
(random effects). Regions in red were significantly more activated to reaching compared
to saccades, and regions in blue exhibited the opposite preference. Abbreviations: CS,
Central Sulcus; MFS, Middle Frontal Sulcus; PreCS, Precentral Sulcus; SFS, Superior
Central Sulcus.
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Figure 7. Effector specificity indices in different cortical areas. Saccade and reach bias in
each area was computed as the ratio between the difference and the sum of activation
extents for each effector. Error bars denote SEM. For left motor cortex there was no
variance between subjects, hence no error bar shown for that point. Asterisks denote
statistical significance (p<0.05) using a bootstrap method.
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Supplementary Figure 1

Saccades and reaches in PPC - group activation map

Random effects analysis in 8 subjects using high (top) and low (bottom)
statistical threshold. On the whole, saccades preferentially activated more
posterior and lateral regions, whereas reaches preferentially activated more
anterior and medial regions. However, due to the inter-subject variability
observed in PPC the average map loses the detail evident in the single-subject
maps. Yellow line denotes the IPS. White dots mark centers of areas V7, IPS1
and IPS2 averaged across subjects.
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Supplementary Figure 2

Saccades and reaches in PPC - single condition maps

Activation during reach (red) trials or saccade (blue) trials compared to neutral
trials in four subjects, using high (A) or low (B) threshold. Most of the PPC
responded both for saccades and for reaches significantly above baseline.
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Supplementary Figure 3

Saccades and reaches in PPC - relative contribution maps

Relative contribution of the saccade and reach predictors in four subjects. Most
of the voxels in PPC were active both to saccades and to reaches (yellow
shades).
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