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Abstract

Parietal cortex activity contributes to higher-level cognitive processes, including endogenous
visual attention and saccade planning. While visual attention is the process of selecting pertinent
information from the environment, saccade planning may involve motor attention in the planning
of a specific movement, including the process of selecting the correct path. We isolated areas in
parietal cortex involved in saccade planning, while controlling visual attention, to understand the
relationship between the two processes. Using our novel stimulus, participants performed a
delayed saccade task and an endogenous covert visuospatial attention task with peripheral targets
in identical locations. We compared multiple target locations across the two domains at the level of
the individual to better understand variability in the relationship between these two maps. The
anterior-posterior organization of saccade planning and visual attention maps varied among, but
not within, participants, and 14 — 29% of the maps for each task overlapped one another across
hemispheres. Interestingly, within the region of co-activation, over 67% of the voxels responded to
the same location for both tasks. These cortical areas of overlap may represent regions of the brain
specifically involved in the transfer of information from vision to action along the visuomotor
pathway. These results further establish the relationship between maps associated with saccade
planning and visual attention at the individual level, indicating the lack of a single saliency map in
parietal cortex.
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1. INTRODUCTION

A skilled magician will get the audience to attend to one aspect of the performance so
spectators will miss the sleight of hand. It doesn’t take much; a sudden movement in a
person’s peripheral vision or instruction to carefully watch a particular activity is enough to
cause the audience to move their eyes elsewhere. These magic tricks require shifts of visual
attention with and without concomitant eye movements. This observation illustrates the
longstanding debate regarding the level of connectedness between the neural mechanisms
underlying visuospatial attention and eye movements. If one can attend to a location without
moving the eyes or plan to move the eyes in one direction while attending to another, are
endogenous covert visual and saccade planning attentional mechanisms separate?

While activity in topographically organized regions, or maps, of parietal cortex contribute to
both endogenous visuospatial attention (Brefczynski & DeYoe, 1999; Silver et al., 2005;
Szczepanski et al., 2013) and saccade planning (Schluppeck et al., 2006; Sereno et al.,
2001), continued controversy exists regarding the role of this brain region (See Freedman
and Ibos (2018) for a thorough examination of the ongoing debate) in the necessary selection
and integration of both visual and motor information to successfully execute goal-directed
movements (Gold & Shadlen, 2000). Parietal cortex activity has previously been labeled as
primarily involved in the sensory aspects of a task (Bisley & Goldberg, 2010), or only in the
context of the upcoming movement (Quian Quiroga et al., 2006), or both (Freedman & Ibos,
2018). Complicating this issue, evidence from non-human primates suggests that neurons in
portions of parietal cortex demonstrate different coding mechanisms in the same population
of neurons for sensory and motor components, depending on task demands (Bennur & Gold,
2011).

Consistent with the notion that the same regions of parietal cortex contribute to both the
sensory and motor components of a task, some have hypothesized that spatial attention is a
singular neurophysiological process across modalities involving the same set of neurons via
a salience map (Bisley & Goldberg, 2003; Purcell et al., 2012). Evidence in support of this
theory includes the significant overlap of visual attention and saccade planning-related
activation in humans (Astafiev et al., 2003), and an improvement in attention-mediated
behavioral performance when visual and motor targets overlap (Abrams et al., 1998;
Carbone & Schneider, 2010; Macaluso et al., 2003). However, we and others have
demonstrated that endogenous covert visual attention and saccade planning, and/or their
associated regions of activation in posterior parietal cortex, can be dissociated (Casteau &
Smith, 2020; Hu et al., 2009; Khan et al., 2009; Konen et al., 2007; Puckett et al., 2017;
Quian Quiroga et al., 2006; Snyder et al., 1998), with attention-mediated task performance
primarily being influenced by changes in domain-specific visual or motor task demands
(Huddleston et al., 2013).

A tangle of meso-scale human functional neuroimaging studies performed at the group level
and using different experimental approaches add to this debate regarding the organization of
attention maps in parietal cortex. Evaluating group-level activation data in the same
participants for both endogenous visual attention and saccade planning activation, but not
actual topography, leads to significant overlap across tasks within parietal cortex (Astafiev et
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al., 2003; Corbetta et al., 1998). This group level analysis may obliterate any individual
variation in parietal cortex organization, a brain region known for dynamic organization
(Corbetta et al., 1990; Greenberg et al., 2010; Li et al., 2007) and greater variability among
participants (Frost & Goebel, 2012; Scolari et al., 2015). Individual differences, measured by
extent of activation or fMRI BOLD signal quality, in topographic maps correlate with
behavioral performance on a number of tasks including endogenous covert visuospatial
attention (Huddleston & DeYoe, 2008; Szczepanski et al., 2010), working memory
(Hampson et al., 2006), and delayed saccades (Kunowski & Huddleston, 2011). Thus,
individual differences must be recognized when comparing cortical patterns of activation
during both saccade planning and endogenous covert visual attention tasks in this particular
brain region.

In addition to group level analysis challenges, different paradigms have been used to study
saccade planning. A potential confound of previous saccade planning topography studies is
the rapid onsets of peripheral visual targets, which may induce a spatially-specific response
co-localizing the focus of saccade planning and involuntary capture of visuospatial attention.
This stimulus feature may influence the overall allocation of attention during the task
(Hopfinger & West, 2006). Evaluating visual attention and saccade planning through
mapping of pro- and anti-saccades addresses this issue by spatially separating the visual
stimulus and the movement target. However, these actions also require an inhibition of a pro-
saccade to the visual target, creating increased cortical activation (Connolly et al., 2000;
D’eSouza et al., 2002) and potentially compromising any interpretation of activation
patterns. Additionally, mapping of anti-saccades has been limited to left / right hemifields at
the group level (Medendorp et al., 2005), limiting the ability to address potential topography.
To address these methodological concerns, we developed a saccade planning task in which
the central focus of visual attention did not have a spatial component during saccade
planning, allowing us to isolate the spatially-specific saccade planning signal in parietal
cortex.

To our knowledge, the spatial selectivity of saccade planning and endogenous visual
attention maps across multiple targets within each hemisphere and within participants has
not been previously reported. We specifically addressed two components of these maps
including spatial specificity and individual variability. The overall objective of the current
study was to resolve the extent to which saccade planning and endogenous covert visual
attention maps exist in the same geographical regions of parietal cortex as a first step to
determine if a single spatial saliency map exists in humans versus the presence of separate
maps. Secondarily, we quantified the level of spatially-specific congruency in regions of
map overlap as a possible location for information transfer from sensory to motor aspects of
the task. We hypothesized that cortical activation occurs in different parietal regions based
on task demands. We further hypothesized that the organization of these parietal maps would
vary among individuals due to the variability in the organization of parietal cortex (Frost &
Goebel, 2012), and the flexibility of this area to encode task-specific parameters (Harvey et
al., 2013).
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2. METHODS

No part of the study procedures or analyses were pre-registered prior to conducting the
research. We report how we determined our sample size, all data exclusions (if any), all
inclusion/exclusion criteria, all manipulations, and all measures in the study. All inclusion
and exclusion criteria were established prior to the start of the study. All fMRI analyses were
performed using publicly available AFNI software (R. W. Cox, 1996). Raw functional
neuroimaging data (.AFNI BRIK and HEAD files) for each of the Experiments and Tasks,
de-skulled anatomical images (AFNI BRIK and HEAD files), participant demographics file
(PDF), and a stimulus timing file (PDF) for each run are freely available on the University of
Wisconsin — Milwaukee Digital Commons (URL: https://dc.uwm.edu/

kinesioloqy facdata/1/; (Huddleston et al., 2019)). Stimulus presentation files (Presentation,
Neurobehavioral Systems) and raw eye tracking data can also be found at the same site.

2.1 Subjects

Nine participants completed Experiment 1 (21 — 41 years, 6 females, 1 left-handed) and ten
completed Experiment 2 (18 — 43 years, 6 females, 1 left-handed, 2 participants completed
both Experiments 1 and 2). Calculating sample sizes for neuroimaging data when
performing individual analysis at the voxel level is challenging due to the high number of
voxels included in the analysis. We included ten participants in Experiment 2 for the
comparison between saccade planning and endogenous covert attention tasks. Effect size is
reported for all significant findings. All participants were free of neurological deficits,
college educated, reported to have normal or corrected-to-normal vision, and provided
written informed consent as approved by the Institutional Review Board of the Medical
College of Wisconsin. All were screened per the standard MRI safety protocol by the MRI
technician and study staff separately to ensure safety while in the MR scanner. All methods
were performed in accordance with the guidelines and regulations set forth by the
Institutional Review Board of the Medical College of Wisconsin.

2.2 Stimulus and task

In Experiment 1, participants completed a delayed saccade task, while controlling the focus
of visual attention, allowing us to map saccade planning in parietal cortex. In Experiment 2,
participants completed the delayed saccade task and a second endogenous covert spatial
attention task to directly compare saccade planning and spatial attention maps in parietal
cortex in the same individuals. The stimulus (Presentation, Neurobehavioral Systems,
Albany, CA) for both experiments is illustrated in Figure 1. In the saccade planning tasks of
both Experiments 1 and 2 (left column of Fig. 1), participants performed a delayed saccade
task in which the target location cue and the ‘go’ cue were embedded in the central Rapid
Serial Visual Presentation (RSVP) letter stream (200 ms letter presentation with no gaps).
Participants visually attended to the central stream of letters to identify these cues.
Participants shifted their motor planning focus to the cued peripheral target location when a
target letter was presented. For example, when a target cue was given (‘A’ in Fig. 1), the
subject selected the correct response trajectory to accurately saccade to the intended target
location (solid circle in top panel of left column in Fig. 1) while continuing to visually attend
to the center letter stream awaiting the ‘go’ saccade cue (dashed circle in top panel of left
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column in Fig. 1). A “Go’ cue (“X”) was presented after a variable delay of 1800 or 3800 ms
(Second panel of left column in Fig. 1). Once the “X” was presented, the participant made a
saccade as quickly and as accurately as possible to the previously cued target location before
returning gaze to the central letter stream. An auditory tone indicated the end of a trial. The
auditory cue prevented participants from continuing to plan a saccade to the previously cued
location if they missed the ‘go’ cue. The order of target cues was counterbalanced within
each run and participants completed four trials to each peripheral location, for a total of 16
trials each run (186 seconds, 7-10 runs per task). Participants practiced the task outside the
scanner prior to data collection. Practice terminated when subjects could identify 75% of the
target letters and go cues within the central letter stream. No participant required more than
16 trials of practice.

Once we were able to establish our ability to map saccade planning related activity in
parietal cortex while controlling visual attention in Experiment 1, we moved on to
Experiment 2. In Experiment 2, the stimulus was intentionally identical for both endogenous
covert visual attention and saccade planning tasks with the addition of RSVP letter streams
in the periphery required for the endogenous covert visual attention task (black letters in Fig.
2). The Saccade Planning Task of Experiment 2 was identical to that of Experiment 1 with
the exception that non-informative peripheral letters streams at the target locations were
added to the visual display to maintain stimulus consistency across the two tasks of
Experiment 2. The advantage of our stimulus across the two tasks in Experiment 2 was that
the domain of interest (visual attention or saccade planning) always had a spatial component
while the domain of no interest did not. This stimulus design allowed us to investigate task-
specific topography in parietal cortex.

In the Endogenous Covert Visual Attention Task of Experiment 2, the target location cue
was presented in the central RSVP identical to the Saccade Planning Task, however the ‘X’
cue was now presented in the cued peripheral letter stream. Rather than maintaining a
central focus of visual attention, participants now voluntarily shifted their covert visual
attention to the cued peripheral target letter stream over the delay period while maintaining
central gaze (dashed circle in the top panel pf the right column in Fig. 1). Participants
pressed a button with the dominant hand when the “X” was identified in the cued stream. The
auditory tone cued the subject to shift visual attention back to the central letter stream in
preparation for the next trial. In this condition, all spatial components of the motor response
were removed by requiring only a single button press at the time of the “X’ cue presentation,
regardless of cued location. The target cue was 100% predictive of the letter stream that
contained the *X’ cue in the periphery, although not all trials contained an *X’. These trials
served as “catch’ trials (1-2 per run). Participants completed four trials to each peripheral
location plus the catch trials, for a total of 18 trials each run (198 seconds, 7-10 runs per
task). The order of target cues was counterbalanced within each run. Participants completed
all 7-10 runs for a single task on separate scan days, with the order of task completion
randomized across days and participants. We randomized the order of task completion for
the two participants who completed both tasks on the same session/day.
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2.3 Magnetic resonance imaging parameters

Functional magnetic resonance imaging (fMRI) was performed on a 3T GE Signa MR
scanner (General Electric, Waukesha, W1) using standard echo-planar imaging (EPI) with a
standard 8-channel head coil for all experiments. All anatomical data were collected using
an SPGR sequence (TR 9.6 s, TE 3.9 ms, flip angle 12°, voxel size 0.97 x 0.97 x 1.1 mmd).
Participants viewed a back-projected image behind their head with the use of prisms for
task-related scans. The participant’s right eye movements were recorded during scanning
using a remote optic bright-eye eye tracker system (ASL Remote Optics Eye Tracking
System, Bedford, MA). Eye movement data were collected at 120 Hz. Event-related fMRI
scan parameters included a field of view (FOV) of 240 x 240 mm, TE of 25 ms, repetition
time TR of 2 s, flip angle of 77°, 4 mm axial slices and 2.73 x 2.73 mm in-plane resolution
for 37 slices for whole-brain imaging. Functional scans were registered to the anatomical
images for comparison within each subject for subsequent display and analysis. Statistical
maps were not collapsed across subjects as significant inter-subject variability in cortical
landmarks exists in parietal cortex (Scheperjans et al., 2008), and data averaging might blur
the within-subject topography of the regions of interest. Rather, we completed all brain
analyses separately for each participant, and results defining the brain maps were pooled for
group analysis.

2.4 Data analysis

An event-related design was used for all neuroimaging experiments and all scans collected
within one experimental session were concatenated for deconvolution in AFNI (R. Cox,
1996; R. W. Cox, 1996). We used an anatomical region of interest (ROI) in bilateral parietal
cortex, analyzing data posterior to the central sulcus, anterior to the parietal-occipital sulcus
and superior to the lateral sulcus due to the number of areas within parietal cortex known to
be involved in motor planning (Gallivan & Culham, 2015). Within these bilateral ROIs,
presumably multiple spatial maps exist (Hagler et al., 2007; Schluppeck et al., 2005).
However, we did not attempt to differentiate among separate maps of space, but rather
compared all regions within parietal cortex responsive to either the saccade planning or
endogenous covert visual attention tasks.

Saccade activity recorded inside the MR scanner was used to create individual reference
functions for each target location (plus an additional reference function for errors), which
were then convolved with a gamma variate function to simulate the hemodynamic delay of
the fMRI BOLD signal. The statistical model accounted for the delay activity in Experiment
1 and the two tasks of Experiment 2 separately. 3dDeconvolve in AFNI v. 16.0.15 (R. W.
Cox, 1996) was used to perform a linear regression for each voxel using ordinary least
squares drift polynomial fit. Significant controversy exists regarding the correct
methodology for thresholding fMRI data (Cox et al., 2017; Yeung, 2018). We minimized the
effects of thresholding by using identical thresholds across tasks and performing individual
rather than group analysis. We set the statistical threshold to maximize activation while
keeping the False Discovery Rate g (as output in AFNI) less than .01 and maintaining a
corrected p-value of p <.001 for clusters larger than 3 neighboring voxels with adjacent
sides. The FDR g-value represents the fraction of false positives expected at a selected
threshold and accounts for the multiple statistical tests performed in neuroimaging analysis.
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In Experiment 1, and the Saccade Planning Task of Experiment 2, the subject visually
attended to a centrally located stream of letters continuously over the delay, thus cortical
activity related to visual attention contributed only to the residual component of the model.
Conversely, in the Endogenous Covert Visual Attention Task of Experiment 2, visual
attention was spatially distributed to the cued peripheral letter stream while motor response
did not require spatial planning, and thus cortical activity related to the button press
contributed to the residual component of the model for this condition. The spatial location
for the focus of saccade planning in Experiment 1, the Saccade Planning Task of Experiment
2, and the focus of endogenous covert visual attention in the Visuospatial Attention Task in
Experiment 2 were all in the same location. In this way topographic maps could be directly
compared.

We specifically chose not to use a temporal phase mapping approach to evaluate topography
within our regions of activation as the spatial resolution of our voxels makes it likely that
neurons encoding different targets co-localized to a single voxel. When using temporal
phase mapping, a winner-take-all approach assigns a preferred single target location to each
voxel. While this leads to smoother topographical representations, it may not fully capture
the underlying topography, as evidenced in early visual regions (Hansen et al., 2004; Janik,
2011). Thus, each voxel was labeled as “active’ relative to a specific peripheral target if the
significance of the regressor for that target location surpassed the corrected statistical
threshold. In this way, each voxel demonstrating significant activation could be assigned up
to four preferred target locations if it was active when planning saccades (or covertly
attending) to all four locations. For example, if the pattern of activity in a voxel only
demonstrated a significant correlation with the top left target location regressor, it was
labeled a “top left voxel”. Conversely, a voxel was labeled as an “all’ voxel if the activity
pattern correlated with all four target location regressors. In this way, we were able to most
directly compare activation related to all preferred target locations between the two tasks
across all spatial representations of the region. To create the topographic maps, we created
masks based on the regions of significant activation within our parietal ROI for each target
location and then added the masks together using AFNI 3dCalc (https://
afni.nimh.nih.gov/pub/dist/doc/program_help/3dcalc.html). Our desire to assess the spatial
specificity of activation for each voxel precluded us from doing a direct General Linear Test
subtraction between the two tasks for Experiment 2 and limited us to doing voxel-wise
comparisons with the statistical maps created using our approach.

To align the topographic maps for the two tasks for eight of the participants in which data
were collected across days, we aligned the functional covert visual attention scans to the
anatomical image collected on the day of the saccade planning task using AFNI
align_epi_anat.py (https://afni.nimh.nih.gov/pub/dist/doc/program_help/
align_epi_anat.py.html). We then resampled the endogenous covert attention data to match
that of the saccade planning data matrix using AFNI 3dAllineate (https://
afni.nimh.nih.gov/pub/dist/doc/program_help/3dAllineate.html). AFNI 3dCalc was used to
add the two maps together to evaluate common target locations across the two tasks.

To directly compare the extent of activation during the Saccade Planning Task and the
Endogenous Covert Visual Attention Task of Experiment 2, we superimposed the two maps
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and counted the number of voxels in parietal cortex active during both saccade planning and
endogenous covert visual attention, as well as the number of active voxels within the ROIs
unique to each using identical statistical thresholds for the two tasks within the same
individual. For the subset of voxels that overlapped in activation for both tasks, we were
interested to know if they showed significant activation for the same locations across
saccade planning and endogenous covert visual attention. To assess this, we compared the
preferred target location(s) for each voxel across the two tasks and categorized the level of
similarity as exact (e.g., saccade planning = top left location; visual attention = top left
location), contained the same (e.g., saccade planning = top left location; visual attention =
top left and bottom left locations), contained the same hemisphere (i.e., saccade planning =
top left location; visual attention = bottom left location), contained the same horizontal
hemifield (saccade planning = top left location; visual attention = top right location), or none
(e.g., motor saccade planning = top left location; visual attention = bottom right location).

Post-processing of eye tracking data was completed with Eyenal (Applied Science
Laboratories, Bedford, MA) and visualized in Excel (Microsoft, Redmond, WA).
Performance measures for the Saccade Planning Tasks in Experiments 1 and 2 included
percentage of misses (participants failed to perform a saccade on a particular trial) and
percentage of trials in which the participants originally performed a saccade to the incorrect
target, but then corrected their movement to finally fixate on the correct target. In the
Endogenous Covert Visual Attention Task of Experiment 2, the performance measures
included reaction time for the button press, after the “X” was displayed, and miss rate. Only
correct trials were included in the creation of the reference functions for the fMRI data
analysis.

3. RESULTS

Consistent with previous studies (Leone et al., 2014; Schluppeck et al., 2006; Sereno et al.,
2001), we identified regions of parietal cortex responsive to spatial shifts in saccade
planning (Fig. 2). Importantly, this representation occurred while visual attention was
maintained in the center of the screen due to the task requirement to monitor the central
RSVP for task cues and with no peripheral transients to potentially involuntarily capture
visual attention. This spatially specific activation in bilateral cortex varied among
individuals. Many regions of parietal cortex activated in a spatially-specific manner with our
tasks, including precuneus, superior parietal lobule, multiple areas within the intraparietal
sulcus (IPS), lateral parietal, and the inferior post-central sulcus (Fig. 2).

3.1 Characterization of brain activity associated with saccade planning

To address the organization of activation in these responsive regions, we counted the number
of target locations for which each voxel in the parietal region of interest responded (which is
different than the winner-take-all approach of temporal phase mapping (Hansen et al., 2004;
Janik, 2011)) from both Experiment 1 and the Saccade Planning Task of Experiment 2. Over
65% of the voxels significantly responded to only one target location with less than ten
percent of all significantly active voxels responding in preparation to saccade to all four
target locations (Fig. 3A). The remaining voxels preferred two adjacent locations across
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either the horizontal (e.g., top left and bottom left locations) or vertical hemifields (e.g., top
left and top right locations). To further quantify the organization of these areas of activation,
we divided voxels significantly responsive to only one location by their preferred saccade
target location and hemisphere. Figure 3B demonstrates the distribution of target preference
within the left (black) and right (grey) hemispheres for the four target locations. While no
significance was noted between hemispheres for the percentage of voxels responsive to a
particular target location (F(1, 144) = 0.54, p=.464), Fig. 3B shows a higher percentage of
voxels preferring contralateral targets for both hemispheres in the group averaged data for
the upper two target locations. Also, no significant differences were noted in the percentage
of voxels responsive to a particular target location across the hemispheres (F(3,144) = 0.56, p
=.642) or between the hemispheres (F(3,144) = 1.17, p=.323). As a large swath of parietal
cortex showed significant spatially specific activation outside of known regions involved in
endogenous covert visual attention and saccade planning, we wanted to ensure the reliability
of the activation patterns. We re-analyzed the data from two participants (first and last
tested), dividing the data sets into the first and last five runs of the saccade planning
experiment, applying a 6 mm Full-Width-Half-Maximum (FWHM) smoothing filter, and
setting a conservative clustering minimum of 5 voxels for visualization purposes. We then
mapped the activation patterns from each half of the dataset for each of the four peripheral
target locations separately. The vast preponderance of voxels overlapped across datasets,
while some variance did exist due to differences in performance (Supplementary Figure 1).
No participants completed the same task across days for further comparison.

3.2 Direct comparison of activation patterns between saccade planning and endogenous
covert visual attention tasks

In Experiment 2, participants performed similarly in their accuracy between the visual and
saccade planning tasks (Saccade Planning Task error rate 7.71 +/- 8.04%; Endogenous
Covert Visual Attention Task error rate 10.37 +/- 5.43%; two-tailed paired t-test t(g) =
0.927, p=0.378), thus any differences noted in the activation patterns presumably could not
be attributed to differences in difficulty. When comparing the total number of active voxels,
the extent of activation was significantly greater for the Endogenous Covert Visual Attention
Task versus the Saccade Planning Task (F(1, 19)) = 37.74, p <.0001, partial eta squared .677,
observed power 1.000), although no significant differences existed in activation patterns
across cortical hemispheres (Main effect of hemisphere F(y, 19) = 0.090, p=.768, task by
hemisphere interaction F(; 1g) = 1.010, p = .328).

We next quantified the extent to which the activation patterns related to each task were
independent of one another. As the extent of activation for the Saccade Planning Task was
less than for the Endogenous Covert Visual Attention Task, we were interested to learn the
extent to which the saccade planning maps were completely encompassed by the
endogenous covert visual attention maps. The extent of activation for either task varied
considerably among participants (Fig. 4A). Due to the participant-specific variation, we
calculated the percentage of total active voxels that were uniquely responsive to only one of
the two tasks. Somewhat surprisingly, the extent of parietal activation specific to each task
did not overlap more than 29% of the total activation (Fig. 4B). The percentage of
overlapping voxels within an activation area was task dependent (F(1 o) = 16.824, p=.003,
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partial eta squared = .651, observed power =.953), most likely due to the difference in the
overall number of activated voxels. However, neither the main effect of hemisphere nor the
interaction was significant (p > .05). Our second surprise was that while the organization of
the maps relative to one another was quite consistent across the two hemispheres within each
participant, the relative position of the regions of activation was not consistent across all
participants. Figure 4A demonstrates the two observed spatial relationships between the
endogenous covert visual attention and saccade planning regions of activation. Exactly half
of participants demonstrated more posterior activation during the endogenous covert visual
attention task while the other half showed more posterior activation during the saccade
planning task in Experiment 2.

We were particularly interested in the common regions of activation between the two tasks.
Were these regions responsive to the same target locations regardless of task? To answer this
question, we compared the “preferred’ locations for each task within the same voxel and
categorized based on their similarity (Fig. 5A). On average, 67% of the voxels responded to
the same target location between the two tasks (15% of ‘overlap’ voxels responded to the
identical single target location between the two tasks (e.g., TL for both tasks in the same
voxel), and 52% of voxels responded to the same target location across tasks, but also
significantly responded to an additional target location in at least one task (e.g., TL for
saccade planning, and TL and BL for endogenous covert visual attention task)). Only 8% of
the voxels active during both tasks did not show any similarity in preferred target locations
across tasks, which fell well below chance.

One potential explanation for this high percentage of voxels with significant activation for
the same target locations across tasks would be that these ‘overlap’ voxels were ones that
responded to multiple targets. This would then increase the likelihood that the same or
similar target locations would be significant across the two tasks during this analysis. To
confirm that these results were not an artifact of the number of targets these ‘overlap’ voxels
responded to during the two tasks, we calculated the percentage of voxels active during both
tasks that responded to 1-4 peripheral targets (Fig. 5B). In fact, over 50% of the “direct
spatial overlap’ voxels showed significant activation for only one target location (Saccade
Planning Task 55%; Endogenous Covert Visual attention task 52%) with only 11% and 9%
of voxels respectively responding to all target locations for the saccade planning and
endogenous covert visual attention tasks. These values align closely to the distribution of
voxels within the entire saccade planning map where 62% of the overall voxels showed
significant activation for a single target location and 7% responded to all target locations.
Thus, while 14-29% of the overall regions of activation overlapped between the tasks (Fig
4B), approximately 90% of that overlap region responded to identical or adjacent target
locations in both hemispheres.

4. DISCUSSION

The concept of ‘motor attention’ has several definitions including decision making through
attentional selection among motor plans (Goldberg & Segraves, 1987; Toni et al., 2001),
selecting an action (Pashler, 1991), covert planning of movement (Rushworth et al., 1997;
Rushworth et al., 2001), preparing and maintaining a motor plan (Symes et al., 2010), and
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attending to predicted proprioceptive sensations for movement and effector selection (Brown
etal., 2011). For the purposes of this study, we consider ‘motor attention’ as a fundamental
component of selecting a motor plan (saccade trajectory) from a pool of possible movement
alternatives. The selection of relevant saccade trajectories may require a mechanism, similar
to that described for visuospatial attention, acted upon topographic representations of
attended space (Buschman & Kastner, 2015; Lauritzen et al., 2009). The possibility of a
common selection mechanism for both sensory and motor modalities led to the design of the
current study.

Our approach of controlling visual attention centrally during a delayed saccade task allowed
us to unequivocally identify saccade-planning-specific regions of activation in human
parietal cortex, which involved a greater extent than previously described using a group
analysis (Schluppeck et al., 2005). Saccade planning maps showed considerable specificity
with 85% of voxels in the left hemisphere and 84% of voxels in the right hemisphere (Fig.
3A) demonstrating a preference for a single target or adjacent targets (with no apparent
preference for adjacent vertical or horizontal hemifield targets). While there tended to be
greater representation for contralateral targets in each hemisphere, particularly for the upper
visual field (Fig. 3B), no statistical difference was found. This potential difference in upper
versus lower visual field representations is consistent with the reaching literature in which
the lower visual fields are represented much more robustly (Pitzalis et al., 2013; Rossit et al.,
2013). This result may be unique to movement planning as mapping endogenous
visuospatial attention (Fig. 4 in (Huddleston & DeYoe, 2008) or passive viewing (Rossit et
al., 2013) does not show such an effect.

The debate continues regarding the strength of contralateral target representation in both
non-human (Christopoulos et al., 2018; Wardak et al., 2002) or human primates. For
example, Leone et al. (2014) reported strong contralateral target representations in humans,
whereas others have found much less contralateral preference for saccade planning when
compared to non-human primates (Kagan et al., 2010). This more equal distribution of
signals in both hemispheres for saccade planning found in the present study may be related
to the saccade motor circuitry in which signals from both hemispheres are sent to the
superior colliculus (Freedman & Ibos, 2018). It also may be related to the inclusion of the
entire parietal region in our study instead of only the intraparietal sulcus or superior parietal
lobule where stronger contralateral preference has previously been found (Schluppeck et al.,
2005; Sereno et al., 2001). One last possible explanation for these results is that regions of
parietal cortex might be more involved in the value of the response than on direct control of
the saccade (Freedman & Ibos, 2018; Toni et al., 2001), which may necessitate bilateral
representation to some extent. Similarly, others have suggested a ‘push/pull” mechanism
between hemispheres (Pinsk et al., 2004; Szczepanski et al., 2010), which could also lead to
bilateral representations of all targets regardless of hemi-field.

Interestingly, the relationship of the activation areas for visual and motor tasks showed two
distinct patterns across participants (Fig. 4A) with saccade planning activation occurring
anterior to the endogenous covert visual attention maps in some individuals and the opposite
pattern in others. That said, the pattern was consistent across left and right hemispheres
within each participant. It is difficult to compare the present results with others as we chose
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to evaluate activation patterns within individuals rather than as a group analysis. For
example, Astafiev, et al.(2003) did not find significant activation pattern differences between
endogenous covert visual attention and saccadic eye movements in their group analysis. This
could be due to an artifact of averaging across individuals. If heterogeneity in activation
patterns, as seen in the present study, also existed in their data set, the group analysis would
have washed out any differences in regions of activation across tasks. Comparing the
spatially-specific activation patterns between endogenous covert visual attention and saccade
planning tasks within an individual provides preliminary evidence of variability in the
organization of this brain region in humans, and suggests more work is needed at the
individual level to better understand the role of the various regions of parietal cortex in
attention-mediated visually-guided tasks.

While some might find it unsettling to have two predominant orientations between activation
patterns for endogenous covert visual attention and saccade planning in parietal cortex, it is
important to note the significant variability in this region (Caminiti et al., 2015), especially
when compared to the relative stability of several specific retinotopic maps along visual
cortex. Regions of human parietal cortex, serving as a critical association area, have more
functional flexibility than earlier visual areas, serving as a dynamic network nimble enough
to code for a wide variety of task demands (Caminiti et al., 2017; Hadjidimitrakis et al.,
2019). For example, some regions of parietal cortex can categorize task options beyond that
of spatial representations, including arbitrary categories (Freedman & Assad, 2006) and
cognitive set (Stoet & Snyder, 2004) in non-human primates and features such as motion
(Corbetta et al., 1995), numerosity (Harvey et al., 2013) and color (Greenberg et al., 2010) in
humans.

The parietal regions responsive to the selection and attention to saccade targets/trajectories
appear to be largely independent of regions responsive during an endogenous covert
attention task, with 22—-29% of active voxels during saccade planning overlapping with the
visual-specific-attention maps (Fig. 4B). This small overlap occurred even with identically
positioned peripheral targets and identical within-participant imaging thresholds. This result
is consistent with behavioral findings demonstrating dissociation in saccadic precision and
endogenous covert visual attention processes (Greenwood et al., 2017; Huddleston et al.,
2013). The relatively small area of co-activation in parietal cortex between the two tasks
suggests that different populations of neurons were modulated by the selection of either
salient visual or motor information, contrary to the concept of a single attentional map acting
on both sensory and motor information.

The small overlap regions did demonstrate a high level of spatial congruency between the
tasks, perhaps demonstrating sub-areas of parietal cortex involved in the integration of
sensory and motor selection and may represent regions of the brain specifically involved in
the transfer of information from one modality to another in the visuomotor pathway
(Andersen & Cui, 2009). This transfer of information may occur via an integrative
comparative network (Freedman & Ibos, 2018) or a similar information integration scheme
in parietal cortex (Jerde et al., 2012; Scolari et al., 2015; Serences & Yantis, 2007). Another
possible alternative to explain the differences in spatial preference among voxels would be a
partial volume effect, due to our voxel size, in which separate populations of neurons
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preferring the different target locations are captured within a single voxel. However, we do
not believe partial volume effects explain the common response to specific target locations
between the two maps, as over 50% of the ‘overlap’ voxels responded significantly to only
one target location.

5. CONCLUSIONS

Saccade planning has many components, and we consider motor attention (aka motor
intention) to be one of the critical processes in that planning. Based on our current findings,
and those of others, we posit that similarities exist in the potential mechanisms of the
selection of salient spatial information across endogenous covert visual attention and
movement planning (in this case, saccades). However, the processes, or at least the maps on
which they act, are dissociable and in fact separate.
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Figure 1. Trial time series for the Saccade Planning and Endogenous Covert Visual Attention
Tasks.

Black letters by the four targets represent the peripheral RSVP letter streams at each target
location. White letters indicated the cue letter for the target (A, B, C, and D) which were
static and always present. Circles show the location (and spatial dissociation) of saccade
planning and endogenous covert visual attention foci over the delay period for the two tasks.
The Experiment 1 stimulus was identical to the Saccade Planning Task of Experiment 2
without the peripheral letter streams (the visual attention task was not completed as a part of
Experiment 1). Through our experimental design we removed visual transients from the
stimulus and provided target cues centrally to maintain endogenous covert visual attention
away from the peripheral targets during the delayed saccade task. In this way, we separated
the foci of visual and saccade planning, and were able to identify specific patterns of
activation during separate task conditions and across participants.
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Figure 2. Topographic parietal activation during the delay activity preceding a saccade from one
participant during the Saccade Planning Task

The statistical threshold for this participant was F = 15.22, p =.0001, FDR q = .0065.
Legend indicates the four target location colors (top left = yellow, top right = red, bottom
right = blue, bottom left = green). Voxels active for two adjacent locations indicated with
intermediate colors with voxels active for all locations represented in white. Voxels showing
significant activation for three locations or for two non-adjacent locations are represented in
black.
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Figure 3. Target location specificity of the saccade planning map in parietal cortex.
The total number of active voxels varied among individuals (n = 19), thus the percentage of

total voxels is presented. (A) Saccade Planning Map Specificity. The vast majority of
significantly active voxels during the Saccade Planning Task were responsive to only one
target location, with all other combinations of target location preferences representing less
than 30% of the total number of voxels. No hemispheric differences existed. (B)
Distribution of Preferred Single Target Map Locations in Saccade Planning Map.
Voxels from the far left two columns in (A) were divided by preferred target location. All
target locations were represented in both hemispheres.
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Figure 4. Overlapping activation in parietal cortex responsive to the Saccade Planning and
Endogenous Covert Visual Attention Tasks.

(A) Images from two participants showing the greatest and the least overlap (Statistical
threshold for the participant in the top panel F = 15.22; statistical threshold for the
participant in the second panel F = 16.94). These two participants also show clear
differences in the organization of visual attention versus saccade planning regions, yet
consistency within participants across hemispheres. (B) Group data illustrating the

percentage of voxels unique to a particular map. That is, the percentage of the total map that

did not overlap with the map from the other modality.
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Figure 5. Characterization of the overlap regions of saccade planning and endogenous covert
visual attention maps.

(A) Percentage of voxels within the overlap region responding to the same or similar target
locations between the two tasks. Definitions of the categories are described in the methods.
(B) The percentage of voxels active during both tasks that responded to varying numbers of
peripheral targets.
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