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ABSTRACT: Executive control is the ability to flexibly control behavior and is frequently studied with saccadic eye movements. Contrary to frontal

oculomotor areas, the role of the superior parietal lobe (SPL) in the executive control of saccades remains unknown. To explore the role of SPL networks

in saccade control, we performed a saccadic search-step task while acquiring functional magnetic resonance imaging data for 41 participants. Psychophysi-

ological interaction analyses assessed task-related differences in the effective connectivity of SPL with other brain regions during the inhibition and redirec-

tion of saccades. Results indicate an increased coupling of SPL with frontal, posterior, and striatal oculomotor areas for redirected saccades versus visually

guided saccades. Saccade inhibition versus unsuccessful inhibition revealed an increased coupling of SPL with dorsolateral prefrontal cortex and anterior

cingulate cortex. We discuss how these findings relate to ongoing debates about the implementation of executive control and conclude that early attentional

control and rapid updating of saccade goals are important signals for executive control.
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Introduction

Executive control is the ability to flexibly control behavior on
the basis of current task demands. One important aspect of
executive control is the ability to rapidly inhibit or change pre-
pared action plans, if these responses become inappropriate—
a function referred to as reactive control.!

The saccadic eye movement system is an ideal effector
system for investigating the executive control of action, as the
neural circuitry of saccade initiation has been well described
in nonhuman primates.>”” Tasks such as the countermanding
paradigm task and search-step task have been used to spe-
cifically probe reactive executive control of saccades.® ! Both
tasks require rapid saccades to a target, and occasionally,
the planned saccade can be inhibited or redirected upon the
sudden presentation of a visual or auditory stimulus (stop or
change signal).

Neurophysiology studies have highlighted a network of
regions involved in saccade initiation. The key regions in this
network include frontal eye fields (FEF) and intraparietal
sulcus that project to subcortical areas, such as the stria-
tum and superior colliculus (SC), pivotal for preparation
and generation of saccades.” During saccade initiation, FEF

neurons discharge until a threshold is reached, upon which
a saccade is executed.!!3 Importantly, in macaques per-
forming the countermanding task, neuronal firing in the
FEF is attenuated following a stop signal on trials in which
the animal successfully inhibited a saccade.!*!® It has been
suggested that modulation of FEF neurons to either exe-
cute or inhibit a saccade is implemented by the supplemen-
tary eye fields (SEF) and the dorsolateral prefrontal cortex
(DLPFC).>8 However, during countermanding task perfor-
mance, SEF neurons modulate too late after a stop signal to
be directly involved in saccade control; instead, data suggest
that the SEF and nearby anterior cingulate cortex (ACC)
play a larger role in monitoring the response outcomes and
biasing behavior over a longer time scale.'®?! DLPFC neu-
rons on the other hand can influence the excitability of the
oculomotor system on a rapid time scale.® That is, task cues
and stimulus location are integrated by DLPFC neurons to
either execute or inhibit a planned saccade, depending on
current task demands.??

Along with cortical regions, subcortical structures also
contribute to rapid control over eye movements. The basal
ganglia exert their control by either inhibiting or disinhibiting
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a saccade through the direct and indirect pathways, respec-
tively, depending on the behavioral demands.® Subsequently,
the basal ganglia output their signals to the SC, which plays
a key role in orienting and saccadic control and directly
controls the oculomotor neurons in the pons that drive the
eye muscles.?3

Contrary to frontal cortex and subcortical structures,
the role of the parietal cortex during rapid control of saccades

24-26

has received less attention. Of particular interest is the
superior parietal lobe (SPL). The SPL is a part of the dorsal—
dorsal stream consisting of area V6, parieto-occipital cortex,
and the SPL.?” The SPL is considered to be the human
homolog of the monkey lateral intraparietal area (LIP).2%%
Single-cell recordings from LIP neurons showed that activ-
ity of these neurons was related to the locus of attention.*°
Moreover, activity in these neurons was associated with the
probability that a target was the endpoint of the next saccade.
This suggests that LIP is an important area in the atten-
tional control of saccades. However, other studies suggest
that LIP neurons code target location for action planning
in an eye-centered reference frame.¥33 This reference frame
encoding of target location was also found in human parietal
cortex.** This is also a relevant capacity during rapid con-
trol of saccades to changing target locations, as the desired
endpoint needs to be encoded in a spatial reference frame
allowing fast saccadic reprograming and associated spatial
updating across saccades.

Functional imaging studies of the SPL in humans
are consistent with neurophysiology studies and under-
score its role in the attentional guidance of saccades. Spatial
attention shifts were related to increased activity in the SPL.%
In addition, changes in target and/or distractor location are
coded by the SPL. These changes are applied to the attentional
priority map that is created by the intraparietal sulcus.>=3#
This attentional priority map enables us to attend to salient
stimuli and ignore distractors. The role of the SPL in the
top-down control of attention is further supported by lesion
and transcranial magnetic stimulation studies.®*~*! Together,
these studies suggest a role of the SPL in the attentional guid-
ance of saccadic eye movements; however, its involvement in
rapid control over movement initiation (eg, inhibition and
redirection) is less clear.

Several functional imaging studies of the parietal cortex
showed increased activity on trials in which executive control
over saccades is required compared to simple visually guided
saccades.*>* However, additional research is necessary to
obtain a more complete understanding of its exact function.
The goal of this study was to examine the role of SPL during
rapid inhibition and redirection of eye movements. We were
specifically interested in the changes in the effective connec-
tivity between the SPL and other oculomotor areas during the
higher order control of saccadic eye movements.

This study is relevant since the role of SPL in the ability
to rapidly control behavior, potentially via early attentional

processes or changes in reference frame encoding, remains
largely unknown. Previous studies have shown that early
perceptual processing of a target can significantly influ-
ence the efliciency of executive control over saccadic eye
movements and, therefore, is an important aspect of per-
formance on the countermanding and double-step tasks.*44°
'This study addresses this topic and asks whether successful
inhibition and redirection is related to increased coupling
between early attentional areas and other areas of the ocu-
lomotor system. By examining the effective connectivity of
the SPL during rapid control of saccadic eye movements, we
might provide new evidence regarding the SPL as an impor-
tant area in the neural circuitry underlying the executive
control of saccades in humans, and perhaps in association
the role of attentional processing. Previous research typi-
cally focused on the frontal cortical and basal ganglia areas
and their role in rapid control of saccades. To our knowl-
edge, this is the first study using an SPL seed region during
effective connectivity analysis to unravel the role of the SPL
in saccadic control.

Saccadic eye movements were assessed using the saccadic
search-step task as described in a previous publication.?® Forty-
one healthy subjects performed this task during functional mag-
netic resonance imaging (fMRI). Bilateral SPL was taken as
seed region during psychophysiological interaction (PPI) analy-
sis. With PPI, we are able to infer the task-related differences in
the connectivity of the SPL both between trials in which rapid
executive control of saccades is required and not required and
between trials in which the inhibition is successful and not suc-
cessful. This study has the potential to shed light on the role of

the SPL in the rapid control of saccadic eye movements.

Methods

Participants. Forty-two healthy volunteers participated
in this study. Due to excessive head motion in the scanner, one
participant was excluded, leaving 41 participants (20 males,
mean age 29.8 years) for further analyses. Thirty-three par-
ticipants were right handed, five participants were left handed,
and three participants were ambidextrous as was assessed
with the Edinburgh Handedness Inventory. Participants had
normal vision or corrected to normal vision. Exclusion crite-
ria were a history of neurological or psychiatric disorders or
a history of traumatic brain injury. Participants provided an
informed written consent before participation and received
monetary compensation for their time. All procedures were
approved by the ethics committee of the University Medical
Center Utrecht. The research was conducted in accordance
with the principles of the Declaration of Helsinki.

Saccadic search-step task. The saccadic search-step
task (Fig. 1), also described in a previous publication with a
subset of the participant,?® consisted of three different types
of trials: no-step trials (30%), follow trials (30%), and redirect
trials (40%). The trial duration was four seconds. Trials were
presented after an intertrial interval of 1000-2000 ms. At the
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Figure 1. The saccadic search-step task. A trial started after an intertrial interval of 1000—2000 ms. At the start of each trial, an eight-element array

was presented. On no-step trials, a red target was presented among seven green distractors. Participants were instructed to make a saccade to the red
target. On follow trials, an array was presented with two red targets, and participants were instructed to make a saccade to both target locations, one
after the other. On redirect trials, the first target location (T1) became a distractor, and a new target location (T2) appeared after a certain TSD after initial
array presentation. Participants were instructed to inhibit the first planned saccade to T1 and directly make a saccade to T2. Trials in which participants
correctly inhibited the planned saccade to T1 and made a saccade directly to T2 were labeled as compensated trials. Trials in which participants failed

to inhibit the planned saccade and, thus, first made a saccade to T1 and subsequently to T2 are labeled as noncompensated. TSD was adjusted online
using a tracking procedure to ensure ~50% success rate on redirect trials. Image is from our previous publication.?®

start of each no-step trial and redirect trial, an eight-element
array was presented containing one red target among green
distractors. The isoluminant elements subtended 0.7° visual
angle and were presented 9° of visual angle from the center
of the array. On no-step trials, the target location remained
the same. However, on redirect trials, there was an isolumant
color change of the first red target (T'1) into a green distractor
at a delay after initial array presentation (target step delay
[TSD]) and a new red target appeared at a new target loca-
tion (T2). On no-step trials, a single saccade to the presented
red target was required. However, on redirect trials, partici-
pants were instructed to inhibit the initial planned saccade to
the first location (T'1) and redirect their gaze toward the new
cued location (T2). Trials in which participants successfully
inhibited a saccade to T1 and made a direct saccade to T2
were labeled as compensated trials. Trials in which partici-
pants failed to inhibit the initial planned saccade to T1 were
labeled as noncompensated trials. These erroneous saccades
are often followed by a corrective saccade to T2.% On follow
trials, two red targets among green distractors were presented
on the eight-elementary array. Participants were instructed
to make saccades to both T1 and T2, one after the other.
The order in which participants attended the targets dur-
ing follow trials was irrelevant. Follow trials were included
to match the number of saccades on noncompensated trials.
As a result, we could examine the activation related to error
processing by setting up a contrast for noncompensated trials
versus follow trials as was done for the previous study on this
data.?® On both redirect trials and follow trials, T1 and T2
were separated from each other with a minimum polar angle
of 90° to diminish the possibility of a saccade landing mid-
way between T1 and T2.4

With longer TSDs, it becomes increasingly difficult to
inhibit.” Therefore, the accuracy of redirect trials was manip-
ulated by using a one-up/one-down tracking procedure,
ensuring successful inhibition in ~50% of the redirect trials.

TSD started at 100 ms and was increased or decreased by
67 ms following the compensated or noncompensated trials,
respectively. In total, four runs were executed with 60 trials per
run (72 no-step trials, 72 follow trials, and 96 redirect trials).
The three types of trials were interleaved, and participants
were not explicitly instructed about the relative frequency of
the different trial types. Six null trials per run were added as
baseline during which the participants fixated on a cross for
10 seconds.

Participants were instructed and trained on the sac-
cadic search-step task prior to the MRI session. During the
instructions, it was stressed that both speed and accuracy were
important. In addition, participants were informed that on
redirect trials, inhibiting the saccade to T1 would not always
be possible.

Stimulus display and eye tracking. Stimuli were pre-
sented on an magnetic resonance (MR)-compatible light
emitting diode (LED) screen using the Presentation software
(Neurobehavioral Systems). The screen was placed at the end
of the bore of the MR scanner and could be watched by the
participants via a mirror that was attached to the head coil.
An MR-compatible infrared eye tracker mounted to the head
coil was used to record eye movements online during the scan-
ning session. LED lights on the head coil provided infrared
illumination. Eye position was sampled at a rate of 60 Hz
and was acquired using the ViewPoint eye tracking software
(Arrington Research). To calculate the accurate timing of sac-
cades, presented stimuli were encrypted digitally, forwarded
to the ViewPoint software, and inserted as triggers in the eye
movement recordings.

Accuracy on redirect trials was measured online to
adjust TSD. Therefore, information about eye position on
each trial was stored in a memory buffer. Eye position was
drift corrected after redirect trials. This was done by using
the mean eye position in a 50 ms time window around array
presentation. The accuracy on these redirect trials was then
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determined using a position criterion. Trials were considered
as compensated trials if the eye moved outside a window span-
ning 2° of visual angle around fixation after 100 ms follow-
ing array presentation for at least two samples (33 ms) and
was directed toward T2. Next, the TSD was increased for
the following redirect trial. Redirect trials in which the eye
moved toward T'1 were labeled as noncompensated, and TSD
for the next trial decreased. On trials in which the eye posi-
tion was neither in the direction of T'1 nor in the direction of
T2, perhaps due to eye tracker noise or blinking, T'SD was
maintained.

Scoring and analysis of eye movement. Eye movement
data were analyzed offline in MATLAB (The MathWorks).
Eye velocity was obtained by differentiating the eye posi-
tion data and filtered using a fifth-order Butterworth filter
with a cutoff of 40 Hz. A liberal velocity criterion was used
to automatically establish saccade onset. Invalidly marked
saccades (eg, camera noise/blinks) were manually removed.
Saccades with an onset of less than 100 ms after array onset
were excluded from further analysis. Directional accuracy
was automatically scored. Saccade latency was defined as the
time between the onset of a saccade and the array onset. For
compensated trials, the time between the onset of T2 and the
onset of the saccade was used as saccade latency.

Image acquisition. Scans were acquired using a 3.0 T
Achieva MRI scanner (Philips Medical Systems) located
at the University Medical Center Utrecht. Parallel imaging
was achieved by sensitive encoding (SENSE) with an eight-
channel head coil. Whole-brain T2*weighted echo planar
imaging was acquired for blood-oxygen level-dependent
(BOLD) contrast (repetition time [TR] = two seconds, echo
time [TE] = 35 ms, field of view = 256 mm X 256 mm X 120
mm, matrix = 96 X 96 X 35, voxel size = 2.67 mm X 2.67 mm
% 3.42 mm, and flip angle = 70°). For each of the four sessions,
152 volumes were acquired with 35 slices per volume. Slices
were acquired interleaved in the transverse plane. To allow for
T1 equilibrium saturation effects, the first six volumes of each
run were discarded. For within-subject registration, whole-
brain three-dimensional fast field echo T1-weighted images
were acquired (200 slices, TR = 10 ms, TE = 4.6 ms, field of
view = 240 mm X 240 mm X 160 mm, voxel size = 0.75 mm
% 0.8 mm X 0.75 mm, and flip angle = 8°). Cardiac and respi-
ratory pulsality measures were used to correct for nonneural
effects. Cardiac signals were acquired at 500 Hz with elec-
trocardiogram (ECG) electrodes. Respiratory measures were
recorded at 500 Hz with a wrap band around the midsection.

Data analysis.

Preprocessing. Functional images were preprocessed and
analyzed using Statistical Parametric Mapping version 8
(SPMB) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8) and
MATLAB. Initially, functional images were realigned using
the six rigid body transformations to correct for head motion.
A mean functional image was created for each subject. To
correct for timing differences in slice acquisition, slice time

correction was performed. Slice time acquisition was tempo-
rally interpolated over each slice to match to the acquisition
time of the middle slice. The anatomical image of each subject
was aligned to its mean functional image with a normalized
mutual information criteria method. The anatomical image
was further segmented and normalized into Montreal Neu-
rological Institute (IMINI) space using a unified segmentation
method.*® These normalization parameters were applied to
the functional images. Finally, a Gaussian kernel of 6 mm full
width half maximum was used to spatially smooth the func-
tional images.

General linear model analysis. A first-level general linear
model (GLM) was performed. The design matrix included
no-step, follow-up, compensated, and noncompensated trials
as the regressors of interest. No-step reaction times were split
into fast and slow trials based on the percentile corresponding
to the proportion of noncompensated trials. Latency matching
is frequently done in neurophysiology and electrophysiology
countermanding studies and might result in a more sensi-

tive model of neural activation.1%1

Latency matching is best
described by the horse-race model logic.**° The horse-race
model states that go stimuli and stop stimuli can trigger a GO
process and STOP process, respectively. These two processes
race against each other toward a threshold. The finishing time
of both processes determines the behavioral outcome. That is,
if the GO process finishes before the STOP process, an action
is initiated, whereas if the STOP process reaches the threshold
first, an action is inhibited. On compensated trials, the GO
process has not progressed far enough and is still susceptible
for inhibition by the STOP signal. The GO latency of these
compensated trials matches with that of no-step slow trials,
based on the model discussed earlier.?® This means that if a tar-
get step would have occurred during these no-step slow trials,
inhibition would still have been possible. Therefore, no-step
trials were split into fast and slow trials to match the latencies
of noncompensated and compensated trials, respectively. No-
step fast and no-step slow trials were entered into the design
matrix as independent regressors of interest. Fixation trials
were used as an implicit baseline and, therefore, are not mod-
eled. The regressors were constructed using delta functions
coding for array onset over time per factor and were then con-
volved using a canonical hemodynamic response function as
implemented in the Statistical Parametric Mapping version 8.
Twenty nuisance regressors were added to model nonneural
signals (eg, respiratory and pulsatility effects) using the RET-
ROICOR method with fifth-order Fourier expansion.’!

A white matter regressor, reflecting the signal over
time in the white matter, was added to remove any addi-
tional movement-related activity in the neural signal.>>3 The
white matter regressor was constructed by taking the average
first eigenvariate of the time series of two white matter vox-
els in the posterior corona radiata (MNI coordinates: left
[-28 —41 22] and right [30 —41 22]). Accordingly, the white

matter regressor reflects a pure white matter signal because
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of its location in this white matter tract. Finally, three block
regressors and the intercept were added to the model as well.
Data were also prewhitened to remove any temporal auto-
correlation in the data by using a first order autoregressive
model. Data were high-pass filtered during prewhitening at a
frequency of 70 Hz.

Contrast images were generated for compensated trials
versus no-step slow trials to examine the activation related
to the inhibition and redirection of eye movements. On both
trial types, participants generate one task-related saccade per
trial. However, on compensated trials, participants have to
inhibit and redirect their saccade. The difference between the
two trial types reflects a process of inhibition and redirection
and is illustrated by activation differences in this contrast.
To examine the activation related to successful inhibition
versus unsuccessful inhibition, a contrast image was created
to compare compensated trials with noncompensated trials.
The difference between these trial types mainly is the fail-
ure to inhibit the first planned saccade on noncompensated
trials. Therefore, activation in this contrast reflects the pro-
cess of successful inhibition. When interpreting the results of
this later contrast, one should take into account putative dif-
ferences in activation since the number of saccades does not
match in the two conditions. Namely, on compensated trials,
only one saccade is produced, while on noncompensated trials,
two saccades are typically produced (erroneous and corrective
saccade).

Individual contrast images were submitted to a second-
level random-effects analysis to test for whole-brain within
group effects using one-sample # tests. Statistical inferences
were made at a voxel threshold of P < 0.05 with family-wise
error (FWE) correction using Gaussian random fields to
account for multiple comparisons.>*>

PPI analysis. A PPl analysis was conducted according
to the procedure described by Friston et al.’® With PPI,
condition-specific changes in effective connectivity are
assessed between a seed region and the rest of the brain.

To study the differences in the effective connectivity dur-
ing rapid control of saccades, two contrasts of interest were
set up. The first contrast was set up to compare the differences
in effective connectivity during compensated trials versus no-
step slow trials. The difference between the two conditions
reflects changes in effective connectivity during an inhibitory
process to T'1 and a redirection process to T2. The second con-
trast was set up to compare the differences in effective con-
nectivity during compensated trials versus noncompensated
trials. The difference reflects changes in effective connectivity
during a successful inhibitory process to T1 compared to an
unsuccessful inhibitory process to T'1.

A significant PPI indicates a difference in connectivity
with the seed region during one task condition versus another
task condition. This PPIresult can be either positive or negative,
suggesting an increase or a decrease in connectivity, respec-
tively. Seeds were selected based on the local maximum of a

significant cluster in the basic GLM analysis testing the con-
trast compensated trials versus no-step slow trials. In addition,
the seed was anatomically restricted to the SPL according to
the Automated Anatomical Labeling atlas.”” Based on these
criteria, time series were extracted from two 6 mm seeds, one
placed in left SPL (MINI coordinates: =18 —63 54) and one in
right SPL (MNI coordinates: 27 —63 51).

The first eigenvariate of the time series in the seed region
was multiplied by the psychological vector to create the PPI
term. This interaction term was orthogonalized with respect
to the seed time series and psychological condition to estimate
the effect of the interaction term without influences of the
main effect of time series and psychological regressor. The
design matrix for the PPI GLM included the interaction term,
the first eigenvariate of the seed time series, a psychological
condition vector, 20 nuisance regressors, three block regres-
sors coding session baseline, one white motion regressor, and
the intercept. Regressors were constructed as described earlier.

'The first-level contrast images were entered into a second-
level random-effects analysis to test for whole-brain within
group effects using one-sample 7 tests. Statistical inferences
were made at a cluster threshold of P < 0.05 with FWE cor-
rection using Gaussian random fields to account for multiple

comparisons.54'55

Results

Behavior. The behavioral results for the entire group
of participants can be found in our previous publication by
Thakkar et al.2®

GLM analysis.

Compensated trials versus no-step slow trials. To examine
the activity related to the inhibition and redirection of the
saccade plan, compensated trials were contrasted with no-
step slow trials. There was an increased activation frontally in
bilateral SEF, FEF, and right inferior frontal cortex (IFC) for
compensated trials compared to no-step slow trials (Fig. 2).
Increased parietal activation was found bilaterally in the SPL
and inferior parietal lobe (IPL). Bilateral fusiform gyrus, right
middle temporal cortex, and bilateral visual cortex also showed
an increased activation during compensated trials as opposed
to no-step slow trials. There were no regions of decreased acti-
vation for this contrast. These results parallel our published
findings using a subset of these participants.?

Compensated trials wversus noncompensated trials. Com-
pensated trials were contrasted with noncompensated trials
to study the activity related to successful inhibition versus
unsuccessful inhibition. This analysis did not yield any signifi-
cant increased or decreased activation for compensated trials
compared to noncompensated trials even at FWE-corrected
P < 0.1. Again, these findings replicate the results found in
our previous study.2

PPI analyses.

Compensated trials versus no-step slow trials. To examine
the changes in the effective connectivity of the SPL with
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Figure 2. BOLD activation for regions that showed increased activity for compensated trials compared to no-step slow trials. Activation is shown at an

uncorrected threshold of P < 0.0001.

other brain regions during the inhibition and redirection of
saccades, PPI analyses were performed for compensated trials
versus no-step slow trials using bilateral SPL as seed regions.
Results of this PPI contrast showed that right SPL
coupled more strongly with bilateral SEF and right FEF for
compensated trials versus no-step slow trials. Moreover, sev-
eral posterior cortical areas also showed an increased cou-
pling with the right SPL, including right supramarginal
gyrus (SMQ), right precuneus, bilateral IPL, and left visual
cortex during compensated trials versus no-step slow trials
(Table 1 and Fig. 3A). Subcortically, we found an increased
coupling of right SPL. with the left putamen for compen-
sated trials compared to no-step slow trials. The positive PPI
plots for left SEF, right SMG, bilateral IPL, and left visual
cortex when right SPL was taken as seed in a representative
individual are shown in Figure 4. The dots in Figures 4-6
are residual fMRI time series data (activation factored out)
for every single time point acquired in succession. This is the

signal the PPI measures (steepness of slope) are based on.
This is a common distribution to plot in PPI analysis®® to
provide further insight in the single scan data the analysis is
based on.

PPI analysis for compensated trials versus no-step slow
trials using left SPL as seed revealed a similar effective connec-
tivity network in the right hemisphere. For example, left SPL
also showed an increased coupling with the frontal oculomo-
tor regions, the right SEF and right FEF, for compensated tri-
als. In the parietal cortex, we again found a stronger coupling
with the right SMG. Moreover, left SPL showed an increased
coupling with right SPL for compensated trials. Further-
more, occipital areas along the dorsal visual processing stream
showed an increased coupling with the left SPL, namely left
parieto-occipital cortex and bilateral visual cortex, during
compensated trials compared to no-step slow trials. Finally,
increased coupling was found between left SPL and right fusi-
form gyrus during compensated trials (Fig. 3B and Table 1).

Table 1. Local maxima of PPl analysis for compensated trials versus no-step slow trials and compensated trials versus noncompensated trials.

SEED CLUSTER CLUSTER T STATISTICS Z STATISTICS CLUSTER MNI REGION
REGION SIZE CORRECTED COORDINATES
P X z
Right SPL Compensated 5.74 4.88 57 -36 33 Right supramarginal
yprsus no-step 120 0.001 3.98 3.63 60 -21 45 Right postcentral
3.95 3.61 60 -15 36 Right postcentral
5.39 4.65 -6 6 51  Left SMA (SEF)
244 0 4.23 3.82 12 9 69 Right SMA (SEF)
3.96 3.62 6 0 69 Right SMA (SEF)
68 0.014 4.65 413 18 72 42 Right precuneus
4.55 4.06 33 -51 54 Rightinferior parietal
84 0.005
4.51 4.03 33 -45 39 Rightinferior parietal
4.50 4.02 -33 -54 48 Leftinferior parietal
193 0 4.42 3.96 -39 -36 39 Leftinferior parietal
4.35 3.91 -45 -39 48 Leftinferior parietal

(Continued)

32 i JOURNAL OF EXPERIMENTAL NEUROSCIENCE 2015:9(S1)


http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131

ﬁ Effective connectivity of the superior parietal lobe

Table 1. (Continued)

SEED CLUSTER CLUSTER T STATISTICS Z STATISTICS CLUSTER MNI REGION
REGION SIZE CORRECTED COORDINATES
P X
4.47 4.00 -21 9 3 Left putamen
° 0008 4.09 3.7 -12 3 -3 Left pallidum
414 3.75 33 -3 45 Right SMA
65 0.018 3.81 3.50 30 O 57 Right SMA
3.74 3.44 45 -3 48 Right SMA (FEF)
4.07 3.70 -24 -87 12  Left middle occipital
145 0 4.00 3.65 0 -78 3 Left lingual
4.00 3.65 0 -93 6 Left calcarine
Left SPL  Compensated 5.75 4.88 12 9 66 Right SMA (SEF)
uprsus no-step 470 0 5.64 4.81 6 9 42 Leftmiddle cingulum
4.86 4.28 9 0 66 Right SMA (SEF)
5.22 4.53 54 -36 30 Rightsupramarginal
180 0 4.64 412 48 42 27 Right supramarginal
5.18 4.50 0 -78 -3 Leftlingual
138 0 4.30 3.88 6 -84 6 Right calcarine
3.82 3.51 -6 -75 -12 Left cerebellum
4.91 4.32 -30 -60 -21 Leftcerebellum
96 0.002 4.52 4.04 -18 -78 -6 Leftlingual
4.24 3.83 -21 -66 -18 Left cerebellum
4.67 415 18 72 45 Right precuneus
99 0.002 4.04 3.68 6 -63 51 Right precuneus
3.86 3.54 15 -60 54 Rightsuperior parietal
4.53 4.05 -36 18 0 Left insula
55 0.033
3.88 3.55 -45 6 3 Left insula
4.48 4.01 45 9 3 Right insula
113 0.001 4.33 3.90 36 15 3 Right insula
3.90 3.57 48 12 -6 Rightinsula
4.43 3.98 -21 -66 33 Left superior occipital
90 0.003 4.41 3.96 -33 -51 45 Leftinferior parietal
3.69 3.40 -9 -66 42 Leftprecuneus
4.31 3.88 27 -6 45 Right middle frontal (FEF)
58 0.027 3.81 3.50 33 9 63 Right middle frontal (FEF)
3.77 3.47 27 9 54  Right middle frontal (FEF)
4.03 3.67 36 -66 -15 Right fusiform
66 0.015
3.76 3.46 27 -57 -15 Right fusiform
Compensated versus 4.49 4.02 6 27 42 Right dorsal ACC
non-compensated 1 0.002 3.85 3.53 3 6 42 Leftventral ACC
3.77 3.47 -12 3 54  Left SMA (SEF)
418 3.78 -24 39 42  Left superior frontal (DLPFC)
71 0.025 4.07 3.70 —24 51 18 Left middle frontal (DLPFC)
3.69 3.40 -24 39 27 Left middle frontal (DLPFC)
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A Compensated versus No-step slow - right SPL seed
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Figure 3. Regions where the PPI term was greater for compensated trials than no-step slow trials when (A) right SPL was chosen as seed region or
(B) left SPL was chosen as seed region. (C) Regions where the PPI term was greater for compensated trials than noncompensated trials when left SPL
was chosen as seed region. Significant clusters after FWE correction are displayed on an inflated surface and are displayed in Table 1. Activation is

presented at an uncorrected threshold of P < 0.001.

Positive PPI plots for right SEF, right FEF, right SMG, and
left visual cortex when left SPL was taken as a seed in a repre-
sentative individual are shown in Figure 5.

There was no evidence of decreased coupling between
left or right SPL and other brain regions for this contrast
(decreased PPI coupling is by itself equally informative and
physiologically meaningful as increased coupling).

Compensated trials versus noncompensated trials. To exam-
ine the effective connectivity network involved in successful
inhibition versus unsuccessful inhibition, we performed a
PPI analysis investigating the effective connectivity of bilat-
eral SPL during compensated versus noncompensated trials.
Analyses using the left SPL as a seed region showed a signifi-
cantly increased coupling with bilateral ACC and left DLPFC
(Fig. 3C) during compensated trials compared to noncom-
pensated trials. The positive PPI plots for right ACC and left
DLPFC in a representative individual are shown in Figure 6.
The right SPL seed failed to show significant coupling with
any brain region. Moreover, we did not find any decreased
coupling between right or left SPL and other regions for com-
pensated trials compared to noncompensated trials.

Discussion

The aim of this study was to examine the effective connec-
tivity between the superior parietal cortex and other brain
regions during rapid executive control of eye movements. We
compared the connectivity between trials in which executive
control is required and not required (ie, compensated trials
versus no-step slow trials) and trials in which inhibition is
successful and not successful (ie, compensated trials versus
noncompensated trials). We proposed that the SPL could
contribute significantly to rapid control of eye movements,
potentially via early attentional control or rapid updating of
saccade goal.

The results of the basic GLM reveal an increased
activation in several oculomotor areas for compensated trials
compared to latency-matched no-step trials. For example, the
observed activation in the FEF during compensated trials
might reflect an inhibitory process during compensated trials
to T1 as FEF neurons have been shown to modulate during
the cancelation of a saccade.’ Similarly, the detected acti-
vation in IPL is consistent with a previous countermanding
study and also seem to reflect an inhibition process.’® Greater
activation in the SEF might be related to increased sensitivity
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Figure 4. Positive PPI between the right SPL (seed) and the response regions, bilateral IPL, left SEF, left visual cortex, and right SMG, for compensated
trials versus no-step slow trials in a representative individual. The plots represent the regression of the time series of the seed region (right SPL) on

the time series of the responding region. The lines illustrate the regression (red line, compensated trials; black line, no-step slow trials). The dots are

the observed data (residual values) adjusted for main effects (red dots, compensated trials; black dots, no-step slow trials). The dots are the residual
fMRI time series data (activation factored out) for every single time point in the recorded fMRI time series. For each participant, the slope of line plotting
residual activity in the seed against residual activity in the response region was calculated for compensated and no-step slow trials. The difference in the
slopes is plotted in the histograms presented in the inset. Positive values represent larger slopes for compensated than no-step slow trials. This was done

in order to visualize the data across subjects.

for conflict and error during compensated trials in which
there was a chance to make an error.®*® IFC activity was also
found to be increased for compensated trials. Previous studies
on IFC function have shown a role of IFC in saccade inhibi-
tion either directly via basal ganglia connections or indirectly
by directing the attention to a stop signal.®®®! These results
are also discussed in our previous publication?® and show for
the first time in humans a cortical network that is involved in
rapid inhibition and redirection of saccades.

The results of the PPI analyses showed an increased
coupling between SPL and other regions of the oculomotor
system during compensated trials versus latency-matched no-
step trials. More specifically, right SPL showed stronger cou-
pling with frontal oculomotor areas, namely bilateral SEF and
right FEF for compensated trials. Based on previous detailed
nonhuman primate literature, this increased connectivity

may provide an indirect evidence of SEF-modulating move-
ment activity in FEF neurons via signals from the SPL.141>18
That is, SPL possibly signals to the SEF that targets location,
and thus, behavioral demands have changed. The SEF, in
turn, could bias the oculomotor system toward a more inhibi-
tory state. This finding of effective connectivity between SPL
and FEF and SEF is supported by the findings of anatomical
connectivity between the SPL and these frontal oculomotor
areas via the superior longitudinal fascicle.®?

Posterior parts of the brain, including IPL and visual
cortex, also showed an increased coupling with right SPL
for compensated trials compared to no-step trials. Previous
studies have shown that parietal and frontal areas can have
a modulatory influence on early visual cortex to guide visual
attention.*»6376¢ Qur results seem to support these findings.
We must note, however, that the direction of these signals
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Figure 5. Positive PPl between the left SPL (seed) and the response regions, right FEF, right SEF, right SMG, and left visual cortex, for compensated
trials versus no-step slow trials in a representative individual. The compensated trials are in red, and the no-step slow trials are in black. The plots
represent the regression of the time series of the seed region (left SPL) on the time series of the responding region. The lines illustrate the regression
(red line, compensated trials; black line, no-step slow trials). The dots are the observed data (residual values) adjusted for main effects (red dots,
compensated trials; black dots, no-step slow trials). The dots are the residual fMRI time series data (activation factored out) for every single time point in
the recorded fMRI time series. For each participant, the slope of line plotting residual activity in the seed against residual activity in the response region
was calculated for compensated and no-step slow trials. The difference in the slopes is plotted in the histograms presented in the inset. Positive values
represent larger slopes for compensated than no-step slow trials. This was done in order to visualize the data across subjects.

cannot be determined using PPI. Thus, it is possible that early
visual cortex is modulating SPL instead. Nevertheless, numer-
ous studies have shown that the likely direction of modulation
of visual attention is downstream from parietal regions to
visual cortex. Attentional processes could also explain the
increased coupling between SPL and IPL. IPL is suggested
to form an attentional priority map that guides saccadic eye
movements.> ¥ Changes in attentional weights in this map
are hypothesized to be implemented by the SPL.%¢ Increased
connectivity between SPL and IPL during compensated tri-
als could reflect this implementation of changes in attentional
weights in the priority map. Alternatively, the increased cou-
pling could reflect a process of rapid updating of saccade goal

on compensated trials. IPL function has been associated with
spatial orienting while SPL functioning has been related to
spatial attention shifts.3>%7% After a planned saccade to the
first target, an eye-centered reference frame is used to code
for target location in FEF and SC. On the appearance of the
second target, SPL needs to be updated to compute the motor
command of the second eye movement.’’3* The increased
SPL-IPL coupling on compensated trials might reflect an
inhibitory process in which orienting to T1 in IPL is inhibited
by SPL, thereby allowing the SPL to reorient to T2. Future
studies should try to elucidate which explanation is correct.
Subcortically, we observed increased coupling between
right SPL and left putamen during compensated trials

36 i JOURNAL OF EXPERIMENTAL NEUROSCIENCE 2015:9(S1)


http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131

"

Effective connectivity of the superior parietal lobe

cortex (-24 39 42)

Response in left dorsolateral prefrontal

u L L L
06 04 02 0

EI‘2 0‘4 EI‘E EI‘E 1‘
Activity in left superior parietal lobe (-18 -63 54)

Left  Right

Response in right anterior cingulate

® Compensated
@ Noncompensated

cortex (6 27 42)

02 L L
03 02 - 0

ﬂ‘\ 02 EI‘B D“l EIIE
Activity in left superior parietal lobe (-18 -63 54)

o> Lleft  Right

Figure 6. Positive PPI between the left SPL (seed) and the response regions left DLPFC and right ACC for compensated trials versus no-step slow

trials in a representative individual. The compensated trials are in red, and the noncompensated trials are in blue. The plots represent the regression of
the time series of the seed region (left SPL) on the time series of the responding region. The lines illustrate the regression (red line, compensated trials;
blue line, noncompensated trials). The dots are the observed data (residual values) adjusted for main effects (red dots, compensated trials; blue dots,
noncompensated trials). The dots are residual fMRI time series data (activation factored out) for every single time point in the recorded fMRI time series.
For each participant, the slope of line plotting residual activity in the seed against residual activity in the response region was calculated for compensated
and noncompensated trials. The difference in the slopes is plotted in the histograms presented in the inset. Positive values represent larger slopes for
compensated than noncompensated trials. This was done in order to visualize the data across subjects.

compared to latency-matched no-step trials. Previous litera-
ture, mainly from nonhuman primate studies, suggested that
the caudate nucleus is involved in saccadic control, while the
putamen is strictly involved in skeletomotor control.267172
However, recent neurophysiology studies and fMRI studies
suggested that the putamen is also involved in saccade
generation and/or control.”>~7 This new light on the putamen
as a saccade control region seems to be supported by our find-
ings since the putamen was more strongly coupled with SPL
during inhibition and redirection compared to simple visually
guided saccades.

Interestingly, a similar effective connectivity profile in
the right hemisphere was found for compensated trials ver-
sus no-step trials when left SPL was taken as a seed region
(eg, right FEF, right SEF, and right SMG). This interhemi-
spheric coupling might be established by the increased cou-
pling between left SPL and right SPL during compensated
trials.”® Right SPL in turn might signal to right FEF, right
SEF, and right SMG to inhibit and redirect the saccades. This
right-lateralized network is consistent with previous literature
suggesting a right lateralization of the saccadic attentional
system.”?"8! Similarly, both activation and connectivity pro-
files in this study are largely right lateralized.

Successful inhibition compared to unsuccessful inhibi-
tion (ie, compensated trials versus noncompensated trials)
revealed an increased connectivity with ACC and left DLPFC
when left SPL was taken as a seed region. The DLPFC is

involved in the inhibition of saccades.’? Moreover, it has been
suggested that DLPFC neurons integrate signals about task
cues and stimulus location to bias the oculomotor system to a
more excitatory or inhibitory state, depending on the current
task demands.?? A stronger coupling with the DLPFC could
reflect a signal from the SPL of changes in target location.
Possibly, these signals are integrated by the DLPFC to inhibit
the first planned saccade and initiate a saccade to the new tar-
get location.? The weaker coupling on noncompensated trials
than on compensated trials may reflect the failure to imple-
ment the change in spatial attention or target location, result-
ing in unsuccessful inhibition. On the other hand, stronger
SPL-DLPFC coupling on compensated trials versus noncom-
pensated trials might also be related to working memory.3
Correct task performances rely on task demands being main-
tained in working memory. Increased coupling might reflect
goal information held in working memory that is being used
to guide saccadic eye movements. In contrast, a weaker cou-
pling might reflect a failure to use the working memory to
guide saccades, which results in unsuccessful inhibition.

Our results also showed an increased coupling between
left SPL and ACC during compensated trials as opposed to
noncompensated trials. The role of the ACC in saccadic con-
trol is debatable. Nonhuman primate studies show that ACC
neurons are modulated during errors and reinforcement.?0-%!
Human studies, however, suggest that ACC is involved
in monitoring the conflict between mutually incompatible
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response plans.®*%¢ Increased coupling between SPL and
ACC might reflect increased signaling of conflict and the
need to inhibit planned saccades on redirect trials. A possible
mechanism by which inhibition and redirection are imple-
mented on conflicting trials is via early attentional process.
That is, fast perceptual detection of the target jump by the
SPL might result in rapid inhibition of the saccade by frontal
areas due to increased coupling between these areas. Again,
we should be careful in interpreting the results from this con-
trast (ie, compensated versus noncompensated) since putative
differences might result from differences in the number of
saccades made in each condition (ie, two saccades versus one
saccade). However, the visual cortex did not show increased
coupling during this PPI analysis. Moreover, the regions that
show increased coupling are not specifically labeled as oculo-
motor areas. This might provide evidence that the differences
in the number of eye movements potentially did not influence
the results, possibly due to a corrective saccades generated after
an error on noncompensated trials.*® Another point of consid-
eration is that our GLM analysis did not show any area of
activation for compensated trials versus noncompensated tri-
als, but we did find changes in coupling for the same contrast.
This is not necessarily odd, since PPI and GLM analysis are
based on different statistics. The connectivity measure is based
on the pattern in residual noise, and how that corresponds
between areas, whereas activation maps show to the extent to
which average BOLD response amplitudes differ between two
conditions. In principle, these metrics are orthogonal in the
BOLD data space, so mathematically it is very well possible
that there is an activation in a region without connectivity or
vice versa. Therefore, theoretically, it is very well possible for a
region to be evenly active in both conditions but show a stron-
ger connectivity (ie, interaction) with the seed region in one
condition over another. Finally, findings from the PPI analysis
in which we compared connectivity during compensated tri-
als with noncompensated trials do not resemble findings from
the PPI analysis in which connectivity on compensated trials
was compared to no-step trials. However, it is important to
note that in the first contrast (ie, compensated versus noncom-
pensated), a certain amount of cognitive control was assumed
to be implemented by the participant in both conditions, but
this cognitive control did not win on noncompensated trials.
Differences in this contrast, therefore, reflect the success of
implementing cognitive control rather than reflecting the pro-
cess of implementing cognitive control per se.

Consistent with previous studies,* =8

our findings sug-
gest a role of SPL in rapid control over saccadic eye move-
ments, potentially via early attentional processes. The
importance of early sensory and attentional processes in rapid
inhibition and redirection of planned movements has been
addressed in recent computational modeling studies.*8¢
During countermanding task performance, afferent process-
ing time of the signal to stop/change a response makes up

the bulk of stop signal reaction time, the estimated latency

to inhibit a planned action. Several experimental studies have
also shown that stop signal reaction time is related to the
sensory discrimination of relevant signals.*%7% In the con-
text of the race model of countermanding task performance,
whereby successful inhibition is based on a race between GO
and STOP processes that begin upon presentation of the sig-
nal to initiate and inhibit movement, respectively,** faster
perceptual processing causes faster initiation of the STOP
process. This increases the likelihood that the STOP signal
finishes first. As a consequence, the initial planned saccade is
inhibited. Alternatively, rapid updating of saccade goal is also
relevant during rapid control of saccades. The desired endpoint
needs to be encoded in a spatial reference frame allowing fast
saccadic reprograming and associated spatial updating across
saccades, a capacity related to SPL functioning.33* Our
results, together with previous studies, provide new evidence
that SPL might be an important area in higher order control
over saccades embedded in the oculomotor network.

A limitation of this study is that with PPI analysis it is
impossible to draw conclusions on the precise pathway via
which SPL influences other oculomotor areas.’® PPI mea-
sures the correlation between time series in a seed region and
another region during a specific task condition. This does not
necessarily imply that those areas are anatomically connected.
This correlation could also act via the third structure or this
third structure could exert a condition-specific modulation on
the activity in the seed and the response region. Therefore,
we should be careful about drawing firm conclusions about
the underlying pathways. However, human dissection studies
and noninvasive techniques, such as diffusion tensor imaging,
could add to our understanding of the underlying anatomical
pathway of these functional networks.®281 A related limi-
tation of PPI analysis is that we cannot infer on the direc-
tionality because PPI measures task-related differences in a
correlation between activation in two regions. That does not
mean that the seed region is the causative agent of this cor-
related activity. A possible direction for future studies is to use
dynamic causal modeling. Dynamic causal modeling enables
us to test the architecture of different neural models and the
causality of neural activity in a context-dependent manner.”
This would allow for firm conclusions on the underlying path-
way and directionality of activity.

'This study emphasizes the importance of taking SPL into
account when studying the neural circuitry of executive con-
trol. This can especially have important implications for study-
ing the neural basis of abnormal reactive control of saccades
seen in neuropsychiatric disorders, such as schizophrenia,”
ADHD,*%* and Parkinson’s disease,” as these impairments
might have their basis in early sensory and attentional pro-
cesses, rather than inhibition per se.

Conclusion
To conclude, in this study, we observed changes in effective
connectivity between the SPL and other oculomotor areas
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(eg, FEF, SEF, and visual cortex) that contributed signifi-
cantly to the rapid control over eye movements, potentially
via early attention control or rapid updating of saccade goal.
'This network of frontal and posterior areas enables us to rap-
idly inhibit and change plans. Our findings have implications
for understanding the mechanism that enables us to rapidly
control our behavior and how action control is affected in neu-
ropsychiatric disorders.
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