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Purrost. The present study aimed to investigate the spatiotemporal dynamics of covert
attention by simulating different degrees of central visual field defects in healthy subjects.

MerHops. An electroencephalogram (EEG) was recorded while 40 normal-sighted
subjects performed a target discrimination task. Target stimuli simulated different defect
degrees of the central visual field by artificially central scotomas (5, 10, 20, and 30 degrees
of visual angle) masked on the center of black-and-white checkerboards. Event-related
potentials (ERPs) and standardized low-resolution brain electromagnetic tomography
(sLORETA) based on ERPs were analyzed.

Resurts. ERP results indicated that during early perceptual processes, compared with
5-degree and 10-degree defects, N1 amplitudes of 20-degree and 30-degree defects
decreased, whereas P2 amplitudes significantly reduced in 30-degree defects. During
later discrimination and decision processing, N2 amplitudes gradually increased from
5-degree to 30-degree defects, whereas P3 amplitudes gradually decreased. Source local-
ization indicated that 5-degree and 10-degree defects had stronger activations than 20-
degree and 30-degree defects from the occipital cortex to the ventral stream and dorsal
streams. Especially, 30-degree defects primarily recruited additional activations in the
ventrolateral prefrontal cortex and ventral stream and later caused the disconnection of
dorsolateral prefrontal-posterior parietal cortices in the dorsal stream.

Concrusions. Different degrees of central visual field defects differed in distinct spatiotem-
poral characteristics at multiple stages of covert attention, from top-down forward feed-
back and attentional allocation to executive controls through ventral and dorsal process-
ing streams, suggesting that the combination of ERP and source localization can reveal
the spatiotemporal control capacity of the cortex on central visual field defects.

Keywords: covert attention, central visual field defects (CVFDs), event-related poten-
tials (ERPs), standardized low-resolution brain electromagnetic tomography analysis
(sLORETA), dorsal stream, ventral stream

overt attention is a fundamental aspect of perception
C and cognition that allows us to selectively process and
prioritize incoming visual information at a given location in
the visual field without directing gaze.!> Extensive litera-
ture suggests that covert attention is not uniform through-
out the visual field.>* Using a paradigm with inhibition of
return, some studies suggest that the inhibitory control of
covert attention is stronger at the periphery (21 degrees of
eccentricity) than at the perifoveal visual field (7 degrees).5>6
Other studies suggest that compared with foveal targets
(1 degree), targets in the perifoveal visual field showed
greater exogenous inhibition and endogenous facilitation.”-8
These findings suggest that the attentional modulation in the
visual field depends on stimulus locations in the visual field.
However, to our knowledge, little is known about the effects
of visual field defects on the deployment of covert attention.
In daily life, patients with central visual field defects
decline worse in quality of life compared with those with
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peripheral visual field defects. Given that retinotopy is the
basic principle of visual cortex organization,’ flexible manip-
ulation of spatial location is an effective tool for studying the
visual field. Considering the highly individual differences in
the patient population,'®!! we utilized artificial scotomas to
simulate visual field defects in visually healthy participants.
Artificial scotoma provides a practical alternative to simulate
a certain retinal lesion by superimposing a visual mask on
a stimulus background.!? Some studies have used a central
blank field surrounded by a high-contrast checkerboard
stimulus to simulate central visual field defects and found the
amplitudes of visual evoked potential (VEP) progressively
decreased as the diameter of central defects increased."
Others found the early P1 component of extrastriate gener-
ators increased in amplitude in a simulated retinal scotoma
relative to healthy controls.!* Because VEPs can only quan-
tify functional integrity in the retina and early afferent visual
pathways,'> the temporal course of such visual field defects,
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whether they affect early, lower-level visual processing, or
somewhat later, higher-order cognitive processing, is still not
fully understood.

Event-related potentials (ERPs) provide high-resolution
measures for the time course of neural activity associated
with specific aspects of perceptual and/or cognitive process-
ing. Stimuli at attended locations elicit enlarged early exoge-
nous P1 or N1 components or both over the posterior scalp
regions. This is interpreted as the sensory gain control mech-
anism, which increases the acuity of visual perception at
attended locations and propagated to each subsequent stage
of processing.'® The P1 comes from the dorsal extrastriate
cortex and is sensitive to low-level stimulus properties, such
as spatial frequency, contrast, and luminance, whereas the
N1 is more pronounced for high-load stimuli relative to low-
load stimuli and reflects a general discrimination process
influenced by spatial attention.!”>!® The posterior P2 ampli-
tudes increase for stimuli appearing at the periphery and
might be a sign of reactivation in the extrastriate cortex,
due to top-down feedback from higher visual areas back
to the primary visual cortex.! Late cognitive processes are
reflected by late endogenous ERP components (N2 and P3).
The N2 is modulated by the probability of task-relevant
stimulus categories and reflects the ability to discriminate
an incongruity between the input stimulus and the stim-
ulus representation stored in memory,” and the P3 is a
reliable indicator reflecting the high-level cognitive process-
ing resources, such as attentional allocation and contex-
tual updating of working memory.?! Taken together, ERPs
reveal multiple stages of distinct perceptual and cognitive
processes initiated by the attention process.

Considering that ERP analysis does not directly indicate
the active location of the neural source in the cerebral cortex,
source localization analysis (e.g. standardized low-resolution
electromagnetic tomography analysis [SLORETA]?*? can be
used to dynamically reveal widespread activation of multi-
ple regions during attentional deployment. Cortical activa-
tion after visual stimulation is initially in the visual occipi-
tal cortex, processing information input from the attended
spatial location.?>?* Then, visual processing splits into two
parallel cortical streams and performs distinct visual func-
tions based on stimulus attributes: the dorsal stream follows
a route from the occipital cortex to the posterior pari-
etal cortex, whereas the ventral stream forms a pathway
connecting the occipital cortex with the inferior temporal
gyrus. The dorsal streams are dedicated to the control of
visually guided behaviors, whereas the ventral streams are
linked to the conscious perception of visual representa-
tions.?> The prefrontal cortex involves top-down control of
sensory signals within posterior cortices, such as anticipa-
tion, judgment, planning, and decision making, known as
the executive control network.? It is well known that visual
attention involves extensive cortical activation, but when
visual attention is altered due to removal of the visual stim-
ulus, how do the associated visual cortical areas respond?
There have been few studies on cortical activation in visual
field defects until now.

Here, combined with ERP and source localization analy-
sis, we aimed to explore spatiotemporal dynamics of atten-
tional deployment when normal-sighted individuals simu-
lated central visual field defects. Black-and-white checker-
board stimuli are available to activate both the striate and
extrastriate cortex?’ and thus serve as visual stimulation
throughout the task. Target stimuli simulated central visual
field defects using artificial central scotoma, masking the
black disks on the center of the full-field checkerboards
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to deprive visual inputs of the central retina. By indepen-
dently varying the diameter of black disks from 5, 10, and
20 to 30 degrees of visual angle, we manipulated 4 central
visual field defect conditions. We hypothesized that simu-
lated visual field defects caused impaired information inputs
during target discrimination tasks, resulting in the differen-
tial attentional deployment of sensory-perceptual processes
(P1, N1, and P2) and cognitive processing (N2 and P3) and
neural activation in an extensive network of brain regions.
As the diameter of the central scotoma increased, the atten-
tional allocation to visual inputs decreased, and the diffi-
culty in capturing peripheral visual stimulation increased
correspondently. We predicted that as defect degrees of
the central visual field increased, the amplitude of positive
ERP components gradually decreased, and the amplitude
of negative ERP components gradually increased. Source
activations characterized by top-down processing can also
differentiate defect degrees of the central visual field in the
strength of source activation. To summarize, we considered
that the combination of ERP and source localization could be
used as the more effective electrophysiological measures to
objectively detect and evaluate the spatiotemporal capacity
in central visual field defects.

MATERIALS AND METHODS
Participants

Forty subjects (24 men, mean age = 23.4 *+ 3.5 years)
from Soochow University participated in the experiment. All
participants were right-handed and had normal or corrected-
to-normal vision and no history of mental or neurologi-
cal disorders. All participants were recruited as volunteers
and gave informed written consent before the experiment.
The experiment was approved by the ethical committee of
Soochow University in compliance with the Declaration of
Helsinki.

Stimuli

A visual three-stimulus oddball paradigm was used, which
presents an infrequent target stimulus in a background
of frequently occurring standard stimuli and infrequently
occurring distracter stimuli (see Fig. 1).?® The standard stim-
uli were the full-field black-and-white checkerboard pattern.
The checkerboard stimuli had a mean luminance of 50 cd/m?
and a Michelson contrast between black and white squares
of 96%. The size of a single check subtended 32 inches of
visual angle per side. The target stimuli were black disks
masked in the center of black-and-white checkerboards. The
black disks had a constant luminance of 0 cd/m?. The setup
of target stimuli simulated the acute negative effect of a
central scotoma by using the same black color for the central
disk and background. The diameter of black disks varied
from 5, 10, and 20 to 30 degrees of visual angle. The distrac-
tor stimuli were black-and-white checkerboard disks masked
in the center of the black background. The size of the black-
and-white checkerboards maintained a constant diameter of
10 degrees. The setup of distractor stimuli disturbed atten-
tion and increased the difficulty of discriminating target stim-
uli by reversing stimulus patterns. A red cross of 1 degree
was placed in the center of the monitor, and participants
were instructed to fixate this cross throughout visual stimu-
lation. The whole experiment consisted of four defect condi-
tions, and each condition included four blocks (4 conditions
x 4 blocks). Each block contained 200 trials of 140 standard
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ISI (1000 ms)

Targets (5, 10, 20, 30 degrees of visual angle)

Target (100 ms)
Response (max.500 ms) ﬁj
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Distractor
ISI (1000 ms)

Ficure 1. Overview of a visual three-stimulus oddball paradigm with the stimulus categories and trial sequences. The visual three-
stimulus oddball paradigm consisted of standard stimuli (70%), target stimuli (15%), and distractor stimuli (15%). All stimuli were presented
in a pseudorandom sequence. Standard stimuli were black-and-white checkerboards. Target stimuli were different diameters of black disks
masked on the center of the checkerboards (5, 10, 20, and 30 degrees of visual angle). Distractor stimuli were circular checkerboards of the
constant 10 degrees superimposed on the black backgrounds. Participants were instructed to press the “N” button with the right hand for
target stimuli, to press the “V” button with the left hand for distractor stimuli, and not respond to standard stimuli.

stimuli (probability = 70%), 30 target stimuli (probability
= 15%), and 30 distractor stimuli (probability = 15%). The
presentation order of four defect conditions was counter-
balanced in a pseudorandom way. Using E-prime software,
all stimuli were presented on a 17-inch computer moni-
tor with a framerate of 60 Hz and a resolution of 1024 x
768 pixels. The stimulus presentation time was 100 ms, and
the interstimulus interval was set at 1000 ms, including a
500 ms response window. To ensure the effectiveness of
the oddball paradigm and avoid habituation and anticipa-
tion, the order of stimuli was presented in a pseudorandom
sequence. There were at least two standards between two
targets or distractors, and any two target or distractor stimuli
could not be displayed continuously. Before formal blocks,
participants completed one block to get familiar with the
experiment.

Procedure

The experiment was conducted in a dimly lit, sound-
attenuated, and electrically shielded room. To avoid getting
closer change of the visual angle and keep the replica-
bility and the validity of the experiment, the participants
were required to sit in a comfortable chair at a 40 cm
distance from the computer monitor, with the chin-rest to
aid in head stabilization. The chair height was adjusted to
ensure that the height of the participant’s test eye was in
line with the center of the computer monitor. Participants
were asked to randomly cover one eye with a black patch
and tested monocularly. The test eye was counterbalanced
across participants. Each participant was instructed to main-
tain fixation at the central cross of the screen during an
experimental trial. To eliminate or reduce the interference of
the background environment, electroencephalogram (EEG)

recording was carried out in a dark room and the frame of
the computer monitor was also covered by black cardboard.

Each participant was instructed to press the button on
the keyboard alternately with both hands, pressing the “N”
button with the right hand for target stimuli, and pressing
the “V” button with the left hand for distractor stimuli, and
there was no need to respond to standard stimuli. In the
experiment, the buttons pressed by the right and left hands
were counterbalanced across target stimuli and distractor
stimuli to mitigate the impact of the motor cortex. For miss-
ing (absence of button presses after target stimuli) and false
alarms (button presses after standard or distractor stimuli),
the corresponding responses were excluded from the anal-
ysis. Mean reaction time (RT) and accuracy (ACC) for target
stimuli were calculated for each participant. Because our
setup of distractor stimuli was to improve the difficulty of
target identification, the distractor stimuli were not analyzed
in the subsequent experiment.

EEG Recording and ERP Analysis

Continuous EEGs were recorded using a NeuroScan
Synamps® Amplifier system. The 32-channel active Ag/AgCl
scalp electrodes were mounted according to the interna-
tional 10-10 system and referenced online to the average
of left and right mastoids, with a ground electrode at the
FPZ. To monitor blinks and eye movements, horizontal elec-
trooculograms (EOGs) were recorded from bipolar elec-
trodes placed on the left and right canthi, and vertical EOGs
were recorded from bipolar electrodes placed above and
below the left eye. EEG and EOG data were filtered with
a bandpass of approximately 0.1 to 100 Hz and digitally
sampled at 1000 Hz. The impedance of all electrodes was
maintained below 5 kQ.
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All EEG data were processed and analyzed using the
EEGLAB and Letswave Toolbox in MATLAB (The MathWorks
Inc. R2019b).? Raw EEG data were first digitally filtered
using a Butterworth Zero Phase filter (approximately 0.05
to 30 Hz, 24 dB/oct slope). Components related to eye
blinks, eye movements, and other artifacts were rejected
based on visual inspection using an independent component
analysis (ICA) algorithm.50 Continuous EEG data were then
segmented into epochs of 1000 ms (200 ms pre-stimulus
to 800 ms post-stimulus), including a pre-stimulus 200 ms
used for baseline correction. Epochs were re-referenced to
an average reference. Single epochs containing muscle activ-
ity or amplifier blocking were rejected offline before averag-
ing, and the rejection criterion was + 100 pV. After artifact
rejection, at least 85% of the epochs per condition per subject
were included in the analysis, and there were no large differ-
ences across conditions. Grand-averaged ERP waveforms
were computed for target stimuli in each visual field defect
condition.

To minimize researcher degrees of freedom, measur-
ing parameters (i.e. time windows and electrodes) were
based on previous ERP studies*!** and visual inspection of
the grand-averaged ERP waveforms and brain topographic
maps, which were performed using a collapsed localizer.®
We calculated the largest voltages for each component first,
collapsed across all conditions to create a grand average
waveform, and then selected the time windows and elec-
trodes where overall activity was greatest. Therefore, the
time windows of interest were defined as follows: P1 =
approximately 70 to 110 ms; N1 = approximately 110 to
170 ms; P2 = approximately 170 to 230 ms; N2 = approxi-
mately 230 to 270 ms; and P3 = approximately 300 to 500
ms. Regions of interest (ROIs) electrodes were chosen as
follows: the occipital regions (0O1/Z/2) for the P1 and P2
components, the parietal regions (P3/Z/4) for the N1 compo-
nent, and the central-parietal and parietal regions (CP3/Z/4
and P3/Z/4) for the N2 and P3 components.

Source Localization Analysis

In a subsequent analysis, the SLORETA software was used
to reveal the differences between experimental conditions
for each ERP component. The sLORETA algorithm solves
the inverse problem by assuming related orientations and
strengths of neighboring neuronal sources.>* Source local-
ization computations are based on a realistic head model
registered to the Talairach human brain atlas,>> available as
digitized magnetic resonance imaging (MRI) at the Montreal
Neurologic Institute (MNI).3° The solution space is restricted
to the cortical gray matter and the hippocampus, producing
a total of 6239 voxels at 5 mm spatial resolution. Recent
studies have shown that the localization error distance of
SLORETA based on 32-channel configurations is approxi-
mately 1.45 to 3.38 mm,*” which is lower than the 5 mm
spatial resolution in our analysis. When using at least 25
scalp electrodes, the sLORETA solutions showed signifi-
cant correspondence with those provided by hemodynamic
procedures.’®3 Numerous sLORETA studies have shown
that the sSLORETA software based on 32-channel configura-
tions is an effective tool for locating neural activity.**4!

For each participant and condition, the SLORETA images
were calculated for the scalp-recorded activity for each ERP
component in the selected time window (mean latency
£+ SD). Based on previously published studies of visual
attention,*?*> we performed an ROI analysis on four corti-
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cal ROIs to investigate possible source differences among
defect conditions (prefrontal regions, temporal regions, pari-
etal regions, and occipital regions). The log-transformed
standardized current density values for each ROI were
computed for each participant and condition and statisti-
cally compared using SPSS. All source estimation proce-
dures were performed using open the sLORETA software
(http://www.uzh.ch/keyinst/loretaOldy.htm).

Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statis-
tics, version 20.0.

Behavioral data (RTs and ACC) were analyzed by 1-way
analysis of variance (ANOVA) with the defect condition (4
levels: 5 vs. 10 vs. 20 vs. 30 degrees) as the within-subject
factor.

For ERP components, the mean amplitudes and peak
latencies were analyzed by the repeated-measures ANOVA.
P1, N1, and P2 were analyzed with the defect condition (4
levels: 5 vs. 10 vs. 20 vs. 30 degrees) and laterality (3 levels:
left vs. middle vs. right) as the within-subject factors. N2 and
P3 were analyzed with the defect condition (4 levels: 5 vs.
10 vs. 20 vs. 30 degrees), ROI (2 levels: the central-parietal
and parietal regions), and laterality (3 levels: left vs. middle
vs. right) as the within-subject factors.

For source localization, the log-transformed standardized
current density was analyzed by repeated-measures ANOVA
with the defect condition (4 levels: 5 vs. 10 vs. 20 vs. 30
degrees) as the within-subject factor.

The main and interaction effects were reported first,
followed by post hoc analyses. As measures of effect size,
partial eta squared (n2) was reported for ANOVAs. The
Greenhouse-Geisser correction was applied in all analyses
when appropriate. All the comparison P levels reported
below were subjected to Bonferroni correction. For all statis-
tical tests, the significance level was set to « = 0.05, bilat-
erally (2-tailed). Post hoc power analysis for ANOVA using
G*Power version 3.1.9.7. was performed to evaluate whether
the results had sufficient verification power.” Only the
results with statistical power over sufficient limits (80%)
were statistically effective.”> The relevant statistical power
and effect sizes of the results are listed in Supplementary
Table S1.

Correlation Analysis

For significant source activations, the Pearson correlation
coefficient analyses were used to disclose the relationship
between different source activations to illustrate information
flows of visual processing. This correlation method was used
based on the detection of the data as a normal distribution.

RESULTS
Behavioral Results

Mean RTs showed significant main effects of the defect
condition (F (3, 117) = 6.885, P < 0.001, partial n> = 0.150),
indicating that the RTs of 5-degree and 10-degree defects
were smaller than that of 30-degree defects (5-degree =
366.7 ms < 30-degree: 389.1 ms, P = 0.001; and 10-degree
= 372.3 ms < 30-degree: 389.1 ms, P = 0.018). ACCs also
showed significant main effects of the defect condition (F
(3,117) = 7.109, P < 0.001, partial n*> = 0.154), indicat-
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Ficure 2. ERP results for target N1 component. (a) Grand average ERP waveforms for target N1 component at parietal (P3-PZ-P4)
electrode sites in microvolts (uV; red, orange, blue, and purple lines indicate 5, 10, 20, and 30-degree defect conditions, respectively). The
gray shaded areas represent the time windows in which significant effects are found (approximately 110 to 170 ms). (b) Topographic scalp
distributions of four central visual field defects corresponding to the target N1 time window (approximately 110 to 170 ms, in pV units).
(o) Statistical results of target N1 amplitudes for each defect condition (red, orange, blue, and purple bars indicate the 5, 10, 20, and 30-degree
defect conditions, respectively).
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Ficure 3. ERP results for target P2 component. (a) Grand average ERP waveforms for target P2 component at occipital (01-OZ-O2)
electrode sites in microvolts (uV; red, orange, blue, and purple lines indicate the 5, 10, 20, and 30-degree defect conditions, respectively).
The gray shaded areas represent the time windows in which significant effects are found (approximately 170 to 230 ms). (b) Topographic
scalp distributions of four central visual field defects corresponding to the target P2 time window (approximately 170 to 230 ms, in pVv
units). (¢) Statistical results of target P2 amplitudes for each defect condition (red, orange, blue, and purple bars indicate the 5, 10, 20, and
30-degree defect conditions, respectively).

ing that the ACCs of 5-degree and 10-degree defects were had a significant difference between different visual field
larger than those of 30-degree defects (5-degree = 82.5% defects.

> 30-degree: 74.6%, P < 0.001; and 10-degree = 81.9% > Target N1. Figure 2 shows the grand average wave-
30-degree: 74.6%, P = 0.008). forms (see Fig. 2a), topographic maps (see Fig. 2b), and the
histograms of mean amplitudes (see Fig. 2¢) for the target N1
component. There was a significant main effect of the defect
condition (F (3, 117) = 9.458, P < 0.001, partial n*> = 0.195)
For the mean amplitude of target ERPs, there were significant and laterality (F (2, 78) = 10.418, P < 0.001, partial n* =
differences for the target N1, P2, N2, and P3 components 0.211). For the main effect of the defect condition, pairwise
between the different visual field defects, whereas for the comparisons showed that N1 amplitudes of 20-degree and
peak latency of target ERPs, only the target P3 component 30-degree defects were larger (more negative) than those of

ERP Results
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Figure 4. ERP results for target N2 and P3 components. (a) Grand average ERP waveforms for target N2 and P3 components at cental-
parietal and parietal (CP3-CPZ-CP4-P3-PZ-P4) electrode sites in microvolts (uV; red, orange, blue, and purple lines indicate the 5, 10, 20,
and 30-degree defect conditions, respectively). The gray shaded areas represent the time windows in which significant effects were found
(approximately 230 to 270 ms for the target N2 and approximately 300 to 450 ms for the target P3). (b) Topographic scalp distributions
of four central visual field defects corresponding to the target N2 time window (approximately 230 to 270 ms, in pV units). (c¢) Statistical
results of target N2 amplitudes for each defect condition (red, orange, blue, and purple bars indicate the 5, 10, 20, and 30-degree defect
conditions, respectively). (d) Topographic scalp distributions of four central visual field defects corresponding to the target P3 time window
(approximately 300 to 450 ms, in pV units). (e) Statistical results of target P3 amplitudes for each defect condition (red, orange, blue, and
purple bars indicate the 5, 10, 20, and 30-degree defect conditions, respectively).

the 5-degree and 10-degree defects (5-degree < 20-degree,
P < 0.001; 5-degree < 30-degree, P = 0.005; 10-degree < 20-
degree, P = 0.006; and 10-degree < 30-degree, P = 0.028).
For the main effect of laterality, N1 amplitudes in the right
hemispheres were larger (more negative) than those in the
middle regions (middle < right, P < 0.001).

Target P2. Figure 3 shows the grand average wave-
forms (see Fig. 3a), topographic maps (see Fig. 3b), and the
histograms of mean amplitudes (see Fig. 3¢) for the target
P2 component. There was a significant main effect of the

defect condition (F (3, 117) = 7.689, P = 0.001, partial »*
= 0.165), indicating that P2 amplitudes of 30-degree defects
were smaller than those of the other defects (30-degree <
5-degree, P = 0.024; 30-degree < 10-degree, P = 0.006; and
30-degree < 20-degree, P = 0.001).

Target N2. Figure 4 shows the grand average wave-
forms (see Fig. 4a), topographic maps (see Fig. 4b), and the
histograms of mean amplitudes (see Fig. 4¢) for the target
N2 component. There was a significant main effect of the
defect condition (F (3, 117) = 34.953, P < 0.001, partial *
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Effect dF F P Value Partial ;> Follow-up Tests
Defect (5, 10, 20, 30-degree) 3,117 34.953 0.000 0.473 5<20%; 5<30¢; 10<20P; 10<30°; 20<30°
ROI (central-parietal, parietal) 1,39 0.293 0.591 0.007
Laterality (left, middle, right) 2,78 4.750 0.011 0.109 left<right?
Defect x ROI 3,117 18.265 0.000 0.319
Defect effect in central-parietal ROI 3,357 31.867 0.000 0.211 5<30 10<20 10<30°; 20<30°
Defect effect in parietal ROI 3,357 81.975 0.000 0.408 5<20¢; 5<30°; 10<20; 10<30¢; 20<30°¢
ROI effect in 30-degree defect 1,119 39.613 0.000 0.250 central-parietal <parietal®
Defect x laterality 6,234 0.243 0.916 0.006
Defect x ROI x laterality 6,234 1.609 0.169 0.040
Defect condition indicates visual field defect.
ROI, regions of interest.
2p <0.05.
bp <0.01.
¢P < 0.001.
TaBLe 2. Repeated-Measures ANOVA for the Amplitude of Target P3
Effect dF F P Value Partial > Follow-up Tests
Defect condition (5, 10, 20, 30-degree) 3,117 19.011 0.000 0.328 5>20P; 5>30°; 10>20%; 10>30¢; 20>30P
ROI (central-parietal, parietal) 1,39 11.827 0.001 0.233 central-parietal <parietal®
Laterality (left, middle, right) 2,78 12.258 0.000 0.239 left>right*; middle>right®
Defect x ROI 3,117 8.169 0.000 0.173
Defect effect in central-parietal ROI 3,357 22.785 0.000 0.161 5>20°; 5>30°; 10>20°; 10>30°; 20>30P
Defect effect in parietal ROI 3,357 45.247 0.000 0.275 5>20 5>30¢; 10>20¢; 10>30¢; 20>30¢
ROI effect in 5-degree defect 1,119 32.454 0.000 0.214 central-parietal <parietal®
ROI effect in 10-degree defect 1,119 18.489 0.000 0.134 central-parietal <parietal®
ROI effect in 20-degree defect 1,119 20.831 0.000 0.149 central-parietal<parietal®
Defect x laterality 6,234 2.483 0.024 0.060
Defect effect in left hemisphere 3,237 40.236 0.000 0.337 5>20¢; 5>30°; 10>20%; 10>30°; 20>30°¢
Defect effect in middle line 3,237 19.579 0.000 0.199 5>20¢; 5>30°; 10>20°; 10>30¢; 20>30P
Defect effect in right hemisphere 3,237 13.289 0.000 0.144 5>20°; 5>30¢; 10>20°; 10>30°¢
Laterality effect in 5-degree defect 2,158 11.890 0.000 0.131 left>right”; middle>right®
Laterality effect in 10-degree defect 2,158 15.017 0.000 0.160 left>right”; middle>right®
Laterality effect in 20-degree defect 2,158 15.867 0.000 0.167 left>right; middle>right®
Laterality effect in 30-degree defect 2,158 6.645 0.003 0.078 left>middle®; middle>right?
Defect x ROI x laterality 6,234 0.858 0.481 0.022

Defect condition indicates visual field defect.
ROI, regions of interest.

ap <0.05.

bp <0.01.

¢P < 0.001.

= 0.473) and laterality (F (2, 78) = 4.750, P = 0.011, partial
n* = 0.109). There was a significant interaction of the defect
condition and ROI (F (3, 117) = 18.265, P < 0.001, partial
n? = 0.319). Detailed main effects and interaction effects of
the target N2 amplitude are shown in Table 1.

Target P3. Figure 4 shows the grand average wave-
forms (see Fig. 4a), topographic maps (see Fig. 4d), and the
histograms of mean amplitudes (see Fig. 4e) for the target P3
component. There was a significant main effect of the defect
condition (F (3,117) = 19.011, P < 0.001, partial n? =0.328),
ROI (F (1, 39) = 11.827, P = 0.001, partial n*> = 0.233), and
laterality (F (2, 78) = 12.258, P < 0.001, partial n? = 0.239).
There was also a significant interaction of the defect condi-
tion and ROI (F (3, 117) = 8.169, P < 0.001, partial n* =
0.173) and the defect condition and laterality (F (6, 234) =
2.483, P = 0.024, partial n*> = 0.060). Detailed main effects
and interaction effects of the target P3 amplitude are shown
in Table 2.

For target P3 peak latency, there was a significant main
effect of the defect condition (F (3, 117) = 11.669, P < 0.001,

partial n*> = 0.230) and ROI (F (1, 39) = 11.467, P = 0.002,
partial n* = 0.227). There was a significant interaction of
the defect condition and ROI (F (3, 117) = 4.430, P = 0.005,
partial n* = 0.102). Detailed main effects and interaction
effects of the target P3 latency are shown in Table 3.

sLORETA Results

Significant differences in the standardized current density
between visual field defect conditions were only found for
target P2, N2, and P3 components. Therefore, further analy-
sis was shown based on target P2, N2, and P3 components.

Target P2 Source Activations. Figure 5 shows
the grand average source images (see Fig. 5a) and the
histograms of averaged source activations (see Fig. 5b) for
the target P2 component. There was a significant main effect
of the defect condition in the right ventrolateral prefrontal
regions (BA 11, 45, and 47; F (3, 117) = 5.320, P = 0.002,
partial n* = 0.120), indicating that the source activity of 5-
degree, 10-degree, and 20-degree defects were smaller than
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TaBLE 3. Repeated-Measures ANOVA for the Peak Latency of Target P3
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Effect dF F P Value Partial 7> Follow-up Tests
Defect condition (5, 10, 20, 30-degree) 3,117 11.669 0.000 0.230 5<30¢; 10<30¢; 20<30°
ROI (central-parietal, parietal) 1,39 11.467 0.002 0.227 central-parietal > parietal”
Laterality (left, middle, right) 2,78 0.481 0.583 0.012
Defect x ROI 3,117 4.430 0.005 0.102
Defect effect in central-parietal ROI 3,357 14.330 0.000 0.107 10<20%; 5<30¢; 10<30¢; 20<30P
Defect effect in parietal ROI 3,357 17.847 0.000 0.130 5<30¢; 10<30¢; 20<30¢
ROI effect in 5-degree defect 1,119 5.718 0.018 0.046 central-parietal > parietal®
ROI effect in 30-degree defect 1,119 24.139 0.000 0.169 central-parietal>parietal®
Defect x laterality 6,234 1.287 0.275 0.032
Defect x ROI x laterality 6,234 0.769 0.595 0.019
Defect condition indicates visual field defect.
ROI, regions of interest.
AP < 0.05.
bp<o0.01.
€P < 0.001.
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FiGure 5. Source localization results for the target P2 component. (a) Grand average source images within the target P2 time window
(approximately 170 to 230 ms). The first row to the fourth row represents the 5, 10, 20, and 30-degree defect conditions, respectively. Red and
yellow colors indicate significantly higher activations. (b) Statistical results of significant activations in the P2 time window (log-transformed
standardized current density in pV/mm? units) for each defect condition (red, orange, blue, and purple bars indicate the 5, 10, 20, and 30-
degree defect conditions, respectively). (¢) Correlation results between significant source activations for the target P2 component, illustrating
the least-squares regression line and associated Pearson correlation coefficients (red, orange, blue, and purple indicate the 5, 10, 20, and

30-degree defect conditions, respectively).

that of 30-degree defects (5-degree < 30-degree, P = 0.001;
10-degree < 30-degree, P = 0.015; and 20-degree < 30-
degree, P = 0.007).

Target N2 Source Activations. Figure 6 shows
the grand average source images (see Fig. 6a) and the
histograms of averaged source activations (see Fig. 6b) for
the target N2 component. There was a significant main effect
of the defect condition in the right occipital regions (BA 17,
18, and 19; F (3, 117) = 4.364, P = 0.006, partial n*> = 0.101),
indicating that the source activity of 5-degree, 10-degree,
and 20-degree defects were smaller than that of 30-degree

defects (5-degree < 30-degree, P = 0.001; 10-degree < 30-
degree, P = 0.023; and 20-degree < 30-degree, P = 0.001).
There was a significant main effect of the defect condition
in the right inferior temporal regions (BA 20, 21, 22, and 38;
F (3, 117) = 6.238, P = 0.001, partial n*> = 0.138), indicat-
ing that the source activity of 5-degree, 10-degree, and 20-
degree defects was smaller than that of 30-degree defects
(5-degree < 30-degree, P = 0.002; 10-degree < 30-degree, P
= 0.003; and 20-degree < 30-degree, P < 0.001). There was
a significant main effect of the defect condition in the right
ventrolateral prefrontal regions (BA 11, 45, and 47; F (3, 117)
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FiGURe 6. Source localization results for the target N2 component. (a) Grand average source images within the target N2 time window
(approximately 230 to 270 ms). The first row to the fourth row represents the 5, 10, 20, and 30-degree defect conditions, respectively. The
red and yellow colors indicate significantly higher activations. (b) Statistical results of significant activations in the N2 time window (log-
transformed standardized current density in uV/mm? units) for each defect condition (red, orange, blue, and purple bars indicate the 5, 10,
20, and 30-degree defect conditions, respectively). (c) Correlation results between significant source activations for the target N2 component,
illustrating the least-squares regression line and associated Pearson correlation coefficients (red, orange, blue, and purple indicate the 5, 10,

20, and 30-degree defect conditions, respectively).
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Ficure 7. Source localization results for the target P3 component. (a) Grand average source images within the target P3 time window
(approximately 300 to 500 ms). The first row to the fourth row represents the 5, 10, 20, and 30-degree defect conditions, respectively. The red
and yellow colors indicated significantly higher activations. (b) Graphical representation of the significant source activations in the P3 time
window illustrated by Broadman areas. (¢) Statistical results of significant activations in the P3 time window (log-transformed standardized
current density in uV/mm? units) for each defect condition (red, orange, blue, and purple bars indicate the 5, 10, 20, and 30-degree defect

conditions, respectively).

= 6.002, P = 0.001, partial n*> = 0.133), indicating that the
source activity of 5-degree, 10-degree, and 20-degree defects
was smaller than that of 30-degree defects (5-degree < 30-
degree, P = 0.004; 10-degree < 30-degree, P < 0.001; and
20-degree < 30-degree, P = 0.002).

Target P3 Source Activations. Figure 7 shows the
grand average source images (see Fig. 7a), illustration of

the main activated brain regions (see Fig. 7b), and the
histograms of averaged source activations (see Fig. 7¢) for
the target P3 component. There was a significant main effect
of the defect condition (F (3,117) = 11.222, P < 0.001, partial

2 = 0.223) in the dorsolateral prefrontal regions (BA 9 and
46), indicating that the source activity of 5-degree and 10-
degree defects was larger than that of 20-degree and 30-



Investigative Ophthalmology & Visual Science

Covert Attention of Simulated Visual Field Defects

degree defects (5-degree > 20-degree, P = 0.001; 5-degree
> 30-degree, P < 0.001; 10-degree > 20-degree, P = 0.012;
and 10-degree > 30-degree, P < 0.001). There was also a
significant main effect of the defect condition (F (3, 117) =
4.826, P = 0.003, partial > = 0.110) in the posterior parietal
regions (BA 7, 39, and 40), indicating that the source activ-
ity of 5-degree and 10-degree defects was larger than that
of 20-degree and 30-degree defects (5-degree > 20-degree,
P = 0.011; 5-degree > 30-degree, P = 0.001; and 10-degree
> 30-degree, P = 0.018).

There was a significant main effect of the defect condi-
tion (F (3, 117) = 7.266, P < 0.001, partial n* = 0.157) in the
ventrolateral prefrontal regions (BA 11, 45, and 47), indicat-
ing that the source activity of 5-degree and 10-degree defects
was larger than that of 20-degree and 30-degree defects (5-
degree > 20-degree, P = 0.005; 5-degree > 30-degree, P
< 0.001; 10-degree > 20-degree, P = 0.024; and 10-degree
> 30-degree, P = 0.001). There was also a significant main
effect of the defect condition (F (3, 117) = 4.088, P = 0.008,
partial n? = 0.095) in the inferior temporal regions (BA 20,
21,22, and 38), indicating that the source activity of 5-degree
and 10-degree defects were larger than that of 20-degree
and 30-degree defects (5-degree > 20-degree, P = 0.013; 5-
degree > 30-degree, P = 0.027; 10-degree > 20-degree, P =
0.003; and 10-degree > 30-degree, P = 0.017).

Correlation Results

For correlation analysis, Pearson’s correlation coefficients
(r and P values) are listed in Supplementary Table S2.

For P2 source activations, right ventrolateral prefrontal
activations were positively correlated with right occip-
ital activations only under 30-degree defect conditions
(see Fig. 50).

For N2 source activations, right occipital activations were
positively correlated with right inferior temporal activations
among all defect conditions, whereas right inferior tempo-
ral activations were positively correlated with right ventro-
lateral prefrontal activations among all defect conditions
(see Fig. 60).

For P3 source activations, bilateral occipital activations
were positively correlated with bilateral posterior parietal
activations among all defect conditions, whereas bilateral
posterior parietal activations were positively correlated with
bilateral dorsolateral prefrontal activations only under the 5-
degree, 10-degree, and 20-degree defect conditions. Bilateral
occipital activations were positively correlated with bilat-
eral inferior temporal activations among all defect condi-
tions, whereas bilateral inferior temporal activations were
positively correlated with bilateral ventrolateral prefrontal
activations among all defect conditions (see Supplementary
Fig. S1).

DISCUSSION

By using ERP and sLORETA methods, we investigated
spatiotemporal dynamics of attentional deployment when
simulating central visual field defects. There were several
stages of attentional processing when simulating visual
field defects.®%7 First, information inputs under simu-
lated defect conditions captured attention through initial
perceptual processing (indexed by N1) to form preliminary
representations in the occipital cortex. Second, the higher
prefrontal cortex evaluated visual representations and gave
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forward feedback to the occipital cortex to reactivate
visual representations (indexed by P2). Subsequently, the
ventral occipital-temporal-prefrontal cortices modulated the
comparison between visual representation inputs and inter-
nal memory representations (indexed by N2). Finally, the
dorsal occipital-parietal-prefrontal cortices allocated atten-
tional resources and made final decisions (indexed by P3).

Visual N1 is considered the earliest indicator of visual
attention and appears to be pronounced when subjects
perform a discrimination task.?® In our study, N1 amplitudes
over the posterior scalp regions significantly distinguished 5-
degree and 10-degree defects from 20-degree and 30-degree
defects, indicating that visual N1 is more informative for
target discrimination and discriminates one type of stimu-
lus from another in the attended visual field. According to
the capacity theory,®>5° perceptual load modulates volun-
tary attentional effects on posterior N1. Thus, N1 modu-
lations showed a load effect sensitive to stimulus location
in the attended visual field, indicating that higher load
defects had more negative amplitudes. Source analysis indi-
cated that visual N1 activated a larger area of temporal-
parietal-occipital cortices, consistent with recent functional
magnetic resonance imaging (fMRI) evidence suggesting
that the temporoparietal junction is critical for target discrim-
ination.>! However, the source activations of N1 did not
differ between defect conditions. One possible explanation
was that artificial deprivation of information inputs in the
central visual field generated transient sensory deprivation
in the primary visual cortex and caused no difference in
the bottom-up visual processing based on low-level stimu-
lus features.

P2 reflects higher-order perceptual processes and is
sensitive to spatial locations in the visual field.>? The 30-
degree defects elicited a much smaller P2 amplitude than
other defects, implying dysfunction of perceptual processes.
Source analysis of P2 indicated widespread activations in
the occipital cortex. The 30-degree defects also activated the
right ventrolateral prefrontal cortex, and there was a strong
correlation between the ventrolateral prefrontal cortex and
occipital cortex. Evidence suggested that P2 might be asso-
ciated with reactivation of the occipital cortex, due to top-
down re-entrant feedback from higher-level visual areas
back to the early visual cortex.”>% Consistent with these
studies, our study further suggested that 30-degree defects
recruited a top-down modulation to re-activate the resid-
ual information inputs to enhance visual representations.
Thus, visual attention might enhance visual representations
via top-down feedback mechanisms, especially in high-level
defects with limited visual inputs.

After perceptual processing, the incoming representa-
tions underwent subsequent cognitive processing with the
internal representations in memory. N2 is responsible for
stimulus classification and conflict monitoring, reflecting
cognitive matching processes with stored memory.”> The
observed N2 had a predominantly parietal scalp distribu-
tion, which is consistent with previous studies indicating
that posterior N2 may be specific to the visual modality.>
It has been also suggested that posterior N2 amplitude is
directly correlated with the difficulty of recognition and
discrimination.’” In this study, N2 amplitudes increased as
simulated defects increased and were further categorized
into three groups: 5-degree and 10-degree defects, 20-degree
defects, and 30-degree defects. These results were consis-
tent with the typical categorization of the central visual field,
that is foveal, parafoveal, and perifoveal visual fields.’®> As



Investigative Ophthalmology & Visual Science

Covert Attention of Simulated Visual Field Defects

central defects enlarged, the difficulty in capturing periph-
eral visual stimulation increased, and more top-down atten-
tional resources were needed for distinguishing between
visual representation inputs and stored memory represen-
tations. Thus, low-level defects of 5-degree and 10-degree
can be better identified and compared with internal memory
representation, whereas high-level defects of 20-degree and
30-degree adjusted their attentional modulation according
to the demands caused by increased difficulty, resulting in a
generally increased N2 amplitude.

Source localization of N2 indicated that the occipital
cortex, inferior temporal gyrus, and ventrolateral prefrontal
cortex were predominantly involved in the differentiation
of defect conditions. Occipital-temporal-prefrontal activa-
tions were located in the ventral stream for visual process-
ing, reflecting more specific attentional processing based on
object information, characterized as the “What” pathway.®
Our findings revealed that the 30-degree defects suffered
the worst information inputs and recruited the strongest acti-
vation in the right-lateralized ventral stream to compensate
for central visual field dysfunction. These results suggested
that visual processing identified visual field defect condi-
tions through a ventral stream specialized for object recog-
nition.

Finally, pronounced P3 components were induced over
the central-parietal scalp regions. P3 amplitude is deter-
mined by the allocation of attentional resources, whereas P3
latency represents the processing speed of stimuli evaluation
and classification.®" In this study, P3 amplitudes decreased
as the central defects enlarged, which distinguished 5-degree
and 10-degree defects from 20-degree and 30-degree defects.
These results indicated that P3 amplitudes varied with the
amount of allocated attentional resources according to the
spatial distribution of the attended visual field. P3 latency
was delayed in 30-degree defects than in other defect condi-
tions, which spent more time evaluating and classifying stim-
uli in the same discrimination task.

Source localization of P3 indicated that the bilat-
eral occipital cortex, inferior temporal gyrus, ventrolateral
prefrontal cortex, posterior parietal cortex, and dorsolat-
eral prefrontal cortex were jointly engaged in the differ-
entiation of defect conditions. For one thing, 5-degree and
10-degree defects had stronger activations than 20-degree
and 30-degree defects in these cortices. The fact that neural
responses to visual stimulations were selectively enhanced
in low-level defects rather than in high-level defects might
be caused by qualitative differences in neural processing
between the central and peripheral visual fields.®*% For
another, different source activations were interconnected to
form the ventral stream and the dorsal stream. Our findings
supported the “two visual systems” hypothesis for visual
processing, which functionally segregates brain responses
into two relatively independent streams.®*%> Compared with
20-degree and 30-degree defects, 5-degree and 10-degree
defects had better object recognition through ventral acti-
vations and better response execution through dorsal acti-
vations. Nevertheless, 30-degree defects seriously impaired
the correlation between the dorsolateral frontal cortex and
posterior parietal cortex. Considering that the dorsolat-
eral prefrontal cortex serves as top-down executive control
and the posterior parietal cortex facilitates sensorimotor
executions,”® 30-degree defects resulted in poor executive
performance due to disrupted visually guided behavior. In
summary, bilateral ventral and dorsal streams collectively
differentiated defect degrees of the central visual field.
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Despite significance in our findings, there are limitations
to this study. First, manipulation of target size may involve
many additional factors like signal-to-noise ratio (SNR),
center-surround inhibitions of neural activities, and object-
background segregation. Therefore, instructing participants
on stable fixation and good cooperation online to eliminate
object-background segregation, and conducting strict data
inclusion criteria offline to counterbalance external factors,
such as SNR and center-surround inhibitions, among indi-
viduals were approaches to ensure the validity of EEG data.
Comparative analysis based on different target stimuli each
can further reduce the variance among individuals and make
the significant results dominated by the specific stimulus
itself to eliminate the influence of stimulus pattern to a
larger extent. Second, normal participants were able to visu-
alize simulated scotoma, whereas patients with pathologi-
cally generated central visual field defects are unaware of
scotoma due to perceptual “filling-in” and are often accom-
panied by additional symptoms. To verify and expand the
current findings in the future study, we may enroll the exper-
imental subjects and assess the effect of duration of vision
loss on cortical function, and further include clinical patients
with different types of visual field defects such as macu-
lar degeneration, degenerative myopia, and other related
ophthalmological diseases, as experimental controls. Third,
our source localization findings based on 32-channel config-
urations can be considered as an exploratory investigation
and should be interpreted with caution due to the relative
limits of spatial resolution and potential localization, which
needs to be further testified with high-density EEG and high-
resolution techniques to more accurately estimate activity in
the brain regions.

In conclusion, combined ERPs with source localization
analysis, we revealed characteristics of different degrees
of simulated central visual field defects through distinct
spatiotemporal measures of covert attention. First, bottom-
up processing made no difference for simulated visual
field defects, suggesting that coarse sensory-perceptual
processes based on low-level stimulus characteristics were
not affected. Second, due to the increasing discrimination
difficulty from 5-degree defects to 30-degree defects, top-
down processing significantly classified simulated defects
into 3 groups. The 5-degree and 10-degree defects resulted
in less disruption of the primary visual input, and the vision
system is better at integrating information and perform-
ing executive controls. The 30-degree occlusion resulted
in compensation for the loss of visual inputs and the
decrease in discrimination was likely due to forward feed-
back and attentional control. Nevertheless, the 30-degree
defects failed to integrate all forms of information based
on the disrupted visually guided behavior. The 20-degree
defects resulted in the adjustment of the strength of cortical
processing to accommodate moderate defects. These find-
ings reconfirmed the functional hierarchy of the central
visual field through different cortices involved and the
strength of cortical processing and allowed visualization of
specific visual processing streams to modulate simulated
central visual field defects.
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