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Abstract

Objective: To investigate neurophysiological dynamics during a visuocognitive task in

glaucoma patients vs. healthy controls.

Methods: Fifteen patients with early-stage primary open-angle glaucoma (POAG) and fifteen
age-matched healthy participants underwent a “go/no-go” task, monitored with
electroencephalography (EEG). Participants had to semantically categorize visual objects in

central vision, with animal or furniture as targets according to the experimental block.

Results: Early visual processing was delayed by 50 milliseconds (ms) in patients with POAG
compared to controls. The patients displayed a smaller difference between animal and
furniture categorization during higher-level cognitive processing (at 400-600 ms). Regarding
behavioral data, the groups differed in accuracy performance and decision criterion. As
opposed to the control group, patients did not display facilitation and a higher accuracy rate
for animal stimuli. However, patients maintained a consistent decision criterion throughout
the experiment, whereas controls displayed a shift towards worse decision criteria in furniture

trials, with higher error rate.

Conclusions: The comparative analysis of behavioral and neurophysiological data revealed in
POAG patients a delay in early visual processing, and potential high-level cognitive

compensation during late, task-dependent activations.

Significance: To our knowledge, our findings provide the first evidence of modification in

cognitive brain dynamics associated with POAG.

Key Words

Glaucoma, Vision Loss, EEG, Cognition, Plasticity
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1. Introduction

Primary open-angle glaucoma (POAG) is a complex visual disorder defined clinically by
optic nerve degeneration and a progressive loss of peripheral and then central vision. Brain
imaging studies have shown that damage to the optic nerve not only alters the patient’s
sensory functions but also impacts the central nervous system’s fine-scale structure (Arrigo et
al., 2021; Chen et al., 2013; Lawlor et al., 2018; Nucci et al., 2020; Nuzzi et al., 2018).
However, the influence of these neurophysiological changes on the patient’s cognitive

abilities has not been extensively documented.

1.1. Glaucoma and Electrophysiology

Most electrophysiological measurements in patients with glaucoma are performed in the clinic
(Bach and Poloschek, 2013; Senger et al., 2020), in order to evaluate electrical signals from
the retina (i.e. an electroretinogram, ERG), the eye muscles (i.e. the electro-oculogram, EOG)
or the visual cortex (i.e. visual evoked potentials, VEPs), (Vaegan and Hollows, 2006). VEPs
are the electrophysiological responses recorded by two electrodes placed on the visual cortex
(below the left and right occipital areas of the scalp) during the presentation of luminance or
contrast changes over different parts of the visual field. According to Graham and Klistorner,
half of all patients with glaucoma have abnormal VEP patterns (Graham and Klistorner,
1998). Kothari et al. studied the impact of the glaucoma stage (visual field loss) on VEP
patterns in patients with POAG, (Kothari et al., 2014). The most affected patients had a longer
latency for P100 (a positive potential recorded 100 ms after stimulus presentation). Although
altered neuronal responses to low-level visual stimulation have been recorded in patients with
glaucoma (Bach and Poloschek, 2013; Graham and Klistorner, 1998; Kothari et al., 2014;
Senger et al., 2020; Vaegan and Hollows, 2006), neuronal changes in response to high-level
visual stimulation tasks (i.e. those involving complex cognitive systems) have not previously

been explored.
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Functional electrophysiology can provide insights into the relationship between glaucoma and
changes in brain dynamics and cognition. To the best of our knowledge, however, few studies
have used electroencephalography (EEG) to measure brain activity in patients with glaucoma
(Bola et al., 2015; Samanchi et al., 2021). Samanchi et al. measured spontaneous cortical
activity under eyes-closed and eyes-open conditions in healthy controls and wvarious
populations of patients with glaucoma (Samanchi et al., 2021). Relative to controls, patients
with POAG showed (i) significantly higher activity in the frontoparietal lobe in the eyes-
closed condition, and (ii) significantly higher, more widespread activity in the frontal cortex
and frontoparietal regions in the eyes-open condition. Samanchi et al. suggested that patients
with POAG increased their spontaneous brain activity in response to nerve degeneration.
However, possible changes in high-density EEG recordings and brain dynamics in response to
external stimuli and cognitive tasks have not previously been studied in patients with

glaucoma.

1.2.  Visual cognition and semantic categorization in POAG

Visual semantic categorization has been investigated in patients with glaucoma (Lenoble et
al., 2016; Roux-Sibilon et al., 2018). In low-contrast conditions, for example, patients with
POAG were less able to categorize certain semantic categories (notably outdoor/indoor
scenes(Roux-Sibilon et al., 2018) or for living/non living items (Lenoble et al. 2016)). Both
studies highlighted impairment in the semantic categorization of low-contrast images viewed
in the central visual field — a field that is relatively undamaged, according to static automated
perimetry measurements. The hypothesis was that pathological degeneration of ganglion cells
led notably to a worsening in the perception of coarse information, i.e. the overall perception
of an object or a visual scene before the details are processed (the “coarse-to-fine” model),
(Bullier, 2001; DeYoe and Van Essen, 1988; Parker et al., 1996; Petras et al., 2019; Peyrin et

al., 2010).
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The visual perception predictive coding models (Bar, 2007; Friston, 2005; Kauffmann et al.,
2014) postulate that the brain constructs an internal representation of the external visual
environment, which is used to generate ongoing predictions, anticipate visual sensory inputs,
and facilitate recognition. According to operational studies (Kauffmann et al., 2015; Kveraga
et al., 2007), the brain is suggested to generate continuous predictions by rapidly processing
basic visual information, specifically low spatial frequencies. These predictions would
subsequently influence slower visual processing, including the integration of high spatial
frequencies. Numerous neuroimaging studies have documented functional and structural
alterations in the brain as a result of the gradual degeneration of retinal ganglion cells
(specifically magnocellular cells) in glaucoma, which can potentially impact cognitive
functions (Frezzotti et al., 2016; Fukuda et al., 2018). Therefore, a recent study (Trouilloud et
al., 2023) hypothesized that patients with glaucoma may not fully benefit from the predictive
cortical mechanism involved in scene perception. Specifically, this mechanism entails the
swift extraction of low spatial frequencies across the entire visual field, enabling the guidance
of detailed perception in central vision. Their results revealed that patients with early
glaucoma had greater semantic influence of low spatial frequencies on high spatial
frequencies than controls, which then decreased for the severe cases of glaucoma. The authors
reached the conclusion that the degradation of retinal ganglion cells has an impact on the
processing of spatial frequencies in central vision. Studies investigating the categorization of
coarse information (such as rapidly presented visual objects, low-contrast conditions, and low
spatial frequencies) in healthy individuals have revealed that natural objects can be
categorized using lower spatial frequencies compared to human-made objects. Non-living and
human-made objects necessitate a different analysis involving the perception of fine details

through higher spatial frequencies (Lenoble et al., 2013; Vannucci et al., 2001; Viggiano et
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al., 2006). To date, there have been no studies evaluating whether patients with glaucoma

exhibit the same visual dominance model for coarse information regarding natural objects.

In order to better understand the visual cognitive changes experienced by patients with
glaucoma in their remaining vision, the current study investigate the processing and
integration of spatial frequencies in central vision. Data were collected from participants
during a semantic categorization task, measuring both behavioral and neurophysiological
responses. The task involved categorizing natural and human-made visual objects using both
low-pass filtered (LPF) and normal (non-filtered, NF) images. We hypothesized that changes
in the overall perception of visual objects and in the related electrophysiological signals
occurred in early-stage POAG (i.e. in patients whose central vision was clinically unaffected).
Therefore, only patients with POAG and a recent-onset or moderate visual impairment were
recruited. The patients’ semantic categorization ability in a go/no-go task was compared with
that of healthy, age-matched controls. Lastly, the EEG signal was recorded during the

cognitive task, in order to assess the impact of glaucoma on high-level brain dynamics.

2. Materials and Methods

The experimental paradigm and the analysis were done based on the procedure described in
(Wamain et al., 2023). A power analysis was conducted using the software G*Power (Faul et
al., 2007) to determine the minimum sample size required. Statistical parameters were
established based on prior published research (Lenoble et al., 2016), which demonstrated
significant differences between glaucoma patients and healthy controls in behavioral data
using the same experimental paradigm. Assuming a similar large effect size f = 0.60 for an
ANOVA (fixed effects, special, main effects and interactions), an alpha error probability of
0.05, and a minimum power level (1-B) of 0.85: the total sample size was estimated at 28

participants across the two groups.
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2.1. Participants

The study was conducted in the Ophthalmology Department at Claude Huriez Hospital (Lille,
France). Fifteen patients (mean + standard deviation age: 60.8 + 10.6) and 15 healthy age-
matched controls (mean age: 64.7 = 6.84 years old) were recruited. A complete
ophthalmological evaluation was performed for each participant, in order to confirm the
diagnosis of POAG in the patient group and rule out any other complex visual disorders in
both groups. All participants had to have a corrected binocular visual acuity of at least 0.1
Logarithm of the Minimum Angle of Resolution (logMAR) and contrast sensitivity higher
than 1.65 Logarithm of the Contrast Sensitivity (Log CS) at the Pelli Robson. We excluded
individuals with ophthalmologic complications (other than glaucoma for the glaucoma group)
and a neurologic or psychiatric history (confirmation provided by the patient, supplemented
by review of the hospital record). The clinical assessment prior to the experiment included a
visual field evaluation using a 24-2 program Humphrey field analyzer (HFA) (Carl Zeiss
Meditec Inc., Dublin, CA) for the patients and then a binocular visual acuity test and a
binocular contrast sensitivity assessment (using the Pelli-Robson chart) for all participants.
POAG was staged according to the mean deviation (MD) of the worst eye: 0.00 to -6.00
decibel (dB) for early POAG and -6.01 to -12.00 dB for moderate POAG. All the patients
included in the experiment were considered to have a 0-5° central vision similar to the age-
matched control group. Participants were assessed using the Mini Mental State Examination:
a score of 25 or less was considered to indicate cognitive impairment (Folstein et al., 1975).
The characteristics of the glaucomatous population are summarized in Table 1. Patients and
controls did not differ in age and cognitive score (respectively, p = 0.24 and p = 0.99,
student’s t-test). The protocol was validated by the ethical committee of Lille (N°2016-4-S46)

and a consent form was completed by each subject before their participation.

[Insert Table 1]



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

2.2.  Materials

Using MATLAB software (version 2014b, MathWorks, Natick, MA, USA), we presented
stimuli on a DELL (Dell inc., Austin, Texas, USA) S2721H screen (59.5° width at a distance
of 57cm, resolution: 1920 x 1980 pixels; sampling rate: 75 Hz, brightness: 300 cd/m?). EEG
data were recorded in a dimly illuminated room using a cap with 64 Ag/Agcl electrodes

(BioSemi, Amsterdam, The Netherlands) mounted according to the 10-20 system over the

whole scalp (http://www.biosemi.com). The EEG signals were acquired at a sampling rate of
512 Hz, using ActiView software (BioSemi). Four additional electrodes were placed to
monitor eye movements, eye blinks (one electrode on the lateral canthi of the right eye, one
below the right eye), and signals from mastoid sites (one electrode on each mastoid). The
experiment began once the voltage differences between the electrodes were below 20 mV.
The recordings of the presented images, EEG data, and keyboard responses were
synchronized using a custom program developed with MATLAB and the Psychotoolbox
(Brainard, 1997). Statistical analyses were performed with Jamovi software (Jamovi, 2020)

and the threshold for statistical significance was set to p<0.05.

2.3.  Stimuli

The stimuli were gray-scale 512 x 512 pixel photographs of 400 objects in four semantic
categories: 100 images of animals, 100 images of furniture, 100 images of plants and 100
images of tools. The photographs were isolated from their original background for
presentation on a gray screen. The luminance (mean =+ standard deviation: 30.08 & 1.45 cd/m?)
and contrast (mean =+ standard deviation Michelson contrast: 55% + 0.8%) of the images were
checked. There were no significant differences between the four semantic categories in the
luminance or the contrast (F3.297 = 2.48, p = 0.06). The photographs were displayed so that
they covered a visual angle 5° at the center of the screen; the fixed viewing distance of 57 cm

was set by the use of a chinrest.
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We built an NF version and an LPF version of each image, (Figure 1A). Each semantic
category (animals, furniture, plants, and tools) therefore comprised 100 NF images and 100
LPF images. In the NF condition, pictures were displayed without spatial filtering. For the
LPF condition, the Fourier transform of the NF version was multiplied by a Gaussian filter.

Hence, the spatial frequency content above 3 cycles per degree of visual angle was removed.

[Insert Figure 1]

2.4. Procedure

After the participant had provided his/her written, informed consent, he/she was seated in an
adjustable chair, and the EEG cap was installed. The experiment comprised two blocks of a
go/no-go task: Animal and Furniture. The order of the Animal and the Furniture blocks was
counterbalanced across the participants. For the Animal block, participants were instructed to
press the space bar as soon as possible after the presentation of an animal target (200 stimuli:
100 NF and 100 LPF images). Participants were instructed not to press the space bar when a
distractor appeared (200 images of plants and 200 images of tools = 400 in total). Within a
given block, the probabilities of the NF and LPF conditions were equivalent. The same
distractors were used in the Furniture block (600 images: 200 images of furniture, 200 images
of tools, and 200 images of plants). Each participant performed a total of 1200 trials. The trial
sequence began with the presentation of a central black fixation cross for 500 ms. The
stimulus was then presented for 28 ms,(Lenoble et al., 2016; Macé et al., 2005) and the

fixation cross reappeared for 2000 ms (the intertrial period) (Figure 1B).

2.5.  Analyses

Only performance in target trials was considered in our analysis of behavioral and
electrophysiological data. In order to compare the groups’ respective level of performance, we

focused on the effect of object (Animals vs. Furniture, i.e. the relationship between

10
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performance and the visual object’s semantic category) and the effect of filter (NF vs. LPF,

1.e. the relationship between performance and the use of a low-pass filter).

2.5.1. Behavioral Data
Behavioral data were analyzed separately for each group (POAG vs. controls) and each
condition (object and filter). We assessed three variables as a function of the processing level:
accuracy, the decision criterion, and the response time. Accuracy and the decision criterion
were calculated according to signal detection theory (Hautus et al., 2021; Stanislaw and
Todorov, 1999). Four components were calculated: the hit rate (H, the percentage of trials in
which a target was correctly detected), the correct rejection rate (CR, the percentage of
distractor trials in which a manual response was not recorded), the miss rate (the percentage
of missed targets), the false alarm rate (FA, the percentage of distractor trials in which a
manual response was recorded). Accuracy was computed as the number of correct responses
(hits and correct rejections) as a percentage of the total number of trials within a block. The

response bias (i.e. the decision criterion (c¢)) for each participant was calculated as @8 [c =
- % [z(H) + z(FA)] where z is the reverse normal distribution function (i.e. the z-score for a

hit or an FA). A null decision criterion (c=0) corresponds to the absence of bias, a positive
value (¢>0) corresponds to conservative behavior with a tendency for “no-go” responses (the
participant has more misses than FAs), and negative value (¢<0) corresponds to conservative

behavior with a tendency for “go” responses (the participant has more FAs than misses).

The tests used to assess inter- and intragroup differences depended on whether or not the data
were normally distributed. The data on the participants’ accuracy and decision criteria were
not normally distributed (p<0.05 in the Shapiro-Wilk test); hence, intergroup differences were
analyzed with a Kruskal-Wallis test, and intragroup differences were analyzed with a

Friedman nonparametric analysis of variance (ANOVA) with repeated measures. Pairwise

11
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comparisons were performed with the Durbin-Conover post hoc test. The response times were
normally distributed (p>0.05 in the Shapiro-Wilk test). A parametric ANOVA with repeated
measures was conducted on the mean latency of the participants' responses in the various
conditions. Pairwise comparisons were performed post hoc, using the Bonferroni adjustment

for type 1 errors.

2.5.2. Electrophysiological Data

Data were analyzed with the EEGLab toolbox (version 13.6.5b).(Delorme and Makeig, 2004)
Two basic finite impulse response (FIR) filters were applied successively to continuous
variables: a high-pass filter (order: 1691 points; transition band width: 1 Hz) and a low-pass
filter (order: 227 points; transition band width: 7.5 Hz). Next, the filtered signal (1-30 Hz)
was inspected visually, and periods with excessive numbers of noise artifacts were removed.
Independent component analysis-based artifact correction was then used to correct for blink
artifacts (Delorme et al., 2007). After the interpolation of noisy electrodes, the continuous
EEG signal was re-referenced against the average reference signal (Delorme et al., 2015).
Only data from target trials with a correct manual response were analyzed. Recordings were
segmented in a time window of interest around the trial (from 200 ms before stimulus
presentation to 1000 ms after the start of the stimulus presentation). Event-related potentials
(ERPs) were built using the activity from -200 to 0 ms as the baseline (see Appendices, Figure
A). After segmentation, the data were re-inspected visually by an expert EEG processing
engineer in order to remove trials exhibiting muscle contraction artifacts (using £100 uV as
maximal deviation threshold. This final cleaning procedure removed 32% of data (range 22-
40) leading to keep for subsequent analyze a minimum of 42 trials per condition (M= 68 trials
per condition). Lastly, a Laplacian filter was used to increase the signal’s spatial and temporal
resolution (Perrin et al., 1989), and ERP data were then down-sampled to 100 Hz for

submission to the classification analysis (Carlson et al., 2013)

12
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2.5.3. Classifier
We used a data-driven approach to evaluate neural activation related to the effect of object
(Animals/Furniture) and the effect of filter (NF/LPF). To this end, we adopted a classifier
approach based on a naive Bayesian implementation of linear discriminant analysis (Duda et
al., 1974): this corresponds to the unsupervised training of an algorithm to categorize trials on
the basis of the ERP patterns. Hence, this approach trained the classifier to recognize brain
dynamic patterns evoked by the experimental conditions (Object, Filter). The algorithm
required a training phase and a test phase. The classifier’s performance was measured using
10-fold cross-validation (a training:test ratio of 9:1) for each individual dataset. For instance,
the algorithm was trained on 9 subsets of one individual dataset so that it could classify the

last subset, and the procedure was repeated ten times (so that each subset was classified once).

The classifier’s sensitivity (i.e. decoding performance) was calculated for each participant as
the mean accuracy over all trials for differentiating between neural responses (i.e. the
response to an Animal trial vs. the response a Furniture trial) within the time window of
interest (0 to 1000 ms). This decoding performance was computed as the mean decoding
result for the trials, using a sliding window with three successive points (30 ms). The
decoding performance at each time point was compared with chance (50%) in a Wilcoxon
test. The p value was corrected for multiple comparisons by computing Benjamini and

Hochberg’s false discovery rate (FDR), (Benjamini and Hochberg, 1995).

Object and filter classifier analyses were used to test for effects on spatiotemporal brain
dynamics. Moreover, we independently tested for the effects of object on performance, i.e. an
Animals vs. Furniture analysis in NF trials and in LPF trials. The groups (POAG vs. controls)
were compared with regard to the mean decoding performance. The difference in performance
(computed using a Wilcoxon test) was defined as being statistically significant (p<0.05) or not
over sliding periods of 30 ms. The classification results were used to model topographical

13



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

maps of brain activation during the semantic categorization of visual stimuli. Activation
patterns were calculated according to Haufe et. al.’s method (Grootswagers et al., 2017; Haufe

et al., 2014).

3. Results

3.1. Behavioral Data

Intragroup analyses of accuracy revealed an effect of object (p<0.01) and an effect of filter
(p<0.001) in the age-matched controls (Durbin-Conover multiple comparisons, after a
Friedman test [y2 = 30.6, df = 3; p < 0.01]); whereas an effect of filter only (p<0.05)
was observed for the patients with POAG. Both groups performed better in the NF condition
than in the LPF condition. Regardless of the filter condition, the percentage of correct
responses was higher for animal stimuli than for furniture stimuli (mean accuracy: 95% for
Animal and 91% for Furniture; [¥2 = 6.25, df = 1, p < 0.01]; Friedman's test), (Figure
2A). Intergroup analyses showed that controls performed better than patients in the animal
semantic category only (mean values: 95% vs. 91%, respectively [y2 = 5.3, df = 1, P =
0.02,e* = 0.17]; Kruskal-Wallis test), (Figure 2A). The two groups performed to a similar

level with Furniture stimuli.
[Insert Figure 2]

A decision criterion analysis of the effect of object highlighted a conservative bias in both
groups (¢ > 0, Figure 2B). Intragroup analyses demonstrated a significant Animal vs.
Furniture difference in the decision criterion for controls (mean ¢ = 0.28 for Animal vs. ¢ =
0.53 for Furniture, [¥2 = 8.00, df = 1, p < 0.01]; Friedman test) but not for patients
(mean ¢ = 0.25 for Animal vs. 0.32 for Furniture [y2 = 0.28, df = 1, p = 0.59];
Friedman test), (Figure 2B). Intergroup analyses showed that the decision criterion for
Animal stimuli were similar in the two groups, whereas the conservative bias for Furniture

14



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

stimuli was greater in the control group than in the glaucoma group (mean ¢ = 0.53 and 0.32,

respectively [y2 = 5.2, df = 1, p = 0.02,¢* = 0.16]; Kruskal-Wallis test).

The ANOVA of the response time revealed an effect of object for all participants (Fi28= 54.5,
p<0.001): Furniture stimuli had significantly longer response times (Figure 2C). Indeed, the
difference between Furniture stimuli and Animal stimuli during correct trials was significant
for both controls (RT = 502 for Animal vs. RTF = 540 ms for Furniture; p<0.001) and
patients (RT = 485 ms for Animal vs RT = 524 ms for Furniture, p<0.001). The effect of filter
on response time was not significant (Fi.28 = 3.72, p = 0.06), although responses were longer
for LPF stimuli - especially in the Furniture semantic category. The intergroup difference was
not significant (Fi28 = 3.28, p = 0.08), although response times were about 20 ms shorter for

patients with glaucoma.

3.2. EEGdata

The Object classifier was significantly more accurate than chance for classifying
electrophysiological signals in Animal vs. Furniture trials, whereas the Filter classifier
performed no better than chance (decoding performance = 0.5) for classifying
electrophysiological signals in NF vs. LPF trials. We therefore focused our analyses of the
EEG data on the Object classifier. Given the better behavioral performance in NF condition
(i.e. for accuracy and the reaction time) in the two groups, we expected different brain
dynamics of semantic categorization depending on the filter condition. Consequently, we
compared effects in the groups, i.e. Object classifier performance in the NF condition (Figure

3A) and in LPF condition (Figure 3B).
[Insert Figure 3]

In the NF condition (Figure 3A), the difference between Animal and Furniture EEG signals

(decoding performance) was significant in controls from 100 to 800 ms. This difference to be
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appeared more transient and later in glaucomatous patients. The Wilcoxon test revealed two-
time windows of interest in which patients and controls differed significantly (»<0.05) with
regard to the decoding performance of the Object classifier: an early window from 70 to 170

ms after stimulus onset, and a late window from 400 to 600 ms.

3.2.1. Early processing
Classification between Animal and Furniture objects started at 150 ms in glaucoma group, i.e.

around 50 ms later than in the control group. The topographic maps computed over this 70-
170 ms time-window highlighted occipital activation in controls but not in patients with

POAG.

3.2.2. Late processing
In the control group, a peak correct classification rate of 85% was observed between 400 and

600 ms; this corresponded to the greatest difference in neuronal responses between Animals
and Furniture. This peak was not found in the POAG group, whose decoding performance
was significantly lower than that of controls (p<0.05, Wilcoxon test). The topographic maps
of the late component revealed frontal (blue) and parietal (red) activations in the control
group. The activation patterns were less salient in the POAG group, with weak activity over

the frontal and occipital regions.

In the LPF condition (Figure 3B), the brain dynamics were more similar in the two groups.
The decoding performance significantly exceeded chance from 120 ms to 800 ms post-
stimulus in controls, and from 170 ms to 800 ms in patients. The early processing interval was
also present in patients but was not statistically significant. The decoding performance for
controls remained high between 400 ms and 600 ms, although peak seen in the NF condition
was absent. Patients were less sensitive throughout the late time window (p<0.05, Wilcoxon
test). The topographic activation patterns were also more widely spread over the frontal and

occipital regions in controls (i.e. much as seen in the patient group).
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4. Discussion

The objective of this exploratory study was to assess behavioral and neurophysiological
dynamics during a visuocognitive task in patients with POAG. To that end, a group of patients
with early-stage POAG and a group of age-matched controls performed an ERP experiment in
which they had to categorize briefly displayed visual objects (Animal/Furniture targets and
Plant/Tool distractors) with different spatial frequencies (NF/LPF). Our results showed that
patients with POAG were able to categorize visual objects on the basis of the overall shape.
However, unlike the controls, the patients showed similar levels of accuracy in Animal trials
and Furniture trials. The patient group applied the same decision criterion in each of the two
semantic categories. Moreover, the behavioral and neurophysiological recordings highlighted
POAG vs. control differences in brain dynamics during the semantic categorization task with
central vision: the early stages of visual recognition were delayed for early-stage POAG
participants, and this might have resulted in high-level cognitive compensation in the later

part of the semantic categorization process.

On the behavioral level, our results showed that patients with POAG are able to categorize
visual objects with a high level of performance under visually degraded condition. Firstly, we
did not observe a difference in response time between controls and patients. This finding is in
line with previous studies in which patients with glaucoma were able to perform complex
cognitive tasks after brief exposure to stimuli (exposure time: 28 ms), (Lenoble et al., 2016).
Moreover, in trials with correct responses, the two groups detected Animals more rapidly than
Furniture. As suggested in the literature, visual object categorization triggers different
behavioral responses depending on the animate vs. inanimate nature of the stimulus
(Grootswagers et al., 2017). Secondly, the mean accuracy rate in the POAG group was high
(90%). However, the POAG group’s accuracy rates were similar for Animal stimuli and

Furniture stimuli, whereas controls were significantly more accurate with Animal stimuli than
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with Furniture stimuli. Hence, patients were significantly less accurate than controls when
categorizing Animal stimuli. We have two possible hypotheses for the lack of facilitation by
animate objects: (i) high-level cognitive impairment caused by neurophysiological damage to
the visual pathway (Boucard et al., 2009; Lawlor et al., 2018), and (i1) use of a different
response strategy (through compensation and cerebral re-organization), in an attempt to
maintain a good level of overall performance. The first hypothesis (the “damage” hypothesis)
was suggested by the fact that stimuli were displayed at a visual angle 0-5° in the central
visual field, which was known to be undamaged in the POAG group immediately prior to the
experiment. Consequently, the patients’ low accuracy rate with Animal stimuli might be due
to changes in high-level brain areas beyond the primary visual cortex (Dai et al., 2013). This
result is also in line with an impairment of the coarse information processing and of the
predictive model in glaucoma (Roux-Sibilon et al., 2019): the progressive degradation of
ganglion cells impacts coarse information processing and fast predictive visual input that
facilitate perception of animate visual stimuli. The second hypothesis (the “compensation”
hypothesis) was prompted by our analysis of the Furniture data. Patients with POAG were as
accurate as controls during Furniture trials; they were not disadvantaged in categorizing
images of inanimate objects. Despite potential changes in their neuronal responses to
transiently displayed objects, patients maintained a good overall level of performance —

possibly by implementing a compensation strategy.

An analysis of the decision criterion during the task might be of value in determining which
of the two hypotheses is true. In the “go/no-go” task, errors correspond to oversights or FAs.
Oversights can be due to an attentional impairment and/or a conservative response bias (i.e.
the absence of a preferred response during ambiguous trials). FAs can be caused by impaired
inhibition during distractor trials and/or a liberal response bias (i.e. answering even during

ambiguous trials). Our group of patients applied the same decision criterion to all trials,
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whereas controls demonstrated significantly more conservative behavior in Furniture trials
(c= 0.53 in controls vs. 0.32 in glaucoma). Interestingly, these results highlighted a
performance-impairing shift in decision strategy in controls (leading to more omissions of
Furniture targets) but not in patients with POAG. The difference in the decision criterion in
the control group (but not in the patient group) underpins the compensation hypothesis; it
seems possible that in patients with glaucoma, the visual and decision-making systems adapt
in order to maintain a neutral decision criterion and thus maximize the likelihood of detecting

targets.

On the neurophysiological level, an analysis of temporal brain dynamics during visual and
semantic category processing revealed two main differences between patients with POAG and
age-matched controls: an early (visual) component (Martinovic et al., 2008; Di Russo et al.,
2002) (70-170 ms) and a late (cognitive) component around 400 and 600 ms (Craddock et al.,
2013). The key wvariable was decoding performance, ie. time windows in which
electrophysiological signals differed when comparing Animal trials with Furniture trials (i.e.
the object classifier). During the two above-mentioned time windows, the classifier’s
decoding performance was significantly lower for patients than for controls. Moreover, in
both NF and LPF conditions, the controls’ classifier differentiated between Animal trial brain
signals and Furniture trial brain signals as soon as 100 ms after the stimulus onset; this
distinction occurred 50 ms later in the patient group. Our topographic analyses showed that
over the 70 - 170 ms time window, the difference in Animals vs. Furniture activation was
observed in the occipital region in controls but not in patients with POAG. These results are in
line with literature reports (Graham and Klistorner, 1998; Kothari et al., 2014; Vaegan and
Hollows, 2006) in which patients with glaucoma showed delayed early visual processing
(relative to controls), as measured with VEPs and referred to as the P100 pattern. Here, using

a cognitive task, we replicated the neurophysiological change under low-level visual
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stimulation (i.e., contrast level shifts) reported in the literature. Furthermore, the late
component (a peak in decoding performance from 400 to 600 ms) was observed in the control
group but not in the POAG group. According to the literature (Craddock et al., 2013), late
activations in healthy subjects correspond to high-level processing and depend on the
semantic categorization task (the N350 component). The absence of the classification peak
and the presence of frontoparietal activation on the topographic map suggest that patients and
controls differed in the high-level information processing. Indeed, neural networks in the
frontal and prefrontal regions are known to be involved in decision making and can influence
the motor response (Gold and Shadlen, 2007; Paulus et al., 2001). In line with the
compensation hypothesis, the observed difference in this component may depend on the
behaviors present in controls but not in patients with glaucoma: i.e., the change in the decision
criterion only for the Furniture stimuli in controls. Our results on the early visual processing
delay and late cognitive changes are in line with the findings of a recent functional MRI
study: functional reorganization was not observed in the primary visual cortex, whereas there
were significant changes in the activation of top-down networks from the frontal regions to
the visual cortex (Prabhakaran et al., 2021). Prabhakaran et al.’s study of the functional
dynamics of V1 in glaucoma highlighted aberrant activation within the lesion projection zone
(corresponding to the projection of the visual field’s scotomas in V1) and top-down
modulations from higher cortical areas. Further brain imaging studies in patients with
glaucoma are needed to replicate these findings and characterize the nature of cortical

plasticity in areas beyond the visual cortex.

The present study had some limitations. First, the number of participants per group was
relatively small. However, we are confident that this should not significantly affect our
conclusions on behavioral data and neurophysiological data because we employed a common

and robust experimental paradigm and calculated the effect size based on previous findings in

20



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

POAG patient in the same task (Lenoble et al., 2016). Additionally, the task included 1200
trials to obtain reliable individual EEG signals. Nevertheless, due to the sample size of the
patient group and the limitation to early POAG, we were unable to assess the impact of visual
impairment on behavioral performance. A larger cohort of patients would allow to examine
different stages of glaucoma and to provide valuable insights to validate or invalidate the
compensation hypothesis in our results. Second, we did not observe the effect of the spatial
frequency filter on the behavioral and neurophysiological data. We measured overall shape
perception ability by adapting the methods described in (Macé et al., 2005) and (Lenoble et
al., 2016): the stimuli were flashed up as black and white images for 28 ms. According to
Lenoble et al., patients with glaucoma presented longer response times and lower correct
response rates at a medium contrast level (50%), relative to age-matched controls performing
the same semantic categorization task (Lenoble et al., 2016). Moreover, the degradation of
retinal ganglion cells is known to reduce sensitivity to low spatial frequencies in glaucoma
(McKendrick et al., 2007), impacting the anticipation of visual sensory input in central vision
according to predictive coding models (Kveraga et al., 2007; Trouilloud et al., 2023). Thus,
we expected the patients’ level of performance to be (i) lower in the LPF condition than in the
NF condition and (ii) lower than with controls. In fact, both groups of participants had
difficulty in the LPF condition; this difficulty did not therefore appear to be specific for the
visual deficit — except with Animal stimuli. Similarly, the classifier was not able to
discriminate between NF trials and LPF trials by reference to the brain dynamics. One
possible explanation is that the NF condition corresponded to a coarse display of stimuli,
given (i) the brief presentation (28 ms), the small size, and the lack of specific information for
central vision (e.g. color information). Further comparisons of a low-pass filter (LPF) vs. a
high spatial frequency filter (rather than no filter) might shed light on differences in

information processing between healthy controls and patients with POAG as a function of the

21



518

519

520
521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

spatial frequency. Additionally, these comparisons could allow us to identify distinct brain

dynamic profiles in a classification analysis.

5. Conclusion
Our study provided preliminary information on high-level visual functions and brain

dynamics in patients with POAG. We found that the patients and healthy controls differed in
their ability to categorize overall perceptions of visual objects. Controls (but not patients with
POAG) performed better when categorizing Animal stimuli. Glaucoma impacted overall
shape perception for visual objects and weakened the facilitating effect of LSF information.
On the neurophysiological level, the patients' brain responses differ from those of the controls
in early and late time windows. Even though caution must be exerted when comparing
behavioral and neurophysiological analyses, our results suggested that (i) the early stages of
visual processing were impaired in patients with POAG, and (ii) higher-level compensation
was required to categorize visual objects with degraded properties. Thus, the neuroanatomical
changes observed in previous brain imaging studies might be related not only to impairments
in the early stages of perception but also to structural plasticity and compensation mechanisms
beyond the primary visual cortex. Further visuo-cognitive studies, involving a larger cohort of
patients with varying stages of glaucoma from early to severe, are essential to investigate the

interplay between visual impairment, neurological changes, and compensatory behaviors.
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Figure’s legends

Table 1: Demographic and clinical characteristics of the patients with primary open-angle glaucoma
(POAG). MMSE: Mini Mental State Examination; logMAR: Logarithm of the Minimum Angle of Resolution;
Log CS: Logarithm of the Contrast Sensitivity; HFA MD: Humphrey field analyzer mean deviation; dB: decibel,;

NA: Non-Applicable.

Figure 1 : Stimuli and procedure. (A) Examples of stimuli from two semantic categories (Animals and
Furniture) in the nonfiltered condition (NF) and the low-pass-filtered condition (LPF: spatial frequencies above 3
cycles per degree had been removed). (B) The experimental sequence: a black fixation cross appeared for 500
milliseconds (ms). The stimulus was then displayed for 28 ms. The participant has been instructed to press the
space bar as soon as possible during the intertrial period of 2000 ms only when a target (an animal or furniture)

had been displayed.

Figure 2: An intergroup comparison and the effect of object for semantic categorization performance:
Accuracy (A), decision criterion (B) and response time (C). Accuracy corresponds to the percentage of correct
detections and correct rejections. The decision criterion corresponds to the response bias and ranges from neutral
(c=0) to conservative (c > 0). The response time corresponds to the time interval (in ms) between presentation of
the stimulus and the manual response (in correct trials only). Group average performances are plotted as a
function of the Animal condition or the Furniture condition on the horizontal axes. The control and glaucoma
groups are represented in blue and orange, respectively. Error bars correspond to 95% confidence intervals.

8% n<(.001, ** p<0.01, * p<0.05.

Figure 3: Object decoding (based on the EEG signal) in the non-filtered (NF) condition (A) and the low-
pass filtered (LPF) condition (B). The graphs show the change over time in the classifier’s decoding
performance for Animal vs. Furniture neuronal responses, as a function of the participant group (glaucoma in
green and controls in blue). Shaded areas correspond to the group’s standard error. Green and blue stars indicate
significant differences in decoding performance (vs. chance, shown by the grey line). Black stars indicate
significant differences between the Glaucoma and control groups (Wilcoxon test, p<0.05). The lower panels are
the corresponding topographic activation maps for the scalp regions involved in object classification in specific
time windows (1: early processing, 70-170 ms; 2: late processing, 400-600 ms). Green areas represent areas that

are neutral in the classification task, whereas blue and red areas represent polarized activation patterns of
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importance in the classification task. The view corresponds to the top of the head, with the nose pointing towards

the top of the page (top-frontal, middle-parietal, bottom-occipital).

Table

Table 1: Demographic and clinical characteristics of the participants. MMSE: Mini Mental State
Examination; logMAR: Logarithm of the Minimum Angle of Resolution; Log CS: Logarithm of the Contrast
Sensitivity; HFA MD: Humphrey field analyzer mean deviation; dB: decibel; NA: Non-Applicable; Sex
(F=Female, M=Male).
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Participants Sex Age MMSE Binocular Contrast Worst-eye Glaucoma

(vears) (out of 30) visual sensitivity HFA MD stage
acuity (log CS) (dB)
(logMAR)
Patients with POAG
G1 F 56 30 0.10 1.85 -4.6 Early
G2 M 82 27 0.00 1.85 -4.7 Early
G3 M 69 29 0.10 2 -3.6 Early
G4 M 56 27 0.00 1.7 -6.35 Moderate
G5 F 66 29 0.00 1.85 -7.4 Moderate
G6 F 61 28 0.10 1.7 -2.9 Early
G7 M 70 27 0.10 1.7 -3.4 Early
G8 F 60 27 0.00 2 -1.3 Early
G9 F 65 28 0.10 1.7 -8.4 Moderate
G10 F 69 30 0.00 1.85 -1.9 Early
G11 M 53 27 0.00 1.85 -3.6 Early
G12 M 43 29 0.00 2 -1 Early
G13 M 43 28 0.00 2 -1.2 Early
G14 M 67 27 0.00 1.85 -3.7 Early
G15 M 52 28 0.10 1.7 -2 Early
Age-matched >0.10 > 1.65 NA NA
Controls

C1 M 53 30 - - - -
c2 F 76 28 5 - - -
c3 M 76 29 - - - -
4 M 62 28 - = - -
(0 M 67 29 - - - -
c6 F 75 30 - - - -
c7 F 63 27 - - - -
c8 M 63 28 - - - -
c9 F 61 27 - - - -
Ci10 F 60 30 - - - -
Ci1 M 65 26 - - - -
Cc12 M 58 25 - - - -
Ci3 F 60 30 - - - -
Ci4 M 70 28 - 5 - -
Ci5 F 62 26 - - - -
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