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PURPOSE. This study explored early (contrast discrimination) and intermediate (global
form perception) visual processing in primary subtypes of glaucoma: primary open-angle
glaucoma (POAG) and primary angle-closure glaucoma (PACG). We aimed to understand
early and intermediate visual processing in POAG and PACG, matched for similar visual
field defect severity.

METHODS. Early visual processing was measured using a contrast discrimination task
described by Porkorny and Smith (1997), and intermediate processing using a global
form perception task using glass pattern coherence thresholds. Thresholds were
determined centrally and at a single midperipheral location (12.5°) in a quadrant without
visual field defects. Controls were tested in corresponding quadrants to individuals with
glaucoma.

RESULTS. Sixty participants (20 POAG, 20 PACG, and 20 age-matched controls), aged 50
to 77 years, were included. Visual field defects were matched between POAG and PACG,
with mean deviation values of −6.53 ± 4.46 (range: −1.5 to −16.85) dB and −6.2 ±
4.24 (range: −1.37 to −16.42) dB, respectively. Two-Way ANOVA revealed significant
differences in thresholds between the glaucoma groups and the control group for both
contrast discrimination and global form perception tasks, with higher thresholds in the
glaucoma groups. Post hoc analyses showed no significant contrast discrimination differ-
ence between POAG and PACG, but POAG had significantly higher thresholds than PACG
for form perception.

CONCLUSIONS. In form perception, POAG showed slightly worse performance than PACG,
suggesting that individuals with POAG may experience more severe functional damage
than PACG of similar visual field severity.
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Glaucoma, a progressive optic neuropathy, primarily
affects the retinal ganglion cells and leads to visual

field loss.1 Prior work shows that damage in glaucoma is
not restricted to the retina, but causes neurodegenerative
changes in visual and nonvisual centers of the brain, such
as the lateral geniculate nucleus, visual cortex, and higher
cortical areas.2–8 These changes in the visual pathway lead
to functional deficits9 for contrast detection and discrimi-
nation tasks,10 increased motion coherence thresholds,11,12

increased form perception thresholds,11 impaired saccadic
eye movements,13,14 impaired auditory processing,15 and
impaired face perception in glaucoma patients,16 indicat-
ing functional deficits at early, intermediate, and later stages
of the visual processing pathways. It is important to note

that normal performance on these tasks not only relies on
intact output from the retina, but also on normal cortical
processing. Interestingly, participants with glaucoma have
difficulty performing these tasks, even when the retinal
damage is mild, such as when tested foveally or in the rela-
tively intact areas of visual field.9,11,17 This strongly suggests
that the impact of glaucoma extends beyond retinal input
and involves cortical processing.

There are two major subtypes of primary glaucoma:
primary open-angle glaucoma (POAG) and primary angle-
closure glaucoma (PACG). Prior studies of neurodegenera-
tive changes and the resultant functional changes have been
shown for POAG.9–12,14–16 However, it is equally important to
understand upstream neurodegenerative changes and resul-
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tant functional changes in PACG. This point is particularly
significant, because PACG is more prevalent in the South
Asian population, which contributes 86% of the world’s
angle-closure glaucoma population.18,19 In India, various
studies have estimated that the prevalence of PACG ranges
from 0.24% to 7.24%, which is higher than the prevalence of
POAG, which ranges from 1.62% to 3.51%.20

POAG and PACG may have distinct underlying causes
and anatomical susceptibilities, resulting in distinct mani-
festations of visual damage to the visual pathways. Recent
evidence suggests that PACG might exhibit a slower global
rate of visual field progression compared with high-tension
POAG and normal-tension glaucoma.21 The biomechanical
responses of the optic nerve head to acute IOP elevation
differ between POAG and PACG,22 and saccadic eye move-
ment behavior also varies between these two subtypes.13 It
has also been reported that individuals with POAG have a
higher risk of developing dementia compared with those
with PACG.23 These findings collectively suggest the pres-
ence of independent mechanisms between the two subtypes,
with varying degrees of cortical visual function deficits
between POAG and PACG. In this study, we aim to compare
the severity of visual processing deficits for the same degree
of visual field loss severity between POAG and PACG. Based
on previous evidence, we hypothesize that, for the same
level of visual field loss, the degree of damage to cortical
visual processing may be less in PACG compared with POAG.

In this study, our focus was on investigating the early
and intermediate stages of visual processing. To assess early
visual processing, we used the Pokorny and Smith steady
and pulse pedestal contrast discrimination tasks, which
assess function of the M and P pathways.17,24 For the eval-
uation of intermediate visual processing, we used a form
perception task well-recognized for engaging the cortical
extrastriate area V4 during normal visual processing.25

METHODS

This study adhered to the principles of the Declaration of
Helsinki. Ethical approval was obtained from the institu-
tional ethics committee (IEC No: 1059/2019). Before their
participation, all individuals provided informed consent. The
study included 20 patients with POAG, 20 patients with
PACG, and 20 control participants, all approximately age
matched.

The diagnosis of POAG or PACG in glaucoma patients
was conducted by experienced glaucoma specialists (V.P.,
with >20 years of experience, and N.K., >10 years of expe-
rience) at Kasturba Hospital, Manipal, India. Participants,
including those with glaucoma and controls, were recruited
from the outpatient department of the hospital’s ophthal-
mology department. Additionally, 11 controls, comprising
relatives and colleagues, were included after undergoing
comprehensive eye examinations. All participants with glau-
coma in this study were diagnosed initially and undergoing
follow-up treatment by the same ophthalmologists involved
in the study, except for two participants with PACG. These
two individuals had initial diagnoses recorded elsewhere,
but were subsequently reconfirmed and followed for further
treatment by the ophthalmologist involved in this study.

The diagnostic criteria for both POAG and PACG in
our study adhere to standard and internationally accepted
guidelines.26 The diagnosis of PACG and POAG relied on
identifying characteristic optic nerve head changes indica-
tive of glaucoma, such as rim thinning, notching, or nerve
fiber defects, alongside visual field issues and elevated IOP

(≥21 mm Hg). A PACG diagnosis specifically necessitated
an occludable or closed angle (≥180°) with synechiae and
evidence of glaucomatous disc damage. The ophthalmolo-
gists consistently applied these criteria throughout the study
at the same hospital, ensuring accuracy and reliability in the
diagnoses. All participants with glaucoma exhibited visual
field loss, which was assessed using the Swedish Inter-
active Threshold Algorithm—standard with the Humphrey
Field Analyzer or the Zippy Adaptive Threshold Algorithm—
standard with the Henson 9000 Visual Field Analyzer, using
the 24-2 or 30-2 test pattern. Participants with glaucoma had
to meet specific inclusion criteria, which required at least
one visual field quadrant to be relatively free from defects
and mean deviation value less than -1dB in the eye to be
tested. To define a quadrant as relatively free from visual
field defects in the region of testing interest, the following
pragmatic criteria were established to enable inclusion of
participants with a wide range of defect severity: within the
pattern deviation probability plot, only one of the four loca-
tions around the 12.5° eccentricity (our peripheral testing
location, as described below) could exhibit a visual field
defect. Furthermore, the affected location was not permit-
ted to have a probability of less than 0.05 percent (i.e., P <

0.05% probability) (Fig. 1). To ensure comprehensive cover-
age and minimize potential variability, although the analy-
sis of clinical visual field data was based on a single, recent
field (see Supplementary File 1), we ensured that, within the
pattern deviation plot, any of the four locations around the
12.5° eccentricity were not consistently affected (more than
once within a year or the last three reports) in their previ-
ous records for participants who had multiple visual field
reports. For participants recently diagnosed with glaucoma
before the start of the experiment, the visual field test was
conducted twice within a maximum interval of 3 months to
ensure consistency.

The severity of glaucomatous damage between the POAG
and PACG groups was approximately matched with patients
selected with similar spatial patterns of visual field defects
and mean deviation value (Supplementary File 1). All POAG,
PACG, and controls were free from other eye disease,
apart from early cataract, or might have undergone cataract
surgery and did not have systemic disease nor were taking
any medications known to affect visual function at the time
of recruitment. All participants had best corrected visual
acuity of 6/9 or better and refractive error not more than
5 DS sphere and 2 DC. Those individuals who initially
presented with PACG and subsequently developed POAG
(combined mechanism glaucoma) at the time of recruitment
were not included in the study.

All experiments were performed using a gamma
corrected 32-inch LCD monitor Display++ (Cambridge
Research Systems Ltd., Rochester, UK) with framerate of
120 Hz and resolution of 1920 × 1080 pixels. The monitor
operated in a 10-bit mode, with a maximum brightness of
100 cd/m2. Stimuli for experiments were written in Psychopy
3.27 The monitor was placed at 57 cm from the observer. To
stabilize the position of the participant, a chin and forehead
rest were used.

Visual threshold estimates were determined monocu-
larly and optically corrected for 57 cms (monitor distance),
tested both centrally and at a single midperipheral location
(12.5°) in a quadrant free from visual field defects.11,17 In
all tasks, participants gave verbal responses, and the exam-
iner, seated opposite the participant and unaware of stimu-
lus presentation, recorded responses using key presses. The
examiner also closely monitored the participant’s fixation
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FIGURE 1. An example visual field illustrating placement of the peripheral stimuli in POAG and PACG with severity approximately matched.

FIGURE 2. The contrast-discrimination stimuli. (A) Schematic representation of the steady pedestal task. (B) Schematic representation of the
pulsed pedestal task. (C) Schematic of stimulus positioning for peripheral testing in the upper visual field.

throughout the experiment. Participants underwent train-
ing sessions for each experiment, covering both central
and peripheral locations, before the commencement of the
experiments.

Early Visual Processing (Contrast Discrimination)

Steady pedestal and pulsed pedestal tasks (Fig. 2) as
described by Pokorny and Smith24 were used to estimate
contrast discrimination ability. A pedestal luminance of 24

cd/m2 was used; a previous study demonstrated this lumi-
nance to be effective to expose differences between glau-
coma and control groups.17 Participants were tasked with
identifying the square with the highest luminance (the odd-
square out) during the test interval in both the steady and
pulsed pedestal conditions, with one of the four squares
briefly incrementing in luminance relative to the other three
for approximately 32 ms (4 frames) (Fig. 2A).

In the steady pedestal condition, a black fixation dot was
presented at the center of the continuously displayed array
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FIGURE 3. Image showing (A) 100% and (B) 50% concentric glass pattern coherence used for global form perception task.

of four squares against the background of 30 cd/m2. Partic-
ipants adapted to these squares for 1 minute before the
first presentation (first test interval). In the pulsed pedestal,
the black fixation dot was presented against the back-
ground of 30 cd/m2. Participants were adapted to the back-
ground with the black fixation for 1 minute before testing:
during the test interval, the four-square array was presented
briefly for approximately 32 ms (4 frames), with one of the
squares incremented in luminance relative to the other three
(Fig. 2B).

The stimulus square size was 1° for foveal viewing and
1.73° when viewed peripherally.17 Because spatial judg-
ments are more difficult in the periphery, to simplify the
task slightly a two-alternative forced choice method was
used with the stimuli projected along a diagonal merid-
ian to ensure equal eccentricity of the stimuli presenta-
tion (Fig. 2C). A one-up, three-down staircase procedure
was used to determine the luminance increment thresh-
old for the detection of brighter square that converges
at the approximate 79% correct response probability.
The luminance increased or decreased with steps of 0.5
cd/m2 and the staircase terminated after six reversals with
the average value of last four reversals taken as the
threshold.

Intermediate Visual Processing (Global Form
Perception)

Glass patterns were used to measure global form percep-
tion.28 Glass patterns were constructed using paired white
square dots (dot size, 8.69 minutes arc) according to a
concentric rule within a 10deg square patch. Dots were
presented on an 0.5 cd/m2 background at approximately
90% contrast. For the dots to form a concentric pattern, the
orientation of the signal pairs were perpendicular to the
center of the image (Figs. 3A, 3B). The coherence thresh-
old was determined by randomly replacing a pair of signal
dots with unpaired noise dots29; thus, the coherence is deter-
mined by the percentage of signal dots required to identify
the pattern.

The global form perception threshold was determined
using a two-interval forced choice method, where one of
the two intervals displayed the concentric pattern and other
displayed a random noise pattern made of paired and
unpaired noise dots (presentation of the concentric pattern
was randomly chosen on each presentation to be either first
or second). The duration of the stimulus interval was approx-
imately 400 ms11 (48 frames) with an interstimulus interval
of 1 second (120 frames). Two adaptive staircases, using
a one-up three-down method, were interleaved during the
experiment. The staircases terminated after eight reversals.
Initially, coherence was started at suprathreshold, both the
staircase started at 100% coherence. For both staircases, the
step size commenced at 20%, which was halved for next four
reversals as 10%, 5%, 2%, and resulting in a final step size
of 1%. The mean thresholds of last four reversals of each
staircase were determined and the results of both the stair-
case were averaged to estimate the global form perception
threshold.

Statistical analysis was conducted using Google Colab-
oratory (Python Version: 3.10.12). One-way ANOVA and
unpaired t tests were performed to test for significant differ-
ences in the age of the groups, or the mean deviation
of visual fields, or the years of suffering from glaucoma
from their initial diagnosis. Two-way ANOVA was used, with
eccentricity and groups as factors, to identify significant
differences in thresholds between the groups for steady
pedestal, pulsed pedestal, and form perception tasks sepa-
rately. Post hoc testing using the Tukey honestly significant
difference test was carried out, with a P value of less than
0.05 considered to be statistically significant.

RESULTS

The mean age of participants with POAG was 65.55 ± 6.66
years (range, 56–77 years), for participants with PACG was
66.5 ± 6.29 years (range, 52–75 years), and control partic-
ipants was 61.45 ± 8.34 (range, 51–77 years). There was
no significant difference in mean age between the groups,
F(2,57) = 2.81, P = 0.068.
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FIGURE 4. (A–C) Boxplots showing the difference in the threshold between the groups and eccentricity of contrast discrimination tasks
(early processing) and form perception tasks (Intermediate processing), displaying the median with 25th and 75th percentiles. Additionally,
error bars extending from the boxes signify the range of variability in the data, and dots within the boxes represent individual thresholds
of the participants. Note: The numbers printed near the outlier data points correspond to the participant number, where their age, severity,
and duration since diagnosis can be found in Supplementary File 1.

The visual field defects in the glaucoma groups ranged
from early to advanced visual field loss. The mean devia-
tion of POAG ranged from −1.5 to −16.85 dB, with a mean
of −6.53 dB and SD of 4.46. Similarly, the mean deviation
of PACG ranged from −1.37 to −16.42 dB, with a mean of
−6.2 dB and SD of 4.24 dB (Supplementary File 1). There
was no significance difference in mean deviation between
the groups, t(36) = −0.24, P = 0.81. The average duration
of glaucoma from the time of initial diagnosis was 5.15 ±
5.81 years (range, 0.08–17.00 years) for POAG and for partic-
ipants with PACG was 6.55 ± 7.82 years (range, 0–27.25
years). There was no significance difference in the number
of years each participant suffered from glaucoma after the
initial diagnosis between the groups, t(36) = −0.65,P= 0.52.
There were 8 pseudophakic and 12 phakic eyes in the POAG
group, 7 pseudophakia and 13 phakic eyes in PACG group,
and 2 pseudophakic and 18 phakic eyes in the control group.
The number of phakic-to-pseudophakic eyes were approxi-
mately matched between the 2 glaucoma subtypes.

A two-way ANOVA showed significant elevation in
contrast discrimination thresholds for peripheral locations
compared with foveal viewing for all three groups for both
steady, F(2,114) = [37.42], P < 0.01, and pulsed, F(2,114) =
[20.7], P < 0.01, pedestal conditions (Figs. 4A, 4B). There
was a significant difference between groups for both the
steady pedestal, F(2,114) = [15.32], P < 0.01, and pulsed
pedestal, F(2,114) = [21.65], P < 0.01, tasks, with glaucoma
groups having higher thresholds than controls (Figs. 4A, 4B).
Post hoc testing revealed that there was no significant differ-
ence (P > 0.05) in thresholds between POAG and PACG
at either location, but there was a significant difference
between controls and glaucoma groups. There was no signif-
icant interaction observed between the groups and eccen-
tricities.

Figure 4C shows the global form perception thresholds.
A two-way ANOVA indicated significant differences between
the groups, F(2,114) = 39.43, P < 0.01. Post hoc analy-
sis revealed significant differences (P < 0.05) in thresholds
between all three groups, with the POAG group exhibiting
poorer performance than both controls and participants with
PACG for both central and peripheral locations (Fig. 4C).
Although there is a significant difference between the thresh-
olds of central and peripheral locations (Fig. 4C), F(2,114) =
27.81,P< 0.01, there was no significant interaction observed
between the groups and test location.

To explore whether age, lens condition (phakic versus
pseudophakic), or duration since diagnosis may also influ-
ence the contrast discrimination and global form thresholds,
we performed additional analyses (see Supplementary File
1). An analysis of covariance model with age, eccentricity,
duration since diagnosis, and phakic/pseudophakic status as
covariates was performed for each of the steady, pulse, and
form perception tasks. Age did not attain statistical signif-
icance (P = 0.131) for form perception; however, age was
a significant influencer of performance for both the steady
(0.008; P < 0.004) and pulsed (0.007; P < 0.006) pedestal
tasks. It is very well-established that contrast discrimination
is affected by age30; however, important for our between-
group comparisons, there was no significant difference in
age between the three groups. Duration since diagnosis
and phakic status were not significant influencers for either
contrast discrimination or form perception tasks.

DISCUSSION

In this study, our primary objective was to investigate
early and intermediate visual processing in disease severity-
matched POAG and PACG. We tested both centrally
(foveally) and in the midperipheral region (12.5°), which
was free from visual field defects. Early visual processing
was assessed through a contrast discrimination task, reveal-
ing impaired visual processing in both glaucoma groups,
with no significant difference observed between POAG and
PACG. Intermediate visual processing was evaluated using
a global form perception task. In contrast with the early
processing tasks, the global form perception task demon-
strated a significant difference between the two glaucoma
groups, with POAG displaying higher thresholds than PACG
(Fig. 4).

It is noteworthy that, in our study, the key focus is not
the entire quadrant being defect free, but rather ensuring
the specific area of interest within the quadrant is not signifi-
cantly damaged in terms of standard visual field metrics. For
our experiments, the stimuli were a 3.68° visual angle square
patch for the steady/pulsed pedestal tasks, and a 10° visual
angle square patch for the form perception task. Noting that
the 24-2 test pattern has a 6° spacing, we decided on crite-
ria that ensured that the area of interest would likely have
near-normal sensitivity (all individual visual fields are shown
in Supplementary File 1). At 10° of visual angle, the glass
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patterns do extend beyond the four locations used for inclu-
sion, but do not quite extend to the next adjacent 24-2 test
locations.

Both POAG and PACG are associated with optic nerve
damage and vision loss.1 Despite both subtypes sharing the
same primary site of insult, there may be differences in
biomechanical insults between them.22 Recent studies have
indicated varying degrees of cortical damage between POAG
and PACG.13,21 Whereas protein misfolding and apoptosis
are linked to POAG’s neurodegenerative process, their role
in PACG remains unclear.31,32 Individuals with POAG may
experience more pronounced cognitive and visual functional
decline compared with those with PACG.32 Investigations
have revealed differences in brain structure and function
between patients with POAG and patients with PACG.32 For
instance, gray matter atrophy in cognitive processing regions
has been observed in POAG,33 but it is unclear whether this
phenomenon also occurs in patients with PACG. Addition-
ally, differences in connectivity have been noted in visual
memory, and working memory networks between these
two glaucoma subtypes.32,33 There is some limited evidence
suggesting that patients with POAG may exhibit more severe
visual field loss and cognitive impairment than patients with
PACG.32 Furthermore, POAG is associated with an increased
risk of dementia; however, no such association has been
established yet in PACG.23

Understanding functional impairments resulting from
glaucoma aids in both recognizing the condition’s progres-
sion and effectively addressing the behavioral impacts of
visual impairment associated with glaucoma. In our study,
both glaucoma groups demonstrated poor contrast discrim-
ination performance in both the locations compared with
their normal counterparts. Our study results also suggest
that intermediate levels of perception can be affected, even
in areas of visual field that are within normative limits. Addi-
tionally, POAG had worse thresholds compared with PACG.
Although it is clear that having limited visual field can impact
performance on more complex tasks, our study suggests that
people may experience functional challenges even before
their vision loss is categorized as severe. Intermediate form
processing is important for recognizing objects and faces.25

Although not assessed directly here, our data are consistent
with individuals with glaucoma having trouble recognizing
faces,16,34 and that those with POAG might be more affected
than those with PACG. However, more research is required
for a comprehensive understanding on how glaucoma and
its subtypes affects complex visual abilities.

Understanding neurodegenerative changes and associ-
ated functional changes in glaucoma subtypes has signifi-
cant implications for evaluation of the effectiveness of future
glaucoma treatment strategies. Novel therapeutic interven-
tions, such as retinal ganglion cell transplantation and artifi-
cial retinal implants, should consider the potential variation
in neurodegeneration within the posterior visual pathway,
because it can be a confounding factor in assessing their
efficacy.32,35,36 Evaluating the effectiveness of neuroprotec-
tive therapies on glaucomatous neurodegeneration within
the brain will also be essential, and these therapies must
take into account the varying levels of neurodegenerative
changes between individuals and glaucoma subtypes before
assessing their therapeutic efficacy.32

Our study’s strength lies in its significant contribution
toward understanding the functional deficits resulting from
presumed cortical processing difficulties in both POAG and
PACG, through the study of participants with matched sever-

ity of visual field defects. Although the precise mechanisms
behind cortical degenerative changes in glaucoma remain
unclear, the results may prompt additional research to eval-
uate the extent and cause of possible disparities in corti-
cal degeneration between glaucoma subtypes and potential
therapeutic strategies aimed at preventing cortical degener-
ation in patients with different types of glaucoma.

In conclusion, both glaucoma subtypes perform more
poorly than controls for contrast discrimination and form
perception tasks in central and peripheral vision. Addition-
ally, the POAG group demonstrated elevated thresholds rela-
tive to the PACG group for an intermediate form perception
task, compared with tasks processed earlier in the visual
pathways. Our findings suggest that people with POAG may
experience more severe functional damage compared with
those with PACG, despite having similar levels of visual field
defect severity.
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