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Purpose:Damageof retinal representationof the visual field affects its local features and
the spared, unaffected parts. Measurements of visual deficiencies in ophthalmological
patients are separated for central (shape) or peripheral (motion and space perception)
properties, andacuity tasks relyon stationary stimuli.Weexplored thebenefitofmeasur-
ing shape andmotionperception simultaneously using a newmotion-based acuity task.

Methods: Eight healthy control subjects, three patients with retinitis pigmentosa (RP;
tunnel vision), and 2 patients with Stargardt disease (STGD) juvenile macular degenera-
tionwere included. Tomodel the peripheral loss, we narrowed the visual field in controls
to 10 degrees. Negative and positive contrast of motion signals were tested in random-
dot kinematograms (RDKs), where shapes were separated from the background by the
motion of dots based on coherence, direction, or velocity. The task was to distinguish a
circle from an ellipse. The difficulty of the task increased as ellipse becamemore circular
until reaching the acuity limit.

Results: High velocity, negative contrast was more difficult for all, and for patients with
STGD, it was too difficult to participate. A slower velocity improved acuity for all partici-
pants.

Conclusions: Proposed acuity testing not only allows for the full assessment of vision
but also advances the capability of standard testing with the potential to detect spare
visual functions.

Translational Relevance: The motion-based acuity task might be a practical tool for
assessing vision loss and revealingundetected, undamaged, or strengthenedproperties
of the injured visual system by standard testing, as suggested here for two patients with
STGD and three patients with RP.

Introduction

The primate retina is highly specialized at the
anatomical and functional levels, with the central foveal
part mainly devoted to sharp vision of stationary
objects and the peripheral part to detecting moving
objects and bringing them into foveal vision for further
analysis. Damage to the part of the retinal represen-
tation of the visual field not only directly impairs its
specific processing features but also has an impact on
the remaining active part. Accordingly, we recently

showed that motion perception, a feature of peripheral
processing, is reinforced after binocular central retinal
lesions in an animal model of macular degeneration.1
Despite many years of investigation, the picture of
specific retinal degeneration effects upon human visual
processing is not complete. Nevertheless, the perceptual
measurements of visual deficiencies in ophthalmolog-
ical patients are typically separated for either central
(shape) or peripheral (motion, space perception) visual
properties, and acuity tasks are based solely on the
perception of stationary stimuli, as in the Snellen letter
chart.
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For this reason, we designed a motion-based
acuity task that estimates shape and motion percep-
tion simultaneously. We used full-screen random-dot
kinematograms (RDK), where centrally located shapes
were separated from the background by the motion of
dots with regard to coherence, direction, or velocity.
To check if the contrast in which the motion signal
is delivered has an influence on motion-based shape
discrimination, we built RDKs in positive contrast,
bright dots on a dark background, and in negative
contrast, dark dots on a bright background. To date,
all the information about positive contrast (ON-type)
and negative contrast (OFF-type) processing in the
primate visual system derives only from static stimu-
lation of the central part (up to 5 degrees) of the
visual field (e.g., see Refs. 2, 3). It is established that
the central primate retina is built to optimize and
strengthen the negative contrast,4 and this domina-
tion is preserved at the cortical level.2,5 To our knowl-
edge, there are no direct data about how peripheral
processing of motion signals depends on contrast. It
is only established that sensitivity to high velocities
is specific for peripheral processing,6 whereas central
motion processing engages slow velocities at higher
spatial frequencies presented in positive contrast (ON-
type).7 To check whether the transient loss of periph-
eral visual input affects vision in control subjects,
we artificially narrowed the visual field to 10 degrees
by custom-made goggles. We hypothesized that (1)
stimulation of the peripheral visual field will weaken
central visual processing and (2) narrowing the visual
field will possibly remove the conflict between central
and peripheral processing. For preliminary validation
of the test, we recruited three patients with retinitis
pigmentosa (RP) with progressive peripheral retinal
loss and two patients with Stargardt disease (STGD)
with central retinal loss to participate in testing. In
line with the well-accepted specialization of central
and peripheral visual processing, in STGD, central
photoreceptor degeneration leads to visual acuity loss
and deficits in color vision8 (for a review, see Ref.
9). In RP, the progression of photoreceptor degener-
ation from the periphery to the center of the visual
field (for a review, see Ref. 10) leads to motion direc-
tion discrimination impairment11 and to a reduction of
saccade movements,12 which is correlated with general
problems in visual orientation.13

We found that motion acuity tasks in negative
contrast and in fast motion, which strongly activates
visual peripheries, are the most difficult for all partic-
ipants, and for patients with STGD, they are unman-
ageable. Importantly, attenuation of visual periphery
stimulation, by diminishing the velocity of RDKs,
improves acuity thresholds in all tested subjects. The

transient loss of peripheral visual input in control
subjects did not significantly affect their thresholds.

Methods

Subjects

We tested eight control subjects, three patients with
RP and 2 patients with STGD (Table). Control subjects
were recruited from Nencki Institute employees. Eight
normal-sighted controls underwent routine ophthal-
mological examinations, which included the Snellen
acuity test and color vision, Humphrey perimetry,
intraocular pressuremeasurement, and examination of
the anterior segment and eye fundus.

Patients with RP with tunnel vision presented a
central residual visual field limited to a 10 degrees
diameter (Humphrey field analyzer, Samodzielny
Publiczny Kliniczny Szpital Okulistyczny), and best-
corrected visual acuity equal or superior to 20/40 (Early
Treatment Diabetic Retinopathy Study [EDTRS]; see
the Table for uncorrected acuity). Clinical examina-
tion of patients with RP revealed that the optic disc
pallor and pigmentary deposits extended throughout
the retina and narrowed blood vessels. In full-field
flash electroretinography (ERG; RETIscan, Roland
Consult, Germany), rod responses were severely dimin-
ished, more than the cone responses, as in rod-cone
dystrophy. Multifocal ERG (mfERG) was abnormal.

Patients with STGD had central scotoma, 10 to
20 degrees, without foveal sparing, and best-corrected
visual acuity equal or superior to 20/40 (see the Table
for uncorrected acuity). Clinical examinations revealed
a “bull’s eye” appearance of the macula. In flash ERG
(RETIscan, Roland Consult), full-field rod responses
were normal, and full-field cone responses were either
normal or slightly reduced. Multifocal ERG (mfERG)
showed decreased responses in central rings, suggesting
an abnormal function of themacula. Optical coherence
tomography (OCT; Cirrus HD-OT Spectral Domain
Technology, Zeiss, Germany) showed a decreased
thickness of the retina, most notably in the foveola
(Samodzielny Publiczny Kliniczny Szpital Okulisty-
czny). Patients STGD1 and STGD2 underwent genetic
screening and had mutations in the ABCA4 locus,
which is typical formonogenic retinal dystrophies in the
Central European population.14

All methods were performed in accordance with
the relevant guidelines and regulations. All proce-
dures were approved by the Ethical Committee, WUM
(KB/157/2017, granted to Professor Jacek Szaflik,
director of Samodzielnego Publicznego Klinicznego
Szpitala Okulistycznego [SPKSO]).
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Table. Participant Descriptions, Snellen Acuity, and Minimal Perceived Difference Between Stationary Shapes

Acuity Measurements

Subjects Age/Sex RE LE Initial Stationary Thresholds in Degrees (Snellen)

C1 45/f 20/40 20/40 0.15 (20/180)
C2 34/m 20/40 20/40 0.06 (20/72)
C3 30/f 20/40 20/40 0.12 (20/144)
C4 28/f 20/40 20/40 0.09 (20/108)
C5 48/f 20/40 20/40 0.08 (20/96)
C6 29/f 20/40 20/40 0.17 (20/204)
C7 20/f 20/40 20/40 0.15 (20/180)
C8 21/f 20/40 20/40 0.15 (20/180)
RP1 40/m 20/48 20/68 0.09 (20/108)
RP2 31/f 20/25 20/25 0.22 (20/264)
RP3 45/m 20/40 20/40 0.68 (20/816)
STGD1 51/f 20/125 20/160 0.18 (20/216)
STGD2 35/m 20/32 20/40 0.12 (20/144)

Stimuli

We used discrimination of Efron shapes, a circle
and an ellipse, matched for surface. We previously used
similar stimuli to describe the developmental visual
deficits in an animal model of congenital cataract.15
The positive stimulus was a circle, and the negative
stimulus was a vertically oriented ellipse. The task in
all conditions was to choose a circle over an ellipse.

In the motion-based acuity tasks, circles and
ellipses were composed of identical RDKs in either
negative or positive contrast. They were separated from
backgroundRDKby themotion of dots, by coherence,
direction, or velocity:

1. Coherence: S+ and S– consisted of dots moving
randomly with a velocity of 10 degrees per
second. The background was built of dots
moving coherently upward with the same veloc-
ity as in S+/S– (Fig. 1A, Supplementary Film S1
neg and pos).

2. Direction: S+ and S– consisted of dots moving
coherently upward with a velocity of 10 degrees
per second. The background consisted of dots
moving coherently leftward with the same veloc-
ity as in S+/S– (Fig. 1B, Supplementary Film S2
neg and pos).

3. Velocity: We performed three conditions in this
task. S+ and S– and the background consisted
of dots moving coherently upward and dots
within S+ and S– always moved slower than the
background dots: a. 10 degrees per second versus
20 degrees per second; b. 5 degrees per second
versus 10 degrees per second; and c. 1 degree

per second versus 2 degrees per second (Fig. 1C,
Supplementary Film S3 neg and pos).

In all conditions, S+ and S– were displayed simul-
taneously within the central 10 degrees field of view on
the RDK background covering 55 degrees. The diame-
ter of the positive stimuli (circle, S+) was 100 pixels
(2.88 degrees). The distance between the centers of S+
and S– was 220 pixels (6.34 degrees). The fixation point
(diameter of 20 pixels, 0.58 degrees) was displayed in
the center of the screen according to the guidelines
introduced by Thaler.16 In the RDKs, every dot’s side
occupied 0.115 degrees. The dot density was constant
for the background and stimuli layers and equal to
11.386 dots/sr (3.47 dots/°2). The dots’ velocity was
kept constant.

The coherence parameter specified the percentage
of dots moving in the same direction. Each dot was
assigned a time-dependent displacement vector defined
inR

2, Dcd for dotsmoving coherently, andDncd for dots
moving noncoherently:

if n, Č§cN :
↼−Dcd (t) = [vt sin(′′o Ī), vt cos(′′o Ī)]

if n > cN :
↼−−Dncd (t) = [vt sin(′′o ≤), vt cos(′′o ≤)],

where N – total number of dots, n – dot’s identification
number, ranging from 1 to N, c – coherence parameter;
defines the percentage of dots moving coherently, v –
velocity of dots on a given layer, t – time since the begin-
ning of the trial, α – direction of the dot’s movement,
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Figure 1. Stimuli and procedure. (A–C) Motion-based acuity tasks all shown at the easiest level. Stimuli are defined by motion cues:
A Coherence (Supplementary Film S1 pos and neg). B Direction (Supplementary Film S2 pos and neg). C Velocity (Supplementary Film
S3 pos and neg).D Control subject performing the task with goggles, narrowing the visual field to 10 degrees. E. Timeline of the procedure
for control subjects. Stimuli were first presented with goggles to model the restricted tunnel vision as in RP and then without goggles. In RP
and STGD, the patient’s procedure was presented only in an unrestricted visual field.

constant for all coherent dots, and β - direction of the
dot’s movement, random for each noncoherent dot.

Once a dot left its space of movement, it re-
emerged in a random location on the opposing side
of the movement area. To preserve an equal distri-
bution of dots inside the display area, the dots
moved in a rectangular area larger than the display
area.

Stimuli were displayed on an LCDmonitor (Iiyama
G-Master GE2788HS, 27 inch diagonal, 1920 ×
1080 resolution, 60 Hz refresh rate). The screen
was split vertically into two halves with each of
the stimuli (S+ and S–) occupying one side of
the screen, left or right. The background brightness
was constant throughout the whole surface of the
display area and equaled 0.152 cd/m2 for a dark
background and 246 cd/m2 for a bright background
(measured with a Tektronix J17 photometer). We
tested two brightness contrast conditions: (1) negative
contrast with dark dots on a bright background

(Supplementary Films S1–S3 neg) or (2) positive
contrast with bright dots on a dark background
(see Figs. 1A–C, left and right panels, respectively;
Supplementary Films S1–S3 pos).

The aspect ratio of the ellipse dimensions, depend-
ing on the subject answers, could vary from 0.25 to
approximately 1, with 1 meaning identical to a circle.
The aspect ratio was defined as the ratio between the
width (W) and the height (H) of the ellipse:

aspect ratio = W
H150 : was adapted to the subject’s

performance

The difficulty of the task depended on the subject’s
performance following the adaptive staircase proce-
dure. After a correct response, the subsequent aspect
ratio value is calculated according to the formula below
(increasing the difficulty):

ARnew = (H + (sqrt(ARold) − H)/(1 + F))2,
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after an incorrect response, the formula is as follows
(decreasing the difficulty):

ARnew = (H + (sqrt(ARold) − H)(1 + F))2,

where:
ARnew−new value of the aspect ratio for the ellipse,
ARold−previous value of the aspect ratio for the ellipse,
H − the value of the aspect ratio at the highest difliculty of the task,

F = 0.3, determining the pace of changes in the aspect ratio.

The thresholds were calculated based on the aspect
ratio of the surface dimensions of the matched circles
versus ellipses using the mean calculated from the
last four reversals. Reversal means that each time
the subject made a mistake by choosing an ellipse
over a circle, the task became easier and the differ-
ence between the circle and ellipse became more
pronounced. Once a threshold was established, we used
it to calculate the height of a corresponding ellipse.

EllipseHeight = CircleDiameter/sqrt (EllipseAR)

The difference between ellipse height and circle
diameter was then expressed in angular degrees, as
shown in Figures 2 to 4.Within the Results andDiscus-
sion sections, we refer to this value as the threshold.

Procedure

At the beginning of testing, all participants were
familiarized with the procedure and gave written
consent to participate in the experiment. Subjects were
seated in a dimmed room on a chair at a viewing
distance of 57 cm from the screen, with their head
located on a chinrest. The stability of the fixation
was controlled by an observer using a setup with a
camera and separate screen, on which eye and head
movements were shown live. Head movements were
minimized by the chinrest. In four control subjects,
the whole procedure was performed under eye tracker
control (EyeLink 1000, SR Research Ltd., Ontario,
Canada). Responses were recorded using a keyboard
(the left arrow button for the left position of S+ and the
right arrow button for the right position of S+). Each
subsequent trial started after the subject responded to
the previous trial; therefore, the total reaction times of
each subject determined the duration of presentation
of stimuli in each trial. The subject had a maximum
of 10 seconds to give a response; after that time, the
procedure continued, and the lack of answers was
reported and excluded from the threshold calculation.
The presentation of each task lasted for 1 to 2 minutes,
which depended on the level of subject performance.
Altogether, the whole procedure lasted approximately
40 minutes due to double testing, first with goggles

Figure 2. The individual thresholds for minimal perceived differ-
ences between circle and ellipse dimensions in visual degrees in
control subjects. (A) Coherence-based acuity task (see Fig. 1A). (B)
Direction-based acuity task (see Fig. 1B). Velocity of RDKS 10 degrees
per second. Left data column tasks were performed in unrestricted
visual fields, and right data columns correspond to tasks performed
with limited 10 degrees visual fields by goggles (see Fig. 1D). Black
symbols represent negative contrast data, white symbols represent
positive contrast data (see Fig. 1A–C), numbers denote each partici-
pant, and gray lines connect personal data from opposite contrasts.
The gray rectangle denotes 0.15 degrees = 20/60, as measured by
the Snellen letter chart. Asterisks indicate significance: * P = 0.0234.
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narrowing the visual field and second without (see
Fig. 1E).

The initial level of difficulty for the motion-
defined tasks was determined using a simple station-
ary shape discrimination task. Participants were asked
to discriminate identical shapes as in the following
motion tasks, but stationary plain gray was presented
on a plain bright background (53 cd/m2 versus
246 cd/m2). Then, we measured the distance between
eyes in control participants. After adjusting the goggles
(Fig. 1D), motion-based acuity tasks were tested, first
in the negative contrast and then repeated in the same
order in the positive contrast. The whole procedure
was repeated after the removal of goggles (unrestricted
visual field condition). Figure 1E summarizes the
sequence of motion-based acuity task presentations.
Three patients with RP and 2 patients with STGDwere
tested only in unrestricted visual field conditions; there-
fore, their procedure was shorter than that in control
participants (approximately 20 minutes).

Statistical Analysis

Statistical analyses were performed for all motion-
based acuity tasks in the highest 10/20 velocity
tested. To analyze the acuity thresholds presented in
visual degrees, as the minimal perceived difference
between discriminated circles and ellipses, the two-
tailed Wilcoxon sign rank test was used. The same
Wilcoxon test was performed to compare the number
of trials necessary to reach the threshold, and no
significant differences between tasks were found. For
response time analysis due to the unequal sample
size, Welch’s t-test was used. For all statistical tests
performed, the probability level (α-level was set to
0.05) of P = 0.05 was accepted as statistically signif-
icant. Only significant results are reported in the
Results section. Statistical analyses were performed
using GraphPad Prism 8 software.

Results

Using the adaptive staircase method, we measured
acuity thresholds for the minimal perceived differ-
ence between circle and ellipse dimensions in a set of
motion-based acuity tasks defined by the coherence,
direction, or velocity of RDKs.

The thresholds for minimal perceived differences
between circle and ellipse dimensions in visual
degrees are shown in Figures 2 and 3. The acuity
thresholds in the negative contrast coherence-based
task tested in the unrestricted visual field condition

Figure 3. Velocity-based acuity tasks in control subjects. The
individual thresholds for minimal perceived differences between
circle and ellipse dimensions in visual degrees. (A) Velocity-based
task, the fastest velocity tested 10/20; (B) velocity-based task,
5/10; and (C) velocity-based task, the slowest velocity tested
1/2 (degrees per second; shapes versus background). Note that the
velocity determines acuity thresholds in negative contrast, as the
minimal perceived difference is higher than in positive contrast
only at the highest velocity tested, *P = 0.0391. There is no
statistical analysis available for B and C, as we were not able to
perform this task on three participants. Other denotations as in
Figure 2.
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significantly differed from the same task in positive
contrast (P = 0.0234; Fig. 2A). We revealed that the
high-velocity motion-based acuity task in negative
contrast tested with an unrestricted visual field is the
most demanding task, which is reflected by significantly
higher acuity thresholds. The acuity thresholds reached
in the negative contrast velocity-based task tested with
the unrestricted condition were significantly higher
than those reached in the positive contrast velocity-
based task tested with the same unrestricted condition
(P = 0.0391; Fig. 3A). Importantly, this task was also
significantly more difficult from all other tasks tested,
except for the positive contrast direction-based task
tested with the unrestricted condition. The acuity
thresholds reached in the negative contrast velocity-
based task tested with the unrestricted condition were
significantly higher than (1) the coherence-based task
with the unrestricted condition in both contrasts,
negative (P = 0.0156) and positive (P = 0.0078),
and with the limited condition for both contrasts,
negative (P = 0.0156) and positive (P = 0.0156);
and (2) the direction-based task for the unrestricted
visual field condition in negative contrast (P = 0.0156)
and for the limited visual field with both negative
(P = 0.0156) and positive (P < 0.0078) contrast. We
also analyzed the differences in achieved thresholds
among the presented contrasts, independent of the
viewing condition. Again, thresholds in the negative
contrast velocity-based acuity task were significantly
higher than the positive contrast velocity-based tasks
(P = 0.0021) and those from all the other tasks:
coherence-based positive (P < 0.0001) and negative (P
= 0.0001) contrast; direction-based tasks in positive
(P = 0.001) and negative contrast (P < 0.0002).

Analysis of response times showed that times in
the negative contrast coherence-based task with the
unrestricted vision condition were significantly longer
than those in the positive contrast condition, reflect-
ing significant differences in acuity thresholds (P =
0.039, t = 2.079, df = 181.674; Fig. 2A). Signifi-
cantly longer response times were also detected for the
negative contrast direction-based task tested with the
unrestricted condition that for the positive contrast
condition (P = 0.024, t = 2.271, df = 222.654). Impor-
tantly, for our hypothesis, when the response times were
only segregated by the visual field condition, we found
that participants responded significantly faster in the
visual field limited to 10 degrees (P = 0.012, t = 2.503,
df = 1403.044). Additionally, all negative contrast tasks
were performed with longer response times, but only
for unrestricted visual fields (P = 0.013, t = 2.470,
df = 601.230).

This finding made us check whether experimen-
tally weakening peripheral stimulation by reducing
velocity in the velocity task would affect thresholds.

As predicted, in control subjects, decreasing veloc-
ity resulted in a decline in thresholds (see Figs. 3B
and C). Unfortunately, we were not able to perform
this task on three participants; therefore, we were not
able to perform statistical analysis. A comparison of
thresholds between all velocity conditions is presented
in Figure 3.

Figure 4 summarizes the preliminary validation of
the velocity-based acuity test in patients with visual
field impairments. For patient RP, as in the control
group, negative contrast in all motion-based tasks
was the most difficult, and the patients also improved
their performance when tested with lower veloci-
ties (see Fig. 4A). For the patients with the most
severe visual impairment, RP1 and RP2, the highest
velocity task in negative contrast was the most diffi-
cult, and the difference between positive contrast was
strongly pronounced. Interestingly, the coherence task
in negative and positive contrast was equally difficult
for patient RP1, who had the most severe peripheral
visual field loss (acuity thresholds in visual degrees
for RP1, RP2, and RP3 for negative and positive
contrast, respectively: coherence: 0.86, 0.86; 0.70, 0.80;
and 0.83, 0.95, direction: 0.84, 0.93; 0.62, 0.87; and
0.95, 0.97).

For patients with STGD, we were not able to
measure thresholds with negative contrast, and patient
STGD2 refused to work on the highest 10/20 velocity
task with positive contrast (only results from velocity-
based acuity tasks are shown in Fig. 4C; acuity thresh-
olds in visual degrees for STGD1 and STGD2, respec-
tively: coherence: 0.29, 0.55; direction: 0.36, 0.29; veloc-
ity: 0.91, STGD2 refused). The patient STGD1with the
most severe central visual field impairment was able to
perform at lower velocities, although his or her perfor-
mance did not improve with decreasing velocity (see
Fig. 4C). The patient STGD2 did improve his or her
performance at lower velocities (see Fig. 4C).

Discussion

The presented motion-based acuity tasks detect the
interference between central and peripheral perception.
In healthy control subjects, we show that, irrespec-
tive of the extent of visual field stimulation, central
motion-based shape processing is disturbed by a
high velocity motion-in-negative contrast signal (see
Fig. 3A). We know that such a signal strongly activates
cortical representation of the peripheral visual field6
(for a review, see Ref. 17). Therefore, we conclude that
parallel strong activation of the visual field peripheries
leads to impaired central processing.We confirmed this
finding by reducing the velocity of RDKs by twofold,
as it is accepted that peripheral vision processing is
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Figure 4. Velocity-based acuity thresholds in patients with RP and patients with STGDperformed in unrestricted visual field. The individual
acuity thresholds for theminimal perceived difference between circle and ellipse dimensions in visual degrees. Note that decreasing velocity
resulted in improved acuity thresholds in both contrasts. (A) Patients with RP. Improvement of performance alongwith a decrease in velocity
is observed. Note RP2 has an elevated threshold for the positive contrast with the slowest velocity. RP1 performed only in the fastest 10/20
degrees per second velocity-based task. The grayscale of theHumphrey field analysis (30-2) for each patient is shown. (B) Patientswith STGD.
Note that both patients refused towork in negative contrast. In positive contrast, STGD1performed at slower velocities, but no improvement
in acuity along with a decrease in velocity was observed. STGD2 showed improved performance with decreasing velocity. The velocity of
the task is presented in order of testing from fastest to slowest: 10/20, 5/10, 1/2 (velocity within shapes versus in the background degrees
per second). The OCT results for both patients are shown: STGD1 all sectors < 1%, STGD2, yellow 1 to 5%, green > 5%, and red < 1%. Other
denotations as in Figure 2.

strengthened by increasing stimulus size and/or veloc-
ity6 (for a review, see Ref. 17). Indeed, all tested partic-
ipants improved their motion-based acuity thresholds
compared with the fasted velocity tested (see Fig. 3).
The highest significant thresholds were achieved with
negative contrast in the unrestricted visual field condi-
tion in coherence-based (see Fig. 2A) and highest
velocity-based acuity thresholds (see Fig. 3A). This

finding is in line with recent results showing that when
the central 5 degrees of the visual field is stimulated,
subjects more quickly detect moving stimuli in positive
contrast than in negative contrast.7

Participants responded significantly faster in tasks
presented in the visual field limited to 10 degrees.
However, to our surprise, we did not find significant
differences in acuity thresholds between limited and
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unrestricted visual fields in control subjects. It is possi-
ble that transient, artificial removal of peripheral stimu-
lation by googles is not sufficient to remove well-
established components during ontogenetic develop-
ment facilitation of central visual processing. However,
irreversible long-lasting interventions lead to alter-
ations in the balance of central/peripheral visual
processing. Earlier, we showed delayed maturation of
the cortical representation of the peripheral visual
field in an animal model of congenital cataract.18
This delay was linked with the processing of negative
contrast motion signals (OFF-type) at the retinal
and psychophysical levels.19,20 Interestingly, negative-
contrast signal domination can also be strengthened in
patients with amblyopia tested with static gratings.3

This finding is important for reassuring comfort of
patients with retinal impairments, as they are stimu-
lated in the daily life by negative contrasts, which are
more common in natural images21 (for a review, see
Ref. 17). Dark visual signals are linked with strong
emotions, may be considered an evolutionary residue
of the dark predator silhouette, and dominate cortical
activity (for a review, see Ref. 22). Low vision patients
may be more disturbed by negative contrast stimula-
tion because dark signal domination in natural scenes
can be strengthened even more by artificial blurring
of the visual scenes.2 Indeed, we show that patients
with STGDfindmotion stimulation carried by negative
contrast so difficult that they refused to participate.
This observation is not surprising if we take into
consideration that the central primate retina is built to
strengthen the negative contrast and OFF-type visual
signal processing,4 and this OFF-type domination is
preserved at the cortical level.2,5 Most likely, patients
with STGD are not able to detect shapes defined by
motion in negative contrast, as their central retina is
degenerated. Nevertheless, patients with STGD partic-
ipated when the acuity-from-motion task was based
on positive contrast (ON-type stimulation), and they
performed even better with slower velocity. This is
consistent with recent findings in healthy subjects for
restricted stimulation of the central 5 degrees, showing
that the ON pathway is involved in slow motion
processing, in contrast to the OFF pathway.7 It is
also well accepted that peripheral vision processing is
strengthened by increasing stimulus size and/or veloc-
ity2,6 (for a review, see Ref. 17). Therefore, we propose
that the visual peripheries of patients with STGD
are hypersensitive to high-velocity motion signals in
negative contrast, which results in a failure to under-
take the centrally driven task. Nevertheless, tasks in
positive contrast were possible for them to accom-
plish, particularly those in slow motion. In fact, all
tested subjects performed better with slower velocity,

proving that competition between central and periph-
eral processing plays a strong role even when the active
task is placed in the constant central position (Figs. 3
and 4). In the three patients with RP tested, the eleva-
tion of motion-based acuity thresholds depended on
the extent of peripheral visual field loss (see Fig. 4A). In
patients with RP with severe vision loss, photoreceptor
degeneration did not result in total ganglion cell death
within the peripheral regions of the retina (postmortem
retinal ganglion cell count),23 suggesting the remain-
ing neural cells of the retina as a possible source for
visual restoration. In fact, Luttrull24 recently showed
improved acuity thresholds in patients with RP after
diode micropulse laser monocular treatment applied at
the foveal region of the retina. Importantly, for our
hypothesis, these improvements were correlated with
pattern electroretinography measurements, which were
strengthened at 24 degrees of the visual field and not at
the location closer to the fovea. This finding suggests
that the visual peripheries might hold plastic potential,
even in patients with RP with preserved central tunnel
vision. In line with this hypothesis for the patients with
RP who we tested, negative contrast was more difficult
than positive contrast. We hypothesize that the corti-
cal representation of the peripheral retina, although
deprived from retinal input in RP, remains functional
and might be a potential target of visual rehabilitation
strategies (for a review, see Ref. 22). We trust that the
proposed motion-based acuity task not only allows full
assessment of vision loss but can also uncover poten-
tially undamaged or even strengthened properties of
the locally injured visual system that go undetected by
standard testing. We suggest that our novel task can
be used as an early diagnostic tool at patients’ homes
and is useful in scientific research exploring parallel
stimulation of central and peripheral visual field at the
threshold level.
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Supplementary Material

Supplementary Video 1. Supplementary Film 1
pos, coherence-based acuity task in positive contrast.

Supplementary Video 2. Supplementary Film 1
neg, coherence-based acuity task in negative contrast.

Supplementary Video 3. Supplementary Film 2
pos, direction-based acuity task in positive contrast.

Supplementary Video 4. Supplementary Film 2
neg, direction-based acuity task in negative contrast.

Supplementary Video 5. Supplementary Flm 3
pos, velocity-based acuity task in positive contrast.

Supplementary Video 6. Supplementary Film 3
neg, velocity-based acuity task in negative contrast.

The initial 30 s of the presentation for each task
is presented during each film, with the initial ellipse
aspect ratio set at 0.43. The participant responded
correctly by always choosing the circle.
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