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Purrose. We tested the hypothesis that binocularity requirements for correspondence
play a role in establishing the preferred retinal locus (PRL) in macular degeneration.

MerHops. Monocular PRL locations in 202 eyes of 101 patients with macular degeneration
(79 +£ 10 years) were recorded with the MP1 microperimeter. Corresponding PRLs were
those with similar polar angle and distance from former fovea in the better eye (BE) and
the worse eye (WE).

Resurrs. On average, the PRL in the BE was in the foveal proximity at 1.1 £ 0.99 degrees
for 55 patients (foveal-driven PRL) and eccentrically at 6.9 + 3.4 degrees for 46 patients
with central lesions involving the fovea (peripheral-driven PRL). For the foveal-driven
PRL group, the PRL in the BE was not affected by the status of the WE. In 100% of cases,
the monocular PRL in the WE was in a corresponding location either on functioning
retina or onto the lesion, or would fall onto the lesion during binocular viewing. For the
peripheral-driven PRL group, the PRL location depended on the lesion size in both eyes
to maximize correspondence and/or the function of peripheral vision during binocular
viewing. In this group, PRL correspondence status was different for those with equal,
unequal, or extensive lesions in both eyes.

Concrusions. Binocularity requirements for correspondence play an important role in
determining the PRL location. We formulated two principles based on whether the BE
has foveal sparing (foveal-driven PRL) or central lesions affecting the fovea (peripheral-
driven PRL). The PRL should be evaluated in the framework of binocular viewing.

Keywords: age-related macular degeneration, preferred retinal locus (PRL), binocular
vision, oculomotor mechanics

he human visual system is exquisitely designed to facil-
itate depth perception and to provide a singular, stable,
and clear image by combining the visual inputs from the 2
eyes that are spatially separated by about 6 cm in the frontal
plane of the head. To achieve this performance, the oculo-
motor system coordinates the movements of the two eyes
using the fovea — the point on the retina that provides the
sharpest vision — as the reference position. Because the
natural viewing is binocular, the visual system has devel-
oped to be the most proficient in this naturalistic condition.!
An overwhelmingly larger part of the primary visual cortex
processes visual information coming from the foveae of both
eyes compared to that receiving visual information from a
peripheral retinal location.?3
Macular degeneration destroys
damages the reference point of the oculomotor system,
with severe consequences for visual performance.”’~*> Under-
standing the oculomotor control during binocular viewing of
patients with central vision loss has been enormously chal-
lenging for several reasons. First, patients adapt to the loss of
central vision by developing a preferred retinal locus (PRL)'
but, currently, the PRL location on the retina can be identi-
fied only with monocular instruments such as microperime-
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ters; we can infer the PRL locations during binocular viewing
only indirectly using research laboratory-based methods that
are difficult to access and/or use.® Second, the PRL is used to
perform visual tasks and redirect the eye movements consis-
tently to this reference point; in other words, the PRL serves
as the pseudo-fovea.> However, this role may be assumed
only by the PRL in the better eye (BE) and not necessarily
by that in the worse eye (WE). Macular degeneration is typi-
cally asymmetric,’> affecting one eye more than the other,
and it has been shown that the characteristics of the PRL in
the BE are different from those in the WE.'® For example, the
monocular PRL in the WE may fall onto the central scotoma
(lesion) and/or on the noncorresponding retinal location
relative to the PRL in the BE. Finally, the monocular PRLs
in the noncorresponding retinal locations may not reflect
their actual location during binocular viewing.'” It is unlikely
that the oculomotor system utilizes noncorresponding PRLs
during binocular viewing because this would lead to align-
ment problems and might result in double vision, unless
the visual input from the WE is suppressed during binocu-
lar viewing. Indeed, evidence from eye-tracking recordings
suggests that the PRL in the WE shifts location when view-
ing conditions change from monocular to binocular so that
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the WE’s fixation can be in the corresponding position with
that of the BE, even at the expense of this PRL landing onto
the area of the central lesion.® This kind of shift is rarely
observed for the PRL in the BE.!'®'1 These findings suggest
that patients have relatively good eye alignment; the BE has
the ability to bring the WE into alignment during binocu-
lar viewing regardless of the extent of retinal damage in the
weaker eye.?

Although it is possible to identify the monocular PRL
with imaging instruments, we do not have a clear under-
standing of what determines its location on the retina. A
few hypotheses have been proposed: (1) the function-driven
PRL hypothesis proposes that the PRL location is dictated
by the need to perform certain visual tasks, such as reading;
(2) the performance-driven PRL hypothesis suggests that the
part of the retina that provides the best vision determines
the PRL location; and (3) the retinotopy-driven PRL hypoth-
esis predicts that the PRL location is at the border of the
scotoma.?! Each of these hypotheses has merits, but none
is fully satisfactory: for example, it has been shown that
the monocular PRLs can be found in locations unsuitable
for reading,?**% not always at a place that would provide
the best visual performance,? and at times not quite at the
border of the scotoma, particularly for the WE.8:16.26

Herein, we propose a new hypothesis for the PRL loca-
tion that is dictated by the binocularity requirements for
correspondence. Given the evidence from eye-tracking stud-
ies that the PRL in the BE drives binocular control in most
cases,'® we considered this monocular PRL as the stable
reference point and examined the requirements for corre-
spondence for that in the WE. In addition, in view of the
large cortical representation of the foveal input*? and the
fact that the PRL in people with normal vision is fixed at the
fovea,”” we considered whether the BE had (i) any foveal
sparing or (ii) a central lesion that engulfed the fovea. The
following two principles are proposed:

Principle I: Foveal-Driven PRL

If there is a functioning retina within the foveal proximity in
the BE, then the PRL in this eye is at the fovea or, if this is
not available, at the shortest distance from it. During binocu-
lar viewing, the PRL in the WE will always be located in the
corresponding location with the PRL in the BE regardless
of the extent of retinal damage in the WE. The monocular
PRL in the WE will have three possible locations: (1) in the
corresponding location and on the functioning retina if it is
available; (2) in the noncorresponding location but on the
functioning retina at the edge of the central lesion, although
this PRL will move in a corresponding location during binoc-
ular viewing; and (3) in the corresponding location, within
the central lesion.

Principle II: Peripheral-Driven PRL

If a functioning retina is not available within the foveal prox-
imity in the BE, the PRL in this eye is on the peripheral func-
tioning retina, but its location depends on the status of the
WE. The following three situations are possible. (1) Equal-
sized central lesions: the monocular PRL in the BE is at a
location that allows for a PRL on the retinal correspondence
and on a functioning retina in the WE, rather than being at
a shortest distance from the former fovea. (2) Unequal-sized
central lesions: the monocular PRL in the BE is found at the
shortest distance from the former fovea, whereas that in the
WE is closer to a location that corresponds to the PRL loca-

IOVS | August 2022 | Vol. 63 | No.9 | Article 19 | 2

tion in the BE rather than to the former fovea. (3) Extensive
central lesions (>20 degrees): the PRL in the BE can change
location to optimize residual vision depending on the task,
whereas the PRL in both eyes may have limited functionality.

To test these hypotheses, we reviewed the PRLs in both
eyes of patients with macular degeneration, recorded in the
same visit. Unless otherwise specified, when we refer to the
PRL, we mean the PRL recorded during monocular viewing
with microperimeters.

METHODS
Participants

In this retrospective study, data from patients with macu-
lar degeneration who had fixation stability examination
performed in both eyes, in the same session, with the MP1
microperimeter (Nidek Technologies Srl, Padova, Italy) were
retrieved from our 16-year research database. In total, fixa-
tion stability examinations from 202 eyes of 101 patients
(mean age 79 +£ 10 years old) were included. All participants
were part of various research studies for which informed
consent was obtained and which adhered to the tenets of the
Declaration of Helsinki. Patients were included only if they
had no other serious ocular eye diseases and no neurologi-
cal or cognitive impairments. Those with mild cataract were
also included. Patients were recruited from the Eye Clinic at
the Toronto Western Hospital and the tests were performed
on the same day as their regular visit to the ophthalmolo-
gist. For each patient, the BE was typically identified as the
eye with a PRL on a functioning retina, with better fixation
stability and a smaller central lesion. This was a straightfor-
ward process in most cases because typically the disease is
not symmetric and affects one eye more than the other. In
10 cases, the BE was the eye with better fixation stability but
with a larger lesion measurement; in these cases, the BE had
either a ring scotoma or a patchy scotoma with an overall
size that was larger than that in the WE. In one case, the
BE was identified as the eye with poorer fixation stability,
but with a PRL on a functioning retina, located at 2 degrees
from the former fovea; in this case, the other eye had a
dense lesion and the PRL landed right onto it. This patient
maintained a stable fixation in the WE with the help of an
enlarged fixation cross that had its endings landing outside
the visible lesion. This patient’s visual acuity was available,
and this information confirmed that the BE was correctly
identified. Laboratory-based measures of visual acuity were
available for 136 eyes from 68 patients. These measurements
were obtained with the Early Treatment Diabetic Retinopa-
thy Study visual acuity test using a letter-by-letter scoring
system and reported in logMAR units. Among these patients,
six (9%) had equal visual acuities in both eyes, whereas for
all the others (91%) visual acuity in the BE was superior to
that in the WE. For those with equal visual acuity in the
two eyes, the BE had a smaller visible lesion and/or better
fixation. In two cases with equal damage and PRLs located
on functioning retina in the two eyes, but with no avail-
able visual acuity data, the BE was identified as the eye with
better fixation stability. In three cases with approximately
equal and extensive lesions in the two eyes, the BE had the
PRL on a functioning retina in far periphery, but with poorer
fixation stability than that in the WE. In these cases, the PRLs
in the WEs were always located onto the large lesion and
fixation stability was recorded using an enlarged fixation
Cross.
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Apparatus

Data were recorded with the MP-1 microperimeter using
the stand-alone fixation module (i.e. not recorded during
microperimetry examination) for short durations of 15 to
30 seconds. This instrument allows only monocular exami-
nations and is capable of recording the horizontal and verti-
cal fixational eye position at a sampling rate of 25 Hz in real
time. These fixational data points can be later registered on
the color fundus photographs offline. The center of the fixa-
tional cluster is considered the PRL location and the disper-
sion of the fixational points represent fixation stability. The
MP1 has a built-in polar grid that can be used to measure
the PRL location relative to a landmark (i.e. former fovea)
and the size of the central lesion. In addition, the fixation
stability test result is quantified with the bivariate contour
ellipse area (BCEA) and presented in the test’s output.

Procedure

The testing was performed in a dark room without the use
of mydriatic drops. Participants were seated with their head
on the headrest of the MP1 and the short fixation examina-
tion was performed for each eye while the other eye was
covered with an eyepatch. The fixation stimulus was a red
cross with a typical size of 3 degrees projected on the graph-
ics screen of the instrument, but in cases of poor vision, its
size was increased for better visibility. Patients were asked to
keep their gaze stable on the red cross and to blink as they
needed. Then, the stand-alone fixation examination test was
started and data were acquired for 15 to 30 seconds. At the
end of the fixation examination, a color fundus photograph
was taken. The fixation data points were registered with the
fundus photograph offline.

The absolute location of the PRL was determined using
two measures: (1) PRL distance from the former fovea, and
(2) the polar angle. These measures were obtained with
the MP1’s built-in polar grid, placed with its center at the
former fovea. The former fovea was estimated as the point
with coordinates of (15.5 degrees, —1.3 degrees) relative to
the middle of the optic disc, based on the average fovea
location of people with a healthy retina.??® Once placed,
the radial distance from the grid’s center to the middle of
the fixation points cluster determined the PRL distance from
the former fovea whereas the counter-clockwise angle from
the horizontal axis to the PRL determined the polar angle.
Corresponding monocular PRLs were considered those with
similar distance from the former fovea and polar angle in
the BE and the WE, with a greater tolerance for differences
in polar angle for the PRLs situated in foveal proximity in
the two eyes. The visible central lesion on the color fundus
photograph was deemed as the scotoma. The polar grid was
also used to measure the horizontal and vertical dimen-
sions of the visible lesion, and the average of these two
measurements was considered as the lesion size, measured
in degrees.® Fixation stability was quantified with the 68%
bivariate contour ellipse area (68% BCEA) value that was
taken directly from the output of the fixation test generated
by the MP1.

Data Analysis

The PRL location in the BE was used as the criterion to
split the sample into two groups to test: (1) the foveal-
driven PRL hypothesis if the PRL in the BE was in the foveal
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proximity, and (2) the peripheral-driven PRL hypothesis if
the PRL in the BE was in eccentric retina. The correspon-
dence of the monocular PRLs in the two eyes was analyzed
for each group. In addition, the outcome measures such as
PRL distance from former fovea, polar angle, lesion size,
and fixation stability were quantified for the BE and WE
in each group. Because the polar angle data are circular,
they were analyzed with the Watson’s U? nonparametric test
to compare the distributions of two samples, and with the
Watson-Williams F test for multiple comparisons of mean
direction. The watson.two.test and the watson.williams.test
functions from the Circular package 0.4-95 in R version 4.2.0
(R Foundation for Statistical Computing, Vienna, Austria)
were used to perform the circular data analysis. For the
Watson’s U? test, the BE’s and the WE’s polar angle data were
assumed to be independent samples. For the other outcome
measures, data were analyzed with parametric tests, such
as paired-samples i#-tests and mixed-factorial analyses of
variance (ANOVAs), as well as with nonparametric tests,
such as Wilcoxon signed-ranks test, using IBM SPSS Statis-
tics for Windows version 28.01.1 (IBM Corp., Armonk, NY,
USA). A logarithmic transformation was applied to the BCEA
values in order to produce a normal distribution. The effects
of the eye (BE and WE) and subgroup on the outcome
measures (excluding the polar angle) were tested separately
for the foveal- and peripheral-driven PRL groups with 2
X 3 mixed-factorial ANOVAs, using a univariate criterion
with a Greenhouse-Geisser correction. The familywise error
rate across the pairwise comparisons was controlled with a
Bonferroni approach. Alpha level was set at 0.05 for all tests.

RESULTS
Foveal-Driven PRL

The PRL in the BE was in the foveal proximity for 55 patients
(mean age 79 + 8 years), with an average distance from the
former fovea of 1.1 £ 0.99 degrees (range = 0-3 degrees,
95% confidence interval [CI] = 1.1 £ 0.26 degrees). The loca-
tion of these PRLs may have been foveal in the majority of
patients; the reported offset and variability could represent
individual differences in the fovea location relative to the
middle of the optic disc. In people with healthy vision, the
variability in the fovea location from the middle of the optic
disc is between 0.86 and 1.1 degrees in the horizontal direc-
tion and between 0.71 and 0.9 degrees in the vertical direc-
tion. 24

In the WE, the PRL was at a significantly larger distance
from the former fovea (Wilcoxon signed-ranks test z = 4.8,
P < 0.001), fixation stability was poorer (t(54) = 5.78, P
< 0.001), and the central lesion size was bigger (t(54) =
4.76, P < 0.001) than in the BE. Moreover, the distribution
(around a circle) of the polar angle for the PRLs in the WE
was significantly different from that for the PRLs in the BE,
Watson’s U? = 0.29, P < 0.05. Visual acuity was available for
41 patients (75%) in this group. In this group, visual acuity
of the BE (mean visual acuity, 0.35 £ 0.20 logMAR) was
significantly better than that of the WE (mean visual acuity,
1.08 £ 0.73 logMAR, t(40) = 6.57, P < 0.001).

We further explored the correspondence of the monocu-
lar PRL in the WE with that in the BE. The PRL in the WE
had three possible positions relative to the PRL in the BE:
subgroup A on functioning, corresponding retinal location
(N = 13); subgroup B on functioning, noncorresponding reti-
nal location (N = 16); and subgroup C on corresponding,
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BE

Ficure 1. Foveal-driven PRL. For patients with the monocular PRL in the BE in foveal proximity, the monocular PRL in the WE had three
possible locations. Panel (A) shows a patient with large central lesions and with foveal sparing in both eyes, with the PRLs in the two
eyes in corresponding, functioning retinal locations. Panel (B) shows a case of a patient with the PRL in the WE on functioning, but not in
corresponding retinal location with that in the BE; the corresponding PRL would fall onto the central lesion, as illustrated by the blue cross.
Panel (C) shows a patient with a PRL in the WE that is not on functioning retina (it falls onto the central lesion), but it is in corresponding

location.

nonfunctioning retinal location (N = 26). These 3 situations
covered 100% of the cases; no PRL was located further away
in eccentricity in the BE to allow for a PRL on functioning
and corresponding retinal location in the WE. Examples from
each subgroup are shown in the panel from Figure 1.

We further examined whether there were any differences
in the outcome measures for the three subgroups. For this,
we first used separate 2 (eye: BE and WE) x 3 (subgroups: A,
B, and C) mixed-factorial ANOVAs for the linear data; that is,
3 separate analyses for PRL distance from the former fovea,
fixation stability, and lesion size. For the PRL distance from

the former fovea, the main effect of eye (F(1,52) = 62.1, P
< 0.001, partial n?> = 0.54), the subgroup effect (F(2,52) =
10.2, P < 0.001, partial n? = 0.28), and the eye x subgroup
interaction effect (F(2,52) = 29.2, P < 0.001, partial n* =
0.53) were all significant. Pairwise comparisons after the
significant interaction revealed that in subgroup B, the PRL
distance from the former fovea was greater for the WE than
for the BE (P < 0.001). In addition, the PRL distance from the
former fovea in the WE was significantly greater in subgroup
B than in subgroups A and C (P < 0.001). For the logBCEA,
the main effect of eye (F(1,52) = 27.3, P < 0.001, partial
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TaBLe 1. Mean (£SD) of the Four Outcome Measures of the BE and the WE for the Three Subgroups in the Sample of Patients With the

PRL in the BE in Foveal Proximity

Subgroup A Subgroup B Subgroup C

PRL distance (degrees)

BE 0.9 £ 0.9 1.1 + 1.1 1.2 £ 1.0

WE 1.0 £ 1.1 4.7 £ 25 19 + 1.3
68% logBCEA (degrees?)

BE —0.53 £ 0.27 —0.31 £ 0.45 —0.28 £+ 0.56

WE —0.23 £+ 0.45 0.09 £+ 0.45 0.19 + 0.53
Lesion size (degrees)

BE 10.2 £ 5.2 7.6 £ 55 7.0 £ 58

WE 12.0 £ 3.4 119 + 4.2 11.8 + 4.5
PRL polar angle (degrees)”

BE 96 + 115 88 + 106 129 + 117

WE 111 £+ 131 183 £+ 85 133 £+ 102

Abs (BE-WE)" 28.4 85.3 41.9

"The polar angle data are circular, but the means (£SD) are also reported as linear data as well, for ease of comparison with other

reports.
T The mean direction of circular data.

n* = 0.34) was significant, but there was no interaction effect
and the subgroup effect also failed to reach significance (P
= 0.055). Overall, fixation stability was better for the BE
than for the WE. For the lesion size, the main effect of eye
was significant, F(1,52) = 17.7, P < 0.001, partial n* = 0.25,
but there was no significant interaction or subgroup effect.
Overall, the lesion size in the BE was smaller than that in
the WE. For the polar angle, we first reduced the analysis
to a simple comparison for three groups by computing the
absolute difference between the BE and WE values (i.e. abs
[polar angle BE- polar angle WE]) and then analyzed the data
with the Watson-William F test for circular data. The analy-
sis was not significant, F(2,52) = 0.82, P = 0.45. The means
(£SD) of the outcome measures are shown in Table 1 along
with the circular means of the absolute difference between
the polar angles of the 2 eyes, for the 3 subgroups.

The median absolute difference in the PRL distance
from the former fovea between the 2 eyes was 0 degrees
(range = 0-1.5 degrees) for subgroup A, 3.75 degrees
(range = 0-7 degrees) for subgroup B, and 0.5 degrees
(range = 0-3 degrees) for subgroup C. In subgroup B, the
only case with equal PRL distance from the former fovea in
both eyes (i.e. difference of 0 degrees in this measure) had
the PRLs at eccentricity of 2 degrees, but at much different
polar angles and were not in corresponding retinal locations.
Likewise, the median absolute difference in the lesion size
between the 2 eyes was 0.5 degrees (range = 0-9.5 degrees)
for subgroup A, 2.75 degrees (range = 0.5-19 degrees) for
subgroup B, and 4.75 degrees (range = 0.5-19 degrees) for
subgroup C.

Peripheral-Driven PRL

The PRL in the BE was located in the functioning peripheral
retina for 46 patients (mean age = 78 £ 12 years), at an
average distance from the former fovea of 6.9 & 3.4 degrees
(range = 3-19 degrees; 95% CI = 6.9 + 0.97 degrees). In
the WE, the PRL was at a significantly larger distance from
the former fovea (Wilcoxon signed-ranks test z = 2.99, P
= 0.003), fixation stability was poorer (t(45) = 4.58, P <
0.001), and the central lesion size was bigger (t(45) = 5.5, P
< 0.001) than in the BE. The distribution (around a circle) of
the polar angle for the PRLs in the WE was not significantly
different from that of the PRLs in the BE, Watson’s U? =

0.04 < critical value of 0.18 for alpha level of 0.05. In this
group, visual acuity was available for 27 patients (59%). For
them, visual acuity of the BE (mean visual acuity = 0.66 +
0.25 logMAR) was significantly better than that of the WE
(mean £ SD = 0.98 + 0.42 logMAR, t(26) = 3.8, P = 0.008).

As with the previous analysis, we explored the correspon-
dence of the monocular PRL in the WE with that in the BE.
The monocular PRL in the WE had three possible positions
relative to the PRL in the BE, depending on the lesion size in
both eyes: subgroup D on functioning, corresponding reti-
nal location observed in patients with similar central lesions
in the two eyes (N = 15), subgroup E on noncorrespond-
ing retinal location generally closer to a point correspond-
ing to the PRL in the BE rather than to its former fovea,
observed in patients with unequal lesions in the two eyes (V
= 19), and subgroup F at extreme eccentricity or not devel-
oped, observed in patients with extensive damage (lesion
size >20 degrees) in the two eyes (V= 12). Examples from
each subgroup are shown in the panels in Figure 2.

For this analysis too, we examined whether there
were any differences in the outcome measures for the
3 subgroups, using separate 2 (eye: BE and WE) x 3
(subgroups: D, E, and F) mixed factorial ANOVAs for the PRL
distance from the former fovea, fixation stability, and lesion
size. For the PRL distance from the former fovea, the main
effect of eye (F(1,43) = 4.7, P = 0.036, partial n*> = 0.10),
the subgroup effect (F(2,43) = 10.3, P < 0.001, partial > =
0.32), and the eye x subgroup interaction effect (F(2,43) =
3.7, P=0.033, partial n? = 0.15) were all significant. Pairwise
comparisons after the significant interaction revealed that in
subgroup E, the PRL distance from the former fovea was
significantly larger in the WE than in the BE (P < 0.001). In
addition, for the BE, the PRL distance from the former fovea
was significantly larger in subgroup F than in subgroups D
and E (P < 0.001), whereas for the WE, it was only signifi-
cantly larger in subgroup F than in subgroup D (P = 0.009).
For the 1ogBCEA, the eye (F(1,43) = 19.2, P < 0.001, partial
n* = 0.31), subgroup (F(2,43) = 4.1, P = 0.02, partial n* =
0.16), and eye x subgroup (F(2,43) = 3.9, P = 0.03, partial
n? = 0.15) interaction effects were all significant. Pairwise
comparisons after the significant interaction showed that in
subgroup E, fixation stability was significantly poorer in the
WE than in the BE (P < 0.001). In addition, for the BE, fixa-
tion stability was poorer in subgroup F than in subgroup
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Figure 2. Peripheral-driven PRL. For patients with monocular PRL in the BE in eccentric retina, the PRL locations depends on the nature
of the central lesions in both eyes. Panel (D) shows a patient with equal damage to the two eyes; the PRL in the BE is at a distance that
allows retinal correspondence in the WE and not at the closest distance from the former fovea (symbolized by the green cross). Panel (E)
shows a case of a patient with unequal lesions to the two eyes; the PRL in the WE is at a closer distance from a location corresponding to
the PRL in the BE (ved star) rather than from the former fovea (blue cross), even when functioning retina at smaller eccentricity is available
(green cross). Panel (F) shows a patient with extensive central retinal damage in both eyes; the PRLs develop in far eccentricity.

E (P = 0.04) but the comparison between subgroup F and
subgroup D failed to reach significance (P = 0.06). More-
over, for the WE, fixation stability was better in subgroup D
than in subgroup F (P = 0.04), but the comparison between
subgroup D and subgroup E failed to reach significance (P
= 0.00). Likewise, for the lesion size, the eye (F(1,43) = 47.5,
P < 0.001, partial n* = 0.53), subgroup (F(2,43) = 51.7, P
< 0.001, partial n?> = 0.71), and eye x subgroup interac-
tion effects (F(2,43) = 29.6, P < 0.001, partial n? = 0.58)
were all significant. Pairwise comparisons after the signifi-
cant interaction showed that in subgroup E the lesion size
was significantly smaller in the WE than in the BE (P <
0.001). In addition, for the BE, the lesion size was signifi-

cantly larger in subgroup F than in subgroups D and E (P
< 0.001), whereas for the WE, it differed significantly for all
subgroups (P < 0.001). For the polar angle, we first reduced
the analysis to a simple comparison for 3 groups by comput-
ing the absolute difference between the BE and WE values;
the Watson-William F test was not significant, F(2,43) = 0.45,
P = 0.64. The means (£SD) of the outcome measures are
shown in Table 2. For ease of comparison with other reports,
we also included the values of the polar angle as linear, along
with the mean direction of the computed circular variable for
the three subgroups.

The median absolute difference in the PRL distance
from the former fovea between the 2 eyes was 0 degrees
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TaBLE 2. Mean (£SD) of the Four Outcome Measures of the BE and
the WE, for the Three Subgroups in the Sample of Patients With the
PRL in the BE in Retinal Eccentricity

Subgroup D Subgroup E Subgroup F

PRL distance (degrees)

BE 55+ 1.4 55 + 2.1 10.8 £ 3.7

WE 58 £ 1.9 79 + 3.4 10.8 £ 6.5
68% logBCEA (degrees?)

BE 0.20 + 0.43 0.19 £+ 0.40 0.59 + 0.41

WE 0.34 £ 0.53 0.73 £ 0.51 0.80 = 0.31
Lesion size (degrees)

BE 11.8 + 3.4 129 + 4.2 25.7 £ 4.0

WE 12.6 + 3.0 20.1 £ 3.9 26.3 + 4.3
PRL polar angle (degrees)”

BE 138 + 62 158 + 64 118 £+ 60

WE 137 + 67 138 £+ 79 115 + 98

Abs (BE-WE)" 25.4 40.7 26.3

" The polar angle data are circular, but the means (+SD) are also
reported as linear data, for ease of comparison with other reports.
fThe mean direction of circular data.

(range = 0-2 degrees) for subgroup D, 2 degrees (range = 0-
8 degrees) for subgroup E, and 0 degrees (range = 0-
8 degrees) for subgroup F. Likewise, the median absolute
difference in the lesion size between the 2 eyes was 0.5
degrees (range = 0-3 degrees) for subgroup D, 7 degrees
(range = 2-16 degrees) for subgroup E, and 0 degrees
(range = 0-3.5 degrees) for subgroup F. In subgroup E (i.e.
unequal lesions), 2 patients had a difference in lesion size of
only 2 degrees, produced by a large but relatively functional
lesion in the BE (i.e. 17 degrees and 18 degrees, respec-
tively). For them, the PRL in the BE was located at an eccen-
tricity of 4 degrees and 5 degrees, respectively.

Visual acuity for the BE and for the WE are presented for
all subgroups (i.e. subgroups A to F) in Table 3, based on the
available data. Visual acuity results for subgroup F should be
interpreted with caution because it includes data from only
three patients.

DiscussION

The knowledge about what determines the location of the
PRL is important not only from a basic science perspec-
tive to understand the oculomotor adaptation when its refer-
ence position is altered, but also from a clinical perspective
because this information is crucial for deciding the course of
treatment, intervention, and rehabilitation in patients with
macular degeneration. The existing theories cannot fully
explain the PRL location.?! In this study, we proposed a
new hypothesis for the PRL location based on binocular-
ity requirements for correspondence, and we tested it on a
large number of patients. Our hypothesis considers (1) the
fact that macular degeneration is often asymmetric affect-
ing one eye more than the other, (2) the natural viewing
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condition is binocular whereas the PRL location is recorded
during monocular viewing, (3) monocular PRL in the BE
usually drives binocular control, and (4) there is a need
for PRL correspondence during binocular viewing (unless
the WE is suppressed). The results presented in this study
strongly support our hypothesis. The foveal-driven PRL and
peripheral-driven PRL principles are discussed separately
below.

Foveal-Driven PRL

We hypothesized that the PRL is in the foveal proximity in
the BE if functioning central retina exists in this eye. This
monocular PRL also drives binocular control regardless of
the status of the WE and is never found at a larger eccentric-
ity to facilitate retinal correspondence with the PRL in the
WE. In other words, this PRL location in the BE will be fixed
for monocular and binocular viewing. This is because during
foveal viewing there is a strong neural activation involv-
ing the large foveal retinotopic cortex, which is unlikely to
be silenced in favor of a weaker peripheral stimulation.?
The human visual system has developed in such a way as
to use the fovea as the reference point for the oculomotor
system — an evolutionistic mechanism that may be difficult to
suppress.’® Therefore, in these patients with the monocular
PRL in the BE in the foveal proximity, the monocular PRL in
the WE may have three possible locations, as follows. First,
if a functioning retina exists in the foveal proximity in the
WE as well, the PRL is found on a corresponding central
location (see Fig. 1A). These patients are likely to have good
visual acuity and residual stereopsis but may have deficien-
cies in reading abilities. Second, in some patients with abso-
lute central lesions in the WE, the monocular PRL in this eye
is on eccentric functioning retina, but on a noncorrespond-
ing location (see Fig. 1B). For these patients, this PRL in the
WE should move its location during binocular viewing to
be in a corresponding position with that of the BE but this
location will fall onto the central lesion (see blue cross in
Fig. 1B). Third, other patients with absolute central scotoma
in the WE have the PRL in a corresponding location with that
from the BE, even though it falls onto the central lesion (see
Fig. 1C). Regardless of whether the monocular PRL in the
WE in patients with central damage in this eye is on func-
tioning retina or not (i.e. Figs. 1B, C), the binocular need for
correspondence will lead to the same result, namely this PRL
will fall onto the central lesion during binocular viewing.
Consequently, these patients may be more prone to binocu-
lar inhibition of visual functions.'?!7-3! Interestingly, these 3
situations explain 100% of cases of patients with a PRL in the
BE in the foveal proximity, providing strong support for the
foveal-driven PRL principle particularly for the simple task of
fixation. Evidence from binocular recordings during a fixa-
tion task also indicates that indeed the monocular PRL in the

TaBLE 3. Mean (£SD) Visual Acuity for the BE and the WE for all Subgroups, Based on the Available Data

Foveal-Driven
PRL (logMAR)Subgroup

Peripheral-Driven
PRL (logMAR)Subgroup

A (10/13) B (13/16)
BE 0.32 £0.2 0.36 £+ 0.2
WE 0.66 + 0.4 0.94 + 0.4

C (18/26)
0.37 £0.2
1.38 £ 0.9

D (13/15) E (11/19) F (3/12)
0.61 + 0.2 0.63 + 0.2 1+0.27
0.79 + 0.2 1.24 £ 05 1+0.12

The number of patients for whom the visual acuity data were available is shown in brackets along with the total number of patients

included in each subgroup.

" Interpret with caution; visual acuity data were available from only 3 patients in subgroup F.
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BE also drives binocular control,®'81*:32 but more research
involving other tasks is needed to strengthen this conclu-
sion. These patients are not likely to respond well to reha-
bilitation techniques involving PRL relocation, although this
needs to be confirmed in future studies.

Peripheral-Driven PRL

We also hypothesized that when the central lesion involves
the foveal region in the BE, the monocular PRL is on func-
tioning peripheral retina at the border of the visible lesion
at a location that increases the chance for visual input
from both eyes. In other words, the monocular PRL loca-
tion depends on the status of the other eye to maximize
correspondence and the function of peripheral vision during
binocular viewing. Depending on the size of the central
lesion, three situations can be encountered, as follows. First,
for patients with approximately equal damage in both eyes,
the PRL in the BE is found in the peripheral retina at a loca-
tion that allows for correspondence on the functioning retina
for the PRL in the WE. This means that the PRL is not neces-
sarily at the shortest distance from the former fovea, but
rather in a location to maximize the peripheral input from
both eyes. The example shown in Figure 2D shows that the
functioning retina was available at a shorter distance from
the former fovea (green cross in Fig. 2D) than the recorded
PRL in the BE; however, if that location is selected instead,
the corresponding PRL in the WE would have fallen onto
the lesion (red star in Fig. 2D). The actual PRL in the BE
at a larger distance from the former fovea allows for the
occurrence of a corresponding PRL in the WE on the func-
tioning retina. We found that 100% of patients with approxi-
mately equal central lesions involving the fovea have monoc-
ular PRLs on a functioning retina in both eyes and in corre-
sponding locations. The neural activation of the visual cortex
is smaller in area for peripheral compared to foveal input
and the strength of this activation depends mostly on the
eccentricity per se rather than the angular location at a
given eccentricity.>®> Therefore, it is reasonable to assume
that methods of rehabilitation involving PRL retraining to a
location more favorable for reading would be beneficial for
these patients given that the trained PRL changes only the
polar angle but retains the same eccentricity and the trained
PRLs fall onto functioning corresponding locations in both
eyes.

Second, for patients with unequal damage to the two
eyes, the monocular PRL in the BE is at the border of the
central lesion, at the shortest distance from the former fovea
and it is most likely the new reference point for the oculomo-
tor system. We found that for these patients, a corresponding
PRL in the WE would fall onto the lesion in 100% of cases.
The PRL in the WE is not always functional (i.e. falling onto
the central lesion in 47% of cases), in a noncorresponding
retinal location with that in the BE, but generally closer to
a location corresponding to the PRL in the BE than to its
former fovea (i.e. in 68% of cases). Figure 2E shows an exam-
ple of a patient with the PRL in the BE at a closest available
functioning retina from the former fovea. The PRL in the WE
is at a location that is closer to the corresponding PRL in the
BE (red star in Fig. 2E) rather than the former fovea, even
when a functioning retina is available at a smaller eccentric-
ity (green cross in Fig. 2E). This suggests that the monocular
PRL in the BE also drives binocular control, bringing the
WE into alignment during binocular viewing. Rehabilitation
efforts for improving fixation stability and PRL relocation
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to a more suitable location for reading when healthy retina
exists at the same eccentricity should focus only on the BE.

Third, for patients with extensive damage (lesion size >20
degrees) in the two eyes, the PRL in the BE is at extreme
eccentricity (see Fig. 2F). In our previous research, we found
that in these cases the PRL in the BE is likely to shift posi-
tion from monocular to binocular viewing® suggesting that
the location of this PRL is plastic and likely used sporadi-
cally for the short task at hand, such as spot reading or fixa-
tion for a brief period. Its eccentricity may be too strenuous
for sustained function, and it may have limited functional
usability. For these people, the monocular PRL in the WE
is either found in far periphery beyond 12 degrees eccen-
tricity (50% of cases) or not developed (50% of cases). A
corresponding location with the PRL in the BE would fall
onto the central lesion in the WE in 83% of cases. Given
the mobility of the location of the PRL in the BE in patients
with extensive central lesions demonstrated in our previous
work, we refrain from proposing that this PRL drives binoc-
ular control, although we recommend that methods of PRL
rehabilitation should be used for both eyes for these patients
to optimize their residual vision. Alas, the improvement of
visual function is expected to be marginal.

Outcome Measures

An extensive and detailed analysis has been performed for
the outcome measures of the 202 eyes (101 BE and 101
WE) with macular degeneration included in this study: PRL
distance from the former fovea, polar angle, fixation stabil-
ity, and lesion size. For both those included in the foveal-
driven PRL group and in the peripheral-driven PRL group,
one clear conclusion emerges: overall, the monocular char-
acteristics of the PRL in the BE are different from those of
the PRL in the WE. Therefore, it is paramount that a distinc-
tion between the BE and the WE is made when evaluat-
ing the PRL and its relationship with visual functions. This
is an important conclusion that we previously emphasized
because typically the monocular PRL in the BE also drives
binocular control whereas the WE’s need for binocular corre-
spondence and oculomotor coordination often would result
in dramatic changes in the PRL characteristics in this eye
when the viewing condition changes from monocular to
binocular viewing.>'®19-32 Moreover, this study shows that
the monocular PRL in the WE might fall onto the central
lesion and, therefore, any relationships between PRL char-
acteristics and visual functions are irrelevant, unless they
are evaluated in the framework of binocular function. It has
been shown that patients with monocular PRLs in noncorre-
sponding locations are more likely to show binocular inhi-
bition of visual functions.'?!”

Two notable exceptions regarding the need to distinguish
between the BE and the WE are in patients with foveal spar-
ing in both eyes (i.e. foveal-driven PRL, subgroup A) and
in those who have the sizes of the central damage approx-
imately equal in the two eyes (i.e. peripheral-driven PRL,
subgroup D). In each of these two subgroups, the outcome
measures of the BE and the WE are relatively equivalent,
resulting in the monocular PRLs being in corresponding reti-
nal locations and on a functioning retina in both eyes. For
these patients, the monocular and binocular characteristics
of the PRLs are expected not to change from monocular to
binocular viewing. These patients are most likely to preserve
some binocular visual functions, such as residual stereopsis
and binocular summation.
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Caveats

The data presented in this paper were recorded during a
fixation task, but the question of whether the same PRL is
used for other tasks remains to be elucidated. In our opin-
ion, the foveal-driven PRL is not likely to change location
significantly with the task because the oculomotor system is
designed to use the fovea as the reference position; the eye
movements used to perform more naturalistic tasks, such
as reading, cooking, or watching television, are made using
this reference point. However, a peripheral-driven PRL could
change its location with the task more easily, as evidenced
by the successful training of a new PRL for reading.3* In
addition, Crossland and colleagues® examined the PRL in
the BE for fixation on a point and for reading single words.
Visual inspection of the PRLs for the two tasks indicated that,
generally, eye position data overlap, but they seem to do so
more for the patients with a PRL closer to the fovea (i.e.
foveal-driven PRL) than for those with a PRL in the eccentric
retina (i.e. peripheral-driven PRL), as shown in their figure
1. In addition, for the specific task of fixation, it appears
that the PRL in the BE of patients with long-lasting macular
disease maintains its overall location over time, suggesting
that the oculomotor system recalibrates its reference point
to this location with the passage of time.® If this recalibra-
tion occurs, it is likely that the PRL would serve the role of a
pseudo-fovea and eye movements used in more naturalistic
tasks are made using this reference point. However, more
research is needed to confirm these suppositions.

Although we did not specifically report multiple PRLs
for any of the eyes, the principles we propose imply that
some eyes would use two PRLs whereas others only one
for the simple task of fixation, when the viewing condition
changes from monocular to binocular viewing. Specifically,
we assumed that the monocular PRL in the BE also drives
binocular control and — if the monocular PRL in the WE is
not in a corresponding location with that from the BE — the
WE would have to use a different PRL for binocular view-
ing that is aligned with the PRL in the BE (unless the WE is
suppressed). In addition, for patients with extensive damage
to the two eyes who have monocular PRLs in extreme eccen-
tricity, we were reluctant to assume that there is one PRL
that drives binocular control. We have shown that for these
patients the PRLs in both eyes can move with the viewing
condition.® Therefore, the principles we propose allow for
the existence of multiple PRLs, particularly for the WE with a
noncorresponding monocular PRL, or when both eyes have
extensive damage, but less so in those with the PRL in the
BE near the fovea. The issue of multiple PRLs used for the
same task under different viewing conditions is important,
but their incidence reported in the literature appears to be
low for the BE. In their seminal paper, Lei and Schuchard®®
reported that the PRL changed location with the illuminance
level but only in 9.7% of their sample (31 eyes from 28 out of
288 patients). Among these, only 3 patients shifted the PRL
in both eyes; in 25 patients, the PRL shifted in only one eye.
They also reported that this happened only for patients with
relative scotomas, but not all patients with a relative scotoma
had a PRL shift. A much higher incidence of PRL shift (15 out
of 27 eyes) was detected with change in brightness level, but
this was reported only for the monocular PRLs in the WE,
particularly for those situated in the eccentric retina (13 out
of 15 eyes).>” Moreover, in their excellent paper, Reinhard
and colleagues® found 2 PRLs in the same eye in only 3
instances out of 60 eyes with Stargardt’s disease. Using the
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kernel density estimator, Crossland and colleagues® found
multiple PRLs in patients with newly developed macular
disease, but this suggests that the PRL takes time to establish.
Indeed, they later reported that the number of patients using
only one PRL increased substantially in a span of 1 year from
disease onset.*

CONCLUSION

In this study, we tested the hypothesis that binocularity
requirements for correspondence play an important role
in determining the PRL location in patients with macu-
lar degeneration. We formulated two principles based on
whether the BE has foveal sparing (foveal-driven PRL) or
central lesions affecting the fovea (peripheral-driven PRL).
Accordingly, the monocular PRL in the WE has different
conditions, but should be evaluated in the context of binoc-
ular vision, because there are situations in which the char-
acteristics of the monocular PRL in this eye become mean-
ingless in the more naturalistic binocular viewing. From the
data analyzed in this study, it appears that the visual system
in macular degeneration is driven by principles that tend
toward optimizing the function of the whole visual system
and not just components of the system. Based on the infor-
mation presented here, a classification system of the PRL
location emerges that enhances our understanding of how
the visual system works in macular disease and how this
information can be used in visual rehabilitation and amelio-
ration in these patients.
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