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Purpose: To define relationships among contrast sensitivity (CS), equivalent intrinsic
noise (Neq; a measure of noise within the visual pathway), and retinal thickness in
X-linked retinoschisis (XLRS).

Methods: Nine XLRS and 10 visually-normal subjects participated. CS was measured in
thepresence and absence of luminance noise. These datawere fitwith a standardmodel
to estimate Neq and sampling efficiency (an estimate of the ability to use stimulus infor-
mation).Optical coherence tomography imageswereobtained toquantify outer nuclear
layer (ONL+) and outer segment (OS+) thickness. A linear structure-function model
was used to describe the relationship between CS and the product of ONL+ and OS+
thickness.

Results: CS in the absence of noise (CS0) for the XLRS subjects ranged from normal
to as much as 1.5× below the lower limit of normal. Four of the nine subjects with
XLRS had abnormally high Neq, whereas two others had sampling efficiency that was
borderline abnormal. LogCS0 for the subjectswithXLRSwas correlated significantlywith
log Neq (r= −0.78, P= 0.01), but not with log efficiency (r= 0.19, P= 0.63). CS0 and Neq,
but not efficiency, conformed to the linear ONL+ × OS+ structure-function model.

Conclusions:TheXLRS subjects in this studywhohadelevated internal noisehadabnor-
mally low CS; both internal noise and CS fell within the predicted limits of a structure-
function model.

Translational Relevance: Internal noise measurements can provide insight into a
source of CS loss in some individuals with XLRS.

Introduction

X-linked retinoschisis (XLRS) is caused by
mutations in the Retinoschisin 1 (RS1) gene and is
one of the most common juvenile onset vitreoreti-
nal degenerative diseases.1–4 The fundus of patients
with XLRS is characterized by spoke-wheel-like
cystic changes within the foveal region. A peripheral
retinoschisis can also be observed, most frequently in
the temporal retina.3 In addition to the spoke-wheel-
like pattern of cysts noted on a clinical fundus exami-
nation, optical coherence tomography (OCT) imaging
can show inner-retina schisis and thinning of the
photoreceptor layer.5 The most common initial clinical
presentation is reduced visual acuity (VA), often by

10 years of age.6 Although VA is not correlated with
cystic cavity volume7 or total retinal thickness,5 there
is a correlation with photoreceptor outer segment
thickness.5

In addition to VA loss, there are reports of contrast
sensitivity (CS) reductions in individuals with XLRS
that have been measured using both sinewave grating
targets8 and letters.7,8 CS quantifies the ability to
discern differences in luminance, most commonly
measured under photopic conditions, and is an essen-
tial aspect of visual function. Contrast processing
forms the basis for the perception of objects and
CS losses are correlated with difficulty in perform-
ing tasks of daily living.9,10 Studies in subjects with
XLRS have shown that the extent of CS loss is
dependent on the characteristics of the stimulus. For
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example, sensitivity for low spatial frequency gratings,8
large letters,7,8 and diffuse full-field flashes11 may
be normal or only mildly reduced, whereas CS for
moderate to high frequency sinewave gratings can
be reduced substantially.8 The factors that underlie
CS loss in subjects with XLRS, when present, are
uncertain.

One potential explanation for the reduced CS comes
from single cell recordings in Rs1 mutant mice, which
have elevated background activity (“noise”).12 Specif-
ically, single cell recordings from retinal ganglion cells
(RGCs) showed elevated spontaneous RGC activity in
young Rs1 mice compared to wild type mice.12 The
elevated spontaneous activity resulted in a decreased
signal-to-noise ratio, which is anticipated to reduce
sensitivity. Consistent with this finding, it has been
proposed that a number of retinal diseases can be
characterized by high levels of noise within the visual
pathway,13 which was supported by measurements
in subjects with retinitis pigmentosa14 and diabetic
retinopathy.15

Studies of noise in visually-normal individuals
and in patients with visual dysfunction have used
the “equivalent input noise method” to noninva-
sively estimate the amount of noise within the visual
pathway.13–18 With this approach, CS measurements
are made in the presence and absence of additive
white luminance noise. These measurements are then
analyzed using a model of human performance in
noise, such as the linear amplifier model (LAM).19
The LAM factors performance into two independent
components: (1) equivalent intrinsic noise, which is
an estimate of the amount of noise within the visual
pathway; (2) sampling efficiency, which represents the

subject’s ability to optimally utilize stimulus informa-
tion.19

In the present study, CS was measured in subjects
with XLRS against a uniform field and in the presence
of different levels of white spatial luminance noise. The
LAM was used to estimate equivalent intrinsic noise
and sampling efficiency. These data were compared to
those obtained from visually-normal control subjects.
Additionally, measures of equivalent intrinsic noise,
sampling efficiency, and CS were compared to retinal
thickness, obtained by OCT, to determine whether
structural changes of the outer retina are associated
with these psychophysical parameters.

Methods

Subjects

The study was approved by an institutional review
board of the University of Illinois at Chicago and
tenets of the Declaration of Helsinki were followed.
All subjects provided written informed consent prior
to participating. Nine unrelated male subjects with
a clinical diagnosis of XLRS (ages 18 to 49 years)
were recruited from the cohorts of the Chicago Light-
house and the University of Illinois at Chicago, Illinois
Eye and Ear Infirmary. These 9 subjects partici-
pated in a previous visual field perimetry study20 and
their clinical characteristics are described therein. In
brief, the subjects with XLRS had typical fundus
features, electroretinogram abnormalities, and VA loss.
A mutation in the RS1 gene was documented in
each individual. Table lists the age, visual acuity,

Table. Subject characteristics
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Pelli-Robson chart CS, RS1 mutation, and carbonic
anhydrase inhibitor use at the time of testing. Ten
visually-normal control subjects (six male and four
female; ages 23 to 42 years) with no history of eye
disease, normal distance VA, and normal CS assessed
with the Pelli-Robson chart also participated in the
study. Of note, there were no apparent differences in
visual function (acuity, CS, internal noise, efficiency)
between the male and female control subjects, so
the male and female control data were combined for
comparison to the male XLRS subject data. These
control subjects also participated in the previous visual
field perimetry study.20 An independent samples t test
indicated that the mean age of the controls (29 years)
did not differ from that of theXLRS subjects (31 years)
significantly (t = 0.40, P = 0.69).

Stimuli and Instrumentation

Stimuli were generated using a Cambridge Research
Systems ViSaGe stimulus generator (Cambridge
Research Systems, Ltd., Rochester, Kent, UK) and
were displayed on a Mitsubishi Diamond Pro (2070)
CRT monitor (Mitsubishi Electric Corp., Tokyo,
Japan), as described elsewhere.21,22 The monitor
was viewed monocularly through a phoropter with
the subject’s optimal refractive correction. A 3.0
mm artificial pupil was mounted on the eyepiece
of the phoropter to control retinal illuminance.
The luminance values used to generate the stimuli
were confirmed using a Minolta LS-110 photometer
(Konica Minolta, Tokyo, Japan) and the temporal
characteristics of the display were confirmed using an
oscilloscope and photocell.

The test stimuli consisted of 10 letters from the
Sloan set (C, D, H, K, N, O, R, S, V, Z) that
were constructed according to published guidelines23
and have been shown to have similar thresholds for
measurements made in the presence and absence of
luminance noise.24 The letter size was equivalent to
1.4 log MAR (approximately 20/500 Snellen). Large
letters were selected as test targets to ensure that
the reduced visual acuity of the subjects with XLRS
did not confound the CS measurements. In addition,
letters are far more widely used in the clinic, as
compared to sinewave grating targets. The disadvan-
tage of large letter targets, however, is that letter
CS loss in subjects with XLRS is more subtle than
that measured with high frequency gratings.8 The
letter target was presented at the center of a uniform
achromatic field (50 cd/m2) or in a static noise field
of the same mean luminance (the field covered an
area that was approximately twice as large as the
letter). The noise consisted of independently generated

Figure 1. Schematic illustration of the sequence of stimulus
presentation. A letter target was presented for 200 ms in a field of
static white spatial luminance noise (shown) or against a uniform
field (no noise; not shown). For measurements in noise, 100 ms of
noise preceded and followed the letter presentation.

square checks with luminances drawn randomly from
a uniform distribution. Each noise check subtended
0.14° by 0.14°, which corresponds to three noise checks
per letter stroke width. The noise spectral density (N)
was computed as the product of squared root mean
square (rms) contrast and check area.25 N ranged from
0 to 4.4 × 10−4 deg2 in five steps, each separated by 0.8
log units.

As illustrated in Figure 1, the letter and noise were
presented asynchronously, a procedure used in prior
visual noise-based studies.13,14,25–28 The letter duration
was 200 ms, whereas the total noise duration was 400
ms. The letter onset was delayed relative to the noise
onset by 100 ms, and 100 ms of noise also followed
the letter offset. This mode of stimulus presentation is
thought to target the magnocellular visual pathway22
due to the abrupt onset and offset transients generated
by the letter appearing against the static noise field.
We sought to target the magnocellular pathway, as this
pathway may be more affected than the parvocellular
pathway in subjects with XLRS.8

Procedure

The subject’s task was to identify the letter
presented, which was selected at random from the
Sloan set. No feedback was given. CS for letter identi-
fication was measured using a 10-alternative forced-
choice staircase procedure. The staircase started at
the maximum possible contrast and then decreased
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by 0.3 log units following each correct response until
an incorrect response was recorded. After this initial
search, log CS was determined using a two-down, one-
up decision rule, which provides an estimate of the 76%
correct point on a psychometric function.29 Each stair-
case continued until 12 reversals had occurred, and the
geometric mean of the last four reversals was taken as
CS. The order of noise level (N) testing was determined
at random for each subject.

Analysis

Data were analyzed using the LAM, as follows:
(1) CS measurements were converted to log threshold
signal energy (Et), which was computed as the integral
of the squared signal function25; (2) log Et was plotted
as a function of log N and the data were fit with the
following equation19:

log Et = log(k) + log
(
N + Neq

)
, (1)

where k and Neq were free parameters that were
adjusted to minimize the mean squared error between
the data and the fit. The subject’s equivalent intrinsic
noise (Neq) is given directly by Equation 1 and sampling
efficiency is reciprocally related to k of Equation 1.19,30

Clinical Measurements

Distance visual acuity was measured using a Light-
house distance visual acuity chart viewed through
a phoropter with the subject’s optimum correction.
Pelli-Robson chart CS was measured from a 1 m
test distance using a letter-by-letter scoring rule31
where each correctly identified letter was assigned
a value of 0.05 log units. Retinal thickness was
measured with an Optos OCT/SLO/microperimeter
(Optos, Dunfermline, UK). The measurements of
retinal thickness have been reported for these subjects20
and are used in the present study for correlations
with Et0, Neq, and sampling efficiency. In brief, retinal
thickness was measured from the same eye in which
the psychophysical measurements were performed.
One high-resolution SD-OCT b-scan, comprised of
an average of approximately 30 individual scans,
was obtained along the horizontal meridian through
the fovea. The OCT was segmented using a semi-
automated approach32–34 that was performed in
MATLAB using custom-written software. The thick-
nesses of two layers were quantified: (1) the outer
nuclear layer + outer plexiform layer (ONL+), defined
as the distance between the border of the inner nuclear
layer/outer plexiform layer and the inner segment ellip-
soid; (2) outer segments + RPE (OS+), defined as
the distance between the inner segment ellipsoid and
Bruch’s membrane/choroid.

The measures of outer retina thickness were
compared to Et0, Neq, and sampling efficiency by
adopting the structure-function model of Jacobson et
al.,35,36 which was expanded on by Rangaswamy et
al.37 to include combined ONL+ and OS+ structure-
function measures. In brief, the normalized product
of ONL+ and OS+ (ONL+ × OS+) thickness was
computed by dividing each subject’s ONL+ × OS+
thickness by the mean control ONL+ × OS+ thick-
ness. Thickness measurements were averaged over the
central macular area (4°) that presumably mediated
letter identification. In thismodel, it is assumed that the
number of photoreceptors is proportional to ONL+
thickness and the OS length is proportional to OS+
thickness (bothmeasured byOCT).35–37 Consequently,
the product of these measurements should provide
a better measure of quantum absorption than either
measure alone.37 The psychophysical measures of Et0,
Neq, and sampling efficiency for each subject with
XLRS were also normalized by the control mean for
comparison to the thickness values.

Results

Figure 2 shows log Et as a function of log N for
the subjects with XLRS (color coding conventions are
given in the Table), as well as for the range of control
data (gray region). The log CS equivalents of the log
Et values are shown on the right y-axis. The curves are
the least-squares best fit of Equation 1 to each subject’s

Figure 2. Log Et as a function of log N for the 9 subjects with XLRS
(color coded as shown in the Table) comparedwith the normal range
for the 10 control subjects (gray region). The curves are the least-
squares best fits of Equation 1 to the data of each subject with XLRS.
The log CS equivalents of the log Et values are given on the right
y-axis.
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Figure 3. Log Neq versus log Et0 (top) and log efficiency versus log
Et0 (bottom) for the 9 subjects with XLRS and 10 control subjects
(open squares). The gray regions demarcate the normal ranges of
log Neq (top; horizontal region), log efficiency (bottom; horizontal
region), and Et0 (vertical regions). The log CS0 equivalents (i.e. CS in
the absence of noise) of the log Et0 values are given on the top x-axis.

data. The values of Et measured in the absence of noise
(Et0; the leftmost points in Fig. 2) varied among the
subjects with XLRS (approximately threefold differ-
ence among the subjects); seven of the nine subjects
with XLRS had Et0 that was outside of the control
range (CS loss in the absence of noise). In comparison,
Et measured in the highest level of noise (the rightmost
points in Fig. 2) was elevated for only two subjects, and
the elevations were small.

Figure 3 shows the values of log Neq (top) and log
efficiency (bottom) that were derived from the LAM.
The log Neq and log efficiency values are plotted as a
function of log Et0 for the subjects with XLRS (color-
coded as in Fig. 2) and for the control subjects (black

open squares). The logCS0 equivalents (contrast sensi-
tivity in the absence of noise) are plotted along the top
x-axis. The vertical gray regions demarcate the normal
range of Et0, whereas the horizontal gray regions show
the normal range of Neq (Fig. 3; top) or efficiency
(Fig. 3; bottom). Three subgroups of subjects with
XLRS were identified: (1) normal Et0 and normal Neq
(subjects 2 and 8); (2) elevated Et0 (reduced CS0) and
normal/nearly normal Neq (subjects 1, 3, 4, 6); (3)
elevated Et0 (reduced CS0) and elevated Neq (subjects
5, 7, 9). The Et0 elevation for subgroups 2 and 3
ranged from 0.09 to 0.30 log units above the upper limit
of normal. The Neq elevation for subgroup 3 ranged
from 0.26 to 0.43 log units above the upper limit of
normal. There was a statistically significant correla-
tion between log Neq and log Et0 for the subjects with
XLRS (r = 0.78, P = 0.01), but not for the control
subjects (r = 0.56, P = 0.09). T-tests were performed to
compare the values of log Neq and log Et0 between the
control andXLRS subject groups. The t-tests indicated
significant elevations in log Et0 (t = 3.08, P = 0.007)
and log Neq (t = 5.83, P < 0.001) for the subjects
with XLRS. The efficiency values for the subjects with
XLRS (Fig. 3; bottom) were generally within the range
of normal, with the exception of subjects 1 and 6
who had small efficiency losses (less than 2%). A t-
test indicated that log efficiency for the XLRS group
was not significantly different from that of the control
group (t = 1.42, P = 0.17). Log efficiency was not
significantly correlated with log Et0 for the subjects
with XLRS (r = 0.19, P = 0.63) or for the controls (r
= −0.27, P = 0.46).

Figure 3 shows that the CS0 losses were gener-
ally modest for the subjects with XLRS. Neverthe-
less, the mean CS0 for the subjects with XLRS
(1.25) was significantly lower (t = 5.83, P < 0.001)
than that of the control subjects (1.45). The CS0
abnormality was somewhat greater than the Pelli-
Robson CS chart abnormality (Table). Specifically,
Pelli-Robson CS was reduced (less than 1.8) for
five of the nine subjects with XLRS. However, the
losses were small. Overall, the mean Pelli-Robson CS
for the subjects with XLRS (1.80) was significantly
lower (t = 3.39, P = 0.04) than that of the control
subjects (1.90).

Figure 4 shows the relationship between outer retina
thickness and threshold elevation (Et0; top), Neq eleva-
tion (middle), and efficiency loss (bottom) for each
subject with XLRS and for the controls (gray regions).
The dashed lines represent the linear model described
above that predicts that normalized ONL+ × OS+
thickness is linearly related to Et0 elevation, Neq eleva-
tion, and efficiency loss. This model has been trans-
lated vertically and horizontally to capture the normal
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Figure 4. NormalizedONL+ xOS+ thickness is plotted as a function
of log Et0 elevation (top), Neq elevation (middle), and log efficiency
loss (bottom). Data are shown for each subject with XLRS and the
gray regions represent the normal ranges. The dashed lines represent
the prediction of the linear model as described in the text, which
has been translated vertically and horizontally to capture the normal
variability.

variability marked by the control range (gray boxes).
The top panel of Figure 4 shows that the data for
all of the subjects with XLRS fell within the dashed
lines predicted by the model. However, the correlation
between ONL+ × OS+ thickness and log Et0 elevation
did not achieve statistical significance (Spearman’s ρ =
0.55, P = 0.11). Outer-retinal thickness was reduced
considerably in all of the subjects with XLRS, but the
threshold elevations were often modest in compari-
son. For example, subjects 2 and 8 had Et0 within the
normal range, despite approximately 50% thinning of
the ONL+ × OS+. Other subjects with XLRS (e.g.,
subjects 5, 7, 9) had thinning that was approximately
proportional to their Et0 elevation. The middle panel
of Figure 4 shows that the measurements of thick-
ness and Neq elevation fell into the range predicted by
the model for seven of the nine subjects with XLRS.
The exceptions were subjects 2 and 6 who had slightly
better Neq than predicted by their outer retinal thick-
ness. The correlation between ONL+ × OS+ thickness
and Neq was weak (Spearman’s ρ = 0.25, P = 0.49).
The bottom panel of Figure 4 shows that the thick-
ness and efficiency loss data fell into the range predicted
by the model for four of the nine subjects with XLRS.
In general, the subjects had little or no efficiency loss,
despite outer retinal thinning. The correlation between
ONL+ × OS+ thickness and efficiency loss was weak
(Spearman’s ρ = 0.25, P = 0.49).

Discussion

This study determined the relationships among CS,
internal noise, and sampling efficiency, as well as how
these three psychophysical parameters relate to outer
retinal thickness, in subjects with XLRS. The primary
findings in our cohort of XLRS subjects are that (1)
all subjects with elevated internal noise had reduced
CS, but not all subjects with XLRS had internal noise
elevation or CS loss; (2) sampling efficiency was normal
or slightly reduced in subjects with XLRS; (3) a linear
model that relates outer-retina structure and CS, as
well as outer-retina structure and internal noise, may be
useful for describing structure-function relationships in
subjects with XLRS.

CS was abnormally low in seven of the nine subjects
with XLRS, but the CS losses tended to be modest
(mean reduction of 0.16 log units below the lower limit
of normal; a factor of 1.46). There was a significant
correlation between internal noise and CS, such that
subjects with the highest internal noise tended to have
lowest CS. Indeed, all of our subjects with elevated
Neq had reduced CS. However, there was a subgroup
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of subjects who had low CS, but internal noise within
the range of normal or nearly normal (subjects 1,
3, 4, 6). For these subjects, low efficiency may have
contributed to their low CS. The small sample size,
which is a limitation of the present study, precludes
determining whether there are clear subgroups of
subjects with XLRS who have efficiency losses that
affect CS alone or in combination with Neq. Neverthe-
less, the data do show that only internal noise is corre-
lated with CS and that efficiency losses, when present,
were within 2% of the lower limit of normal in our
cohort.

The CS losses assessed with the computer-
implemented noise-based protocol somewhat exceeded
the CS losses measured with the Pelli-Robson CS
chart in this sample of subjects with XLRS. Overall,
the extent of CS loss is consistent previous work that
also showed generally small losses for measurements
made with large letter targets.7,8 Differences between
CS measured with the noise-based protocol and with
the Pelli-Robson chart could be attributed to stimulus
duration (200ms for the CS0 measurements and unlim-
ited duration for the Pelli-Robson chartmeasurements)
or greater sensitivity of the noise-based protocol due
to the video display’s ability to produce fine contrast
steps. The size of the letter used in the present study
(1.4 log MAR) is similar to that of the Pelli-Robson
chart tested at 1 m (1.5 logMAR). Given that letter CS
is approximately independent of size for letters larger
than 1.4 log MAR,38 the somewhat greater CS loss for
the CS0 measurements can more likely be attributed to
the brief stimulus duration or to the enhanced sensi-
tivity of the video display. Assessment of temporal
integration in subjects with XLRS would be of interest
in future studies to evaluate this hypothesis. It would
also be of interest to examine CS using letters that are
smaller than those used in the present report. Previous
work has shown that CS losses are more apparent
with high spatial frequency gratings (equivalent to
small letters) than for low spatial frequency gratings
(equivalent to large letters) in subjects with XLRS.
Indeed, the modest CS losses in this sample of XLRS
subjects is a limitation of the present study. The use
of smaller targets may expand the range of CS, which
could improve the predictive power of the modeling.
However, the use of small letters, particularly those
near the acuity limit, could confound CS measures due
to the subjects’ VA losses. In the present study, the 1.4
log MAR letter was approximately 5x larger than the
VA limit of subject 2 who had the worst VA of the
sample (0.68 log MAR). As such, there is little concern
that VA loss significantly affected CS measurements in
the present study. Furthermore, there was no signif-
icant correlation between CS0 and log MAR VA (r

= −0.19, P = 0.62) or between Pelli-Robson CS and
log MAR VA (r = −0.42, P = 0.26) in the present
study. The lack of correlation between large letter
CS and VA has been reported previously in subjects
with XLRS.8 It would be of interest to examine CS
across a range of letter sizes in future work, which
could provide a more comprehensive understanding
of CS loss and internal nose elevation in subjects with
XLRS.

As noted in the Introduction, elevated retinal
“noise” has been reported in a mouse model of
XLRS. Single-cell RGC electrophysiology in young
Rs1 mutant mice demonstrated elevated spiking activ-
ity in the absence of visual stimulation and a reduced
signal-to-noise ratio in response to light stimuli.12
Superficially, this finding is consistent with the present
report, which showed that high levels of internal noise
are associated with low CS. However, the extent to
which elevated intrinsic noise in subjects with XLRS is
a behavioral manifestation of physiologic RGC noise
is unclear. Furthermore, we do not know whether
elevated RGC activity persists in Rs1 mutant mice at
later ages, which would better match this cohort of
subjects with XLRS. Further work to link psychophys-
ical noise in humans with physiological RGC noise
could open new avenues for potential treatments, as
recent work has shown that physiological RGC noise
can be reduced by inhibiting the retinoic acid recep-
tor, which, in turn, improves behavioral light sensitiv-
ity in mice with retinal degeneration.39 Alternatively,
low CS in subjects with XLRS may be due to non-
linear processes, such as a gain abnormality, rather than
noise.40 An important limitation of the LAM is the
assumption that contrast processing is linear and that
noise is additive. If the assumption of linearity does not
hold, then elevations in Neq could be due entirely, or in
part, to abnormal retinal nonlinearities in subjects with
XLRS.

A simple linear model was adopted from prior
research35–37 to examine structure-function associa-
tions in subjects with XLRS. Data from all of the
subjects with XLRS fell within the model predictions,
suggesting that outer retinal thinning may account for
the Eto elevation (CS0 loss) in our sample of subjects
with XLRS. Given the extent of Eto elevation discussed
above, data for our XLRS subjects primarily fell within
the descending region of the model prediction, as
shown in Figure 4. That is, our XLRS subjects all had
considerable outer retinal thinning (reductions of at
least ±50% of normal) and threshold elevations of
0.6 log units (factor of four) or less, relative to the
normal mean. Nevertheless, the correlation between
outer retina thickness and Eto elevation was not signif-
icant. This is, in part, because some subjects had Eto
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elevation that was similar to their extent of retinal
thinning (subjects 5, 7, 9), whereas others had marked
thinning, but normal or moderately elevated Eto. A
previous study in these nine subjects that assessed outer
retinal thinning and threshold elevation using small
(0.43 deg; Goldmann III) stimuli showed a signifi-
cant correlation between normalized ONL+ × OS+
thickness and threshold elevation. In that study, these
subjects had considerably larger threshold elevations
(some exceeding 2 log units). A similar pattern was
observed for the relationship between outer-retinal
thickness andNeq (Fig. 4; middle): data for the subjects
with XLRS primarily fell within the descending region
of the model, and 7/9 subjects were within the limits
of the model prediction. The correlation between outer
retina thickness and Neq elevation was not significant.
As observed for the Eto measurements, this is likely due
to some subjects having Neq elevation that was similar
to their extent of retinal thinning (subjects 5, 7, 9),
whereas others had marked thinning, but normal or
minimally elevated Neq. The pattern for efficiency was
somewhat different (Fig. 4; bottom) in that only 4/9
subjects were within the limits of the model predic-
tion. This is because our subjects with XLRS generally
had normal efficiency, despite their considerable outer-
retina thinning. Thus, the linear model accounted
reasonably well for the Eto and Neq measurements, but
not for efficiency measurements. Of note, there were no
apparent relationships between the subjects’ genotypes
and their psychophysical or structural measurements,
but the small sample size makes genotype-phenotype
associations uncertain. There was also no apparent
association with the total retinal thickness and Eto,
Neq or efficiency. Some subjects (e.g., subject 2) had
total retinal thickness that was more than 2.5 times
larger than normal because of large foveal cystic spaces,
but Eto, Neq, and efficiency were within the range of
normal. This suggests that cystic spaces alone may not
markedly affect visual function, consistent with prior
reports that found no association with cyst volume and
visual acuity.7

In conclusion, the results indicate that increased
intrinsic noise within the visual pathway may be a
determinant of CS impairments in some subjects with
XLRS. Their CS losses for large letters, however,
were less than what may be predicted on the basis
of their sensitivity measured with small spots of
light20 or high frequency sinewave gratings.8 Future
investigations to link psychophysical noise elevations
in human subjects with XLRS and physiological
noise elevations in animal models of XLRS could
provide an intriguing line of work with translational
potential.
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