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PURPOSE. To provide a comprehensive analysis of light- and dark-adapted luminance
thresholds and their associations with retinal structure in X-linked retinoschisis (XLRS).

METHODS. Nine subjects with XLRS and 10 visually-normal individuals participated.
Threshold was measured at 15 locations along the horizontal meridian of the visual
field at several adaptation levels (5 × 10−5 to 50 cd/m2) after dark-adaptation. The rela-
tionship between threshold and adaptation level across the field was described using a
standard “threshold-versus-illuminance” model. Optical coherence tomography images
were obtained and segmented to quantify outer nuclear layer (ONL+) and outer segment
(OS+) thickness. A linear structure-function model was used to describe the relationship
between threshold and the product of ONL+ and OS+ thickness.

RESULTS. For peripheral field measurements, thresholds were generally normal for most
subjects with XLRS. All subjects had perifoveal and parafoveal threshold elevations under
dark-adapted and high illuminance conditions, with thresholds at moderate illuminances
being closer to normal. For foveal measurements, seven of nine subjects with XLRS
had normal dark-adapted thresholds, and all had abnormally elevated high illuminance
thresholds. Threshold-versus-illuminance curves in the fovea, parafovea, and perifovea
were abnormally steep for subjects with XLRS, appearing similar to the normal peripheral
field shape. Under both dark- and light-adapted conditions, threshold was predicted by
ONL+ × OS+ thickness at nearly all field locations.

CONCLUSIONS. Threshold elevation in XLRS is complex, depending on both the adaptation
level and the visual field location. The pattern of threshold-versus-illuminance suggests
that macular function in XLRS is similar to the periphery of controls.
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X-linked retinoschisis (XLRS) is a juvenile onset vitreo-
retinal degenerative disease that affects approximately

1:15,000 to 1:30,000 males.1 XLRS is a monogenic disor-
der that is caused by mutations in the Retinoschisin 1
(RS1) gene2–4 that is often characterized by cystic-appearing
macular lesions. Peripheral retinoschisis, most frequently
in the temporal retina, is present in approximately 50% of
patients.3 Optical coherence tomography (OCT) imaging has
shown that the retina is often abnormally thick because of
the schitic cavities, whereas the photoreceptor layer can be
abnormally thin, suggesting structural abnormalities of the
photoreceptors.5 Adaptive optics imaging supports struc-
tural abnormalities of the photoreceptors, with cones that
appear swollen6 and have increased spacing within the area
of macular schisis.7

In addition to structural abnormalities, functional deficits
including a loss of visual acuity (VA) and abnormal elec-
troretinograms (ERGs) are well described in the litera-
ture.3,8,9 Although VA is not correlated with total reti-
nal thickness5 or cystic cavity volume,10 there is a strong
correlation with photoreceptor outer segment thickness.5

Other less common measures of visual function have been

reported to be abnormal, including reading speed,10 shape
discrimination hyperacuity,5 integration perimetry,5 pupil-
lary light reflexes,11 and contrast sensitivity (CS) for grating
targets.12 Visual field perimetry has also been performed in
several studies of XLRS, using kinetic,7,10,13–15 static,7,10,16

and microperimetric7,17–19 techniques. The extent of field
abnormality varies among these studies, in part because
of the variety of techniques used. For example, kinetic
perimetry studies7,10,13–15 have reported that some, but
not all, patients with XLRS have field restriction, with
the extent of abnormality depending on target size. Like-
wise, static perimetry and microperimetry abnormalities
have been reported to be variable among patients, with
some patients having modest sensitivity loss and others
performing normally.7,10,16,19 Adaptation level is an impor-
tant consideration in studies of visual field perimetry. Of
the static perimetry reports, two were performed under
photopic conditions,7,10 four were performed under mesopic
conditions,7,17–19 and one was performed under scotopic
conditions.16 To date, sensitivity loss has not been compared
across different adaptation levels in subjects with XLRS. Such
a comparison could provide insight into the relative loss of

Copyright 2021 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

mailto:jmcana1@uic.edu
https://doi.org/10.1167/iovs.62.13.25
http://creativecommons.org/licenses/by-nc-nd/4.0/


Visual Thresholds in XLRS IOVS | October 2021 | Vol. 62 | No. 13 | Article 25 | 2

TABLE. Subject Characteristics

sensitivity within the rod- and cone-pathways in these indi-
viduals.

Thus, the purpose of the present study was to measure
and compare psychophysical thresholds across a broad
range of adaptation levels in individuals who have confirmed
RS1 mutations to provide a comprehensive analysis of light-
and dark-adapted threshold and the associations with retinal
structure. Measurements were performed across the visual
field to determine how light- and dark-adapted luminance
threshold varies as a function of retinal eccentricity in XLRS,
as compared to visually-normal individuals. Finally, macular
luminance thresholds under dark- and light-adapted condi-
tions were correlated with retinal thickness to better define
the relationship between visual sensitivity loss and retinal
structure in XLRS.

METHODS

Subjects

The project 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 unre-
lated male subjects with a clinical diagnosis of XLRS (ages
18 to 49 years; mean of 31 years) were recruited from the
cohorts of the Chicago Lighthouse and the University of Illi-
nois at Chicago. The clinical diagnosis of XLRS was based
on characteristic fundus features including a spoke-wheel
pattern of macular schisis, cystic-appearing macular lesions
on OCT, and functional abnormalities including VA loss and
a reduced ERG b/a amplitude ratio. A mutation in the RS1
gene was documented in each individual. The Table lists
the age, visual acuity, RS1 mutation, and carbonic anhydrase
inhibitor use at the time of testing. Of note, subjects 3 and 4
had mutations encompassing exons 1–3, which may cause a
more severe phenotype than mutations encompassing exons
4–6.20 Ten visually-normal control subjects (six male and
four female; ages 23 to 42 years; mean of 29 years) with
no history of eye disease, ETDRS best-corrected VA of 0 log
MAR or better, and normal contrast sensitivity assessed with
the Pelli-Robson chart also participated in the study.

Apparatus, Stimuli, and Procedure

All stimuli were generated by and presented in a commer-
cially available Octopus 900 Pro perimeter (Haag-Streit,
Bern, Switzerland). Test targets consisted of blue (449 nm
peak) spots of light that were 0.43° (Goldmann III) and were
presented for 100 ms. These test targets were presented at

15 locations along the horizontal meridian of the visual field,
from 45° temporal to 60° nasal. Thresholds were measured
with a 4-2-1 staircase protocol. The targets were presented
either in the dark (no background) or against an achro-
matic field that ranged from 5 × 10−5 to 50 cd/m2 in seven
steps that were each separated by approximately 1 log unit.
Neutral density filters were inserted in the path of the back-
ground light source to achieve the four lowest background
luminance levels.

Before testing, subjects were dark-adapted for
30 minutes. Appropriate refractive correction was used
for test targets presented within the central 20° and
removed for targets presented more peripherally. All testing
was performed monocularly, with the fellow eye patched.
Measurements were obtained from the right eye of each
control subject. For the subjects with XLRS, the eye with the
best visual acuity was tested (the right eye was tested for
eyes of equal acuity). Data obtained from the left eye were
replotted in right eye format to facilitate comparisons. Pupil
size was recorded by the instrument for each background
level and pupil area was used to convert background and
stimulus luminance to Trolands.

Threshold data obtained at the different background illu-
minance levels were modeled using a standard equation21–23:

log T = log To + log ((A+ Ao) /Ao)
n, (1)

where T is threshold, T0 is the absolute dark-adapted thresh-
old, A is background intensity, A0 is a constant “dark-light”
value, and n is a gain (slope) constant.

Optical coherence tomography (OCT) was performed
with an Optos OCT/SLO/microperimeter (Optos, Inc., Marl-
borough, MA, USA) that we have described elsewhere.24–26

One high-resolution SD-OCT b-scan, composed of an aver-
age of approximately 30 individual scans, was obtained
along the horizontal meridian through the fovea. The OCT
was segmented using a semiautomated approach24,25,27 that
was performed in MATLAB using custom-written software.
The thicknesses of three layers were quantified: (1) the
“total retinal thickness,” defined as the distance between the
border of the vitreous/nerve fiber layer and the border of
Bruch’s membrane/choroid (BM/Ch); (2) the outer nuclear
layer + outer plexiform layer (“ONL+”), defined as the
distance between the border of the inner nuclear layer/outer
plexiform layer (INL/OPL border) and the inner segment
ellipsoid (ISe); (3) outer segments + RPE (“OS+”), defined
as the distance between the ISe and the BM/Ch.

Outer retinal thickness measurements were compared
to light- and dark-adapted thresholds, because outer-retina
thickness was not confounded by schitic cavities in our
sample of subjects with XLRS. The approach to structure-
function modeling was based on that described by Jacob-
son et al.28,29 for ONL+ structure-function measures and
expanded upon by Rangaswamy et al.30 to include ONL+

× OS+ structure-function measures. In brief, the product of
normalized ONL+ × OS+ was used as the measure of reti-
nal structure for comparison to sensitivity. The normalized
ONL+ × OS+ was computed by dividing each subject’s ONL+

× OS+ for a given retinal location by the mean control ONL+

× OS+ measured at the same location. This value is plotted
as a function of sensitivity loss, which was also normalized
to the control mean measured at the corresponding field
location. In this model, it is assumed that the number of
photoreceptors is proportional to ONL+ thickness and the
OS length is proportional to OS+ thickness (both measured
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by OCT).28–30 Consequently, the product of these measure-
ments should be a better measure of quantum absorption
than either measure alone.30 Indeed, in individuals who
have retinitis pigmentosa, the product of ONL thickness and
OS thickness was shown to have a stronger linear relation-
ship with visual field sensitivity than either measure alone.30

Furthermore, if there is thinning of both the ONL+ and OS+,
the product of these measures permits capturing thinning
within both layers.

RESULTS

Figure 1 plots log threshold along the horizontal meridian
for each subject with XLRS under light- and dark-adapted
conditions. Under dark-adapted conditions, it is presumed
that threshold is mediated by the rod pathway, with the

exception of measurements performed in the rod-free fovea.
Conversely, under light-adapted conditions, it is presumed
that threshold is mediated by the cone pathway at all retinal
locations. Overall, thresholds were measurable across the
visual field for the subjects with XLRS, with few exceptions,
including within the central macula, the area of most appar-
ent schitic cavities. Scotomas were observed peripherally in
some subjects with XLRS (omitted data points). The pattern
of data obtained for the subjects with XLRS under light- and
dark-adapted conditions was similar to that of the controls.
That is, light- and dark-adapted thresholds differed by 2 to
3 log units for measurements made in the periphery and
perifovea (beyond approximately 10°), whereas light- and
dark-adapted thresholds were similar at the fovea. Subjects
4, 5, and 6 had light- and dark-adapted thresholds that
generally fell within the normal range at all locations. The

FIGURE 1. Luminance threshold (log Trolands) for each subject with XLRS is shown for measurements made under dark-adapted conditions
(filled symbols) and light-adapted conditions (open symbols; 5 cd/m2 background). Data under these conditions are shown as a function of
retinal location (x-axis), where negative values represent data from the temporal retina and positive values represent data from the nasal
retina. The break in the x-axis denotes the location of the optic nerve head. The subjects are color coded according to the designations in the
Table. The gray regions mark the normal dark-adapted range (lower dark gray regions) and light-adapted range (upper light gray regions).
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FIGURE 2. Bland-Altman31 plot comparing rod and cone sensitivity
loss for each subject. Rod- and cone-pathway sensitivity losses were
estimated as described in the text. Dashed lines mark the 95% limits
of agreement for the control subjects. Data points falling above the
upper dashed line indicate a significantly greater rod sensitivity loss,
whereas data points falling below the lower dashed line represent
a significantly greater cone sensitivity loss.

other subjects with XLRS had threshold elevations, with two
subjects having somewhat greater elevations under light-
adapted conditions, compared to dark-adapted conditions
(subjects 7 and 8).

Figure 2 shows the relative light- and dark-adapted sensi-
tivity loss (threshold elevation) for each subject in the
form of a Bland-Altman plot.31 For both light- and dark-
adapted measurements, sensitivity losses were quantified
and compared as follows: (1) each XLRS subject’s sensitiv-
ity value at each visual field location was subtracted from
the normal average at the corresponding location (i.e., �

normal); (2) each XLRS subject’s sensitivity losses for all
locations were averaged across the field to produce a single
(mean) sensitivity loss for each subject; (3) the average light-
and dark-adapted sensitivity loss for each subject with XLRS
is plotted as the x-axis of Fig. 2; 4) the mean light-adapted
sensitivity loss was subtracted from the mean dark-adapted
sensitivity loss for each subject with XLRS and is plotted as
a function of the average loss in Figure 2 (y-axis). A similar
procedure was performed for the control subjects (compar-
ing each control subject to the control average; Fig. 2 open
circles) to generate the 95% limits of agreement (dashed
lines) shown in Figure 2. Thus a rod − cone loss of 0 indi-
cates equal losses within the two pathways, whereas posi-
tive and negative values represent greater rod or cone loss,
respectively. Figure 2 shows that most subjects with XLRS
had approximately equivalent sensitivity losses within the
rod- and cone-pathways (approximately 0.90 log units for
each measure). Two subjects (7, 8) had greater cone sensi-
tivity loss compared to rod sensitivity loss. This is also appar-
ent in their data shown in Figure 1. Two other subjects (1
and 3) had slightly greater rod sensitivity loss compared to
cone sensitivity loss. The validity of this finding is somewhat

uncertain, because threshold was not measurable at several
peripheral field locations for these subjects, which created a
ceiling effect. Overall, psychophysical measurements of rod
and cone function are similarly affected in our sample of
subjects with XLRS.

Figure 3 plots log threshold as a function of the
log background illuminance (adaptation level) for each
subject with XLRS, compared to the normal range (gray
regions). Measurements performed across the visual field
were grouped into four regions to simplify visualization
(i.e., periphery, perifovea, parafovea, fovea). Data for each
subject were fit with Equation 1, which are represented by
the solid curves. For measurements in the peripheral field
(15° to 60°), seven of the nine subjects had thresholds that
were nearly normal or within the normal range. For these
seven subjects, thresholds were within the normal range
under dark-adapted conditions (leftmost data point) and at
the upper limit of normal, or slightly outside of the normal
range, for the highest illuminance background (rightmost
data point). The two exceptions were subjects 3 and 9, who
had threshold elevations (approximately 0.5 log units) under
dark-adapted and low background illuminance conditions.
For measurements in the perifoveal field (5°–10° eccen-
tricity), all subjects had threshold elevations under dark-
adapted and low background illuminance conditions, as
well as for high illuminance conditions. For moderate back-
ground illuminances, subjects were either within the normal
range or modestly elevated. A similar pattern was observed
for measurements in the parafovea (2° eccentricity): thresh-
old tended to be more elevated at low and high back-
ground illuminances compared to moderate background
illuminances. For foveal measurements, seven of the nine
subjects had thresholds that were within the normal range
for dark-adapted and low retinal illuminance conditions and
all subjects with XLRS had abnormally elevated thresholds
for the highest retinal illuminances. For the control subjects,
the slope of the ascending limb of the threshold-versus-
illuminance (TvI) functions appears to increase as measure-
ments are performed further from the fovea. In contrast,
the fits for the subjects with XLRS appear similar across
the visual field. This results in the XLRS functions having a
normal appearance in the periphery, but being abnormally
steep in the perifovea, parafovea, and fovea. These patterns
can also be seen by comparing the mean data (±SEM) for
the control subjects and subjects with XLRS, as shown in
the supplementary material (Supplementary Fig. S1). The fit
parameters are quantified and discussed below.

The left column of Figure 4 illustrates the effect of altering
each of the model parameters on the shape and placement
of the TvI curve, whereas the right column provides esti-
mates of the model fits for the subjects. Each circle repre-
sents a different subject with XLRS and the gray regions
represent the normal range. The top row shows that increas-
ing T0 shifts the TvI function uniformly upward on log-
log coordinates (the black curve represents a hypothetical
control, whereas the red curve represents a hypothetical
subject with XLRS). The right panel shows that the subjects
with XLRS had dark-adapted thresholds (T0) that ranged
from normal to elevated, which is also apparent in Figure
3. Averaging across all subjects with XLRS and the four
visual field regions, T0 was elevated by approximately 1
log unit. A repeated measures analysis of variance (ANOVA)
was performed to compare T0 between the XLRS group
and the control group across the four visual field locations.
The ANOVA indicated a significant effect of subject group
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FIGURE 3. Threshold illuminance (log Trolands) is plotted as a function of the adaptation illuminance (log Trolands) for each subject with
XLRS and the range of normal control data (gray regions). Data are shown for each visual field region, as indicated in the panels and defined
in the text. The solid curves are fits of Equation 1 to the data.

(F = 48.40, P < 0.001) and location (F = 54.40, P < 0.001);
there was a significant interaction between group and loca-
tion (F= 6.26, P= 0.001). Holm-Sidak pairwise comparisons
indicated statistically significant differences in T0 between
the XLRS and control groups at all visual field locations (all
t > 3.13; P < 0.004).

The middle row (left) shows that increasing A0 shifts the
TvI function rightward but does not elevate the dark-adapted
threshold. A0 provides an estimate of “dark light” or neural
noise within the visual pathway. The right panel shows that
the subjects with XLRS had A0 values that ranged from
normal to elevated, but the elevation appears somewhat
greater at more central field locations (fovea, parafovea).
Averaging across all subjects with XLRS and the four visual
field regions,A0 was elevated by approximately 1.6 log units.
ANOVA was performed to compare A0 between the XLRS
and control groups across the four visual field locations,
which indicated a significant effect of subject group (F =
42.38, P < 0.001), but not location (F = 0.66, P = 0.66); there
was a significant interaction between group and location (F
= 6.51, p < 0.001). Holm-Sidak pairwise comparisons indi-
cated statistically significant differences in A0 between the
XLRS and control groups at all visual field locations (all t >

2.66; P < 0.01).
The bottom row shows that increasing n results in a

steeper slope of the ascending portion of the TvI curve (left
panel). The right panel shows that the subjects with XLRS
had slope values (n) that ranged from normal to elevated,
but the elevation appears greater at more central field loca-

tions (fovea, parafovea, perifovea). The mean value of n for
the subjects with XLRS was relatively constant across the
visual field: 0.73, 0.67, 0.77, 0.80 for measurements in the
fovea, parafovea, perifovea, and periphery. In contrast, the
value of n increased systematically from the fovea to the
periphery for the controls: 0.24, 0.35, 0.55, 0.65 for measure-
ments in the fovea, parafovea, perifovea, and periphery.
ANOVA was performed to compare n between the XLRS and
control groups across the four visual field locations. ANOVA
showed a significant effect of subject group (F = 35.13, P
< 0.001) and location (F = 25.32, P < 0.001); there was
a significant interaction between group and location (F =
9.79, P < 0.001). Holm-Sidak pairwise comparisons indi-
cated statistically significant differences in n between the
XLRS and control groups at all visual field locations (all t >

2.50; P < 0.02). When fitting TvI functions, it is sometimes
assumed that n = 1. Although this is often a valid assump-
tion, the data of Figure 4 indicate that this is not always the
case for our experimental conditions. This can also be seen
in the supplementary data (Supplementary Fig. S2), which
compares the fits of Equation 1 under conditions in which
n is a free parameter (black) and when it is set to 1.0 (red).
Allowing n to vary improved the fits for the control subjects
but had little effect on the fits for the subjects with XLRS,
because their data generally followed a slope of approxi-
mately 1.0 throughout the field (cf., Fig. 4, bottom).

Figure 5 compares the mean (solid line) and range
(dashed lines) of retinal thickness for the subjects with XLRS
and control subjects (shaded) within the central 24° along
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FIGURE 4. The parameters of the fits of Equation 1 are shown for each subject with XLRS (right column) and the effects of altering the
parameters on the TvI curves are shown in the left column. The black curve represents a hypothetical control subject and is identical in
each plot. The red curves illustrate the results of a hypothetical subject with XLRS who has a 1 log unit increase in To (top) or Ao (middle).
The lower panel shows the effect of increasing n from 0.5 to 1. The gray regions in the right column represent the ranges of normal and
the horizontal bars represent the control means. The top panel shows the values for To, the middle panel shows the values of Ao, and the
bottom panel shows the values of n.

the horizontal meridian. The top panel shows considerable
variation in total retinal thickness among the subjects with
XLRS, with some being abnormally thick due to schitic cavi-
ties within the central macula. Other subjects with XLRS had
total retinal thinning in some areas. The middle panel shows
that all of the subjects with XLRS had thinning of the ONL+

within the central 20°. The bottom panel shows OS+ thin-
ning, on average, throughout the central 24°. Overall, thin-
ning of the ONL+ was most apparent in this group of subjects
with XLRS.

Figure 6 shows structure-function associations under
dark-adapted (left) and light-adapted (right) conditions for
each subject with XLRS and for the controls (gray region).
The dashed lines represent the linear model described above
that predicts that normalized ONL+ × OS+ is linearly related
to sensitivity loss (note the log x-axis).30 The model assumes
that sensitivity is limited by quantum catch, which is propor-
tional to the product of the number of surviving photore-
ceptor cells and the length of their outer segments. This
model has been translated vertically and horizontally to
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FIGURE 5. Mean (solid lines) and range (dashed lines) retinal thick-
ness is plotted as a function of retinal location for the subjects with
XLRS. The gray regions represent the range of normal. The top panel
shows the total retinal thickness, the middle panel shows the ONL+
thickness, and the bottom panel shows the OS+ thickness.

capture the normal variability marked by the gray box
(control range).There was a significant correlation between
the normalized ONL+ × OS+ and sensitivity loss for the
subjects with XLRS under both dark-adapted (Spearman’s
ρ= 0.51, P = 0.003) and light-adapted conditions (Spear-
man’s ρ= 0.57, P < 0.001). With few exceptions, data for the
subjects with XLRS measured at all locations fall within the
model prediction under both dark- and light-adapted condi-

tions. This finding indicates that sensitivity is reduced by
an amount that is related to, and predicted by, the amount
of ONL+ × OS+ thinning. Subjects with considerable ONL+

× OS+ thinning (e.g., subject 6) had the greatest sensitiv-
ity loss, whereas subjects with relative ONL+ × OS+ thick-
ness preservation had less sensitivity loss. We note that the
primary location of the macular schitic cavities in this sample
of subjects with XLRS was in the inner nuclear layer and
that the ONL was abnormally thin (Fig. 5). Nevertheless,
small areas of ONL thickening, or thinning due to Diamox
treatment, could affect the structure-function relationships
shown in Figure 6.

DISCUSSION

This study evaluated luminance thresholds under various
levels of light adaptation, as well as the association between
threshold and outer-retinal structure, in subjects with XLRS
who have known RS1 gene mutations. The primary findings
of the study are that (1) subjects with XLRS generally have
threshold elevations under all adaptation conditions in the
macula; (2) the magnitude of the abnormality varies among
subjects and depends on the adaptation level; (3) although
elevated, thresholds are measurable for most field locations,
even those locations falling within areas of schitic cavi-
ties; (4) thresholds are associated with outer-retinal structure
under both light- and dark-adapted conditions, for all visual
field locations. These findings were apparent for all subjects
with XLRS, with no obvious genotype correspondence. It
should be noted, however, that small sample size and genetic
heterogeneity precludes genotype-phenotype correlations.

A dark-adapted ERG that is electronegative or has a
reduced b/a wave ratio is a common feature of XLRS. This
ERG finding is associated with retinal diseases that result
in night blindness, such as the complete form of congen-
ital stationary night blindness and melanoma associated
retinopathy. Despite their reduced b/a wave ratio, subjects
with XLRS generally do not complain of nyctalopia and the
dark-adapted thresholds obtained in this report support rela-
tive preservation of visual function under scotopic condi-
tions. Relative to the control mean, dark-adapted thresh-
olds were elevated by approximately 1 log unit in our
subjects with XLRS, but four subjects with XLRS (44%) had
dark-adapted thresholds in the normal range. This finding
is consistent with a previous report11 showing that dark-
adapted threshold for a full-field, short-wavelength lumi-
nance flash ranged from normal (three subjects with XLRS)
to mildly elevated (up to 0.6 log units; four subjects with
XLRS).

The subjects with XLRS also had threshold elevations
under photopic conditions. Indeed, comparison of rod- and
cone-pathway sensitivity loss indicated approximately equal
abnormalities within these pathways. Two possible excep-
tions are subjects 7 and 8 whose cone sensitivity loss
somewhat exceeded their rod sensitivity loss. Interestingly,
these two subjects share the c.208G>A; p.Gly70Ser muta-
tion. However, given the small sample size and genetic
heterogeneity of our subjects, it is not possible to deter-
mine whether genotype can predict the relative loss of
rod and cone sensitivity. It should also be noted that
this approach of analyzing global rod and cone sensitivity
cannot identify localized areas where rod and cone sensi-
tivity may differ. The power of the present approach is
that measurements were obtained from the same cohort
of subjects with XLRS using a single instrument, which
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FIGURE 6. Normalized ONL+ × OS+ thickness is plotted as a function of sensitivity loss for each subject with XLRS (measured at the four
retinal areas) under dark-adapted (left) and light-adapted (5 cd/m2; right) conditions. The gray regions represent the normal ranges and 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.

permits a more direct comparison of function within the
cone- and rod-pathways. We note that cone-pathway abnor-
malities in XLRS are not unexpected, because the flicker
ERG is typically reduced in amplitude and delayed in these
individuals.20

Comparison of threshold across all adaptation levels (i.e.,
TvI functions) indicated an unusual relationship within the
macula (0 to 20°) for the subjects with XLRS. Specifically,
the TvI curves were abnormally steep, having a generally
constant slope (n) throughout the visual field. The average
slope of the TvI curve for the subjects with XLRS within
the central 20° (n = 0.72) was similar to that of the normal
control slope (n = 0.65) measured in the periphery (20°–
60°). A slope of 1.0 indicates Weber adaptation, such that
doubling the adaptation illuminance results in a doubling
of threshold. Data from several of the subjects with XLRS
approximated Weber adaptation in the fovea and parafovea,
which was not observed in any of the control subjects.
Instead, the control subjects had slopes that more closely
approximated DeVries-Rose adaptation (slope of 0.5), which
is driven by quantal fluctuation in the background.32,33 Thus,
in the fovea and parafovea, the control data suggest that
threshold may be quantal-noise-limited (DeVries-Rose adap-
tation), which is not the case for the subjects with XLRS
(Weber-law adaptation). In addition, the steep slope of the
TvI curves for the subjects with XLRS produces a complex
pattern of threshold elevation. In the fovea, parafovea, and
perifovea, threshold elevation was larger at low adapting
illuminance (average of 0.86 log units) and at high adapt-
ing illuminance (average of 0.93 log units), compared to
moderate adapting luminance (average of 0.59 log units).
In contrast, threshold was similarly elevated at all adaptation
levels for peripheral field measurements (average of 0.46 log
units).

The loss of sensitivity under dark-adapted and light-
adapted (5 cd/m2) conditions was well predicted by the
linear model proposed previously to describe structure-
function relationships in patients with retinitis pigmen-
tosa.28–30 Specifically, a decrease in ONL+ × OS+ thickness
was associated with a loss of photopic and scotopic sensi-
tivity in our subjects with XLRS. This finding is consistent
with a previous report5 that showed that microperimetric

sensitivity is highly correlated with outer segment thick-
ness measured by OCT in subjects with XLRS. The loss of
ONL+ × OS+ thickness was a consistent finding among our
subjects with XLRS (all nine subjects had areas of thinning).
Retinal thinning commonly occurs in older individuals who
have XLRS as the retina becomes atrophic, but retinal atro-
phy was not a characteristic of our sample. Indeed, ONL+

× OS+ thinning was apparent in our younger subjects who
had relatively good visual acuity (e.g. subject 1 who was
18 years old with a VA of 20/66 Snellen equivalent). The
loss of ONL+ × OS+ thickness may limit therapeutic poten-
tial, unless treatments are capable of improving outer reti-
nal structure. Although the loss of outer-retinal structure
may not be as apparent as in some other inherited retinal
degenerations, consideration of outer retinal abnormalities
is warranted when designing therapies for XLRS.

In summary, thresholds are elevated, but measurable,
under both light- and dark-adapted conditions in XLRS.
The pattern of threshold versus adaptation level is well
described by a standard threshold-versus-illuminance func-
tion. However, the slope of this function was significantly
steeper than normal within the macula in XLRS. Addition-
ally, the relationship between outer-retinal structure and
threshold under both light- and dark-adapted conditions was
well described by a standard linear model. This modeling
suggests that threshold elevation can be predicted by the
extent of outer-retinal thinning, which may guide assess-
ments of anticipated therapeutic potential in future XLRS
treatment trials.
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