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Purrosk. To study the relationship between cone spacing and density and clinical measures of
visual function near the fovea.

Mernops. High-resolution images of the photoreceptor mosaic were obtained with adaptive
optics scanning laser ophthalmoscopy from 26 patients with inherited retinal degenerations.
Cone spacing measures were made close to or at the foveal center (mean [SD] eccentricity,
0.02 [0.03] degree; maximum eccentricity, 0.13 degree) and were converted to Z-scores,
fraction of cones, and percentage-of-cones-below-average compared with normal values for
each location (based on 37 age-similar visually normal eyes). Z-scores and percentage of cones
below average were compared with best-corrected visual acuity (VA) and foveal sensitivity.

Resurts. Visual acuity was significantly correlated with cone spacing (Spearman rank
correlation p = —0.60, P = 0.003) and was preserved (>80 letters), despite cone density
measures that were 52% below normal. Foveal sensitivity showed significant correlation with
cone spacing (p = —0.47, P = 0.017) and remained normal (>35 decibels), despite density
measures that were approximately 52% to 62% below normal.

Concrusions. Cone density was reduced by up to 62% below normal at or near the fovea in
eyes with VA and sensitivity that remained within normal limits. Despite a significant
correlation with foveal cone spacing, VA and sensitivity are insensitive indicators of the
integrity of the foveal cone mosaic. Direct, objective measures of cone structure may be more
sensitive indicators of disease severity than VA or foveal sensitivity in eyes with inherited
retinal degenerations. (ClinicalTrials.gov number, NCT00254605.)
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ecause of its importance in fine visual resolution and its

long-term preservation in rod-cone degenerations, foveal
vision is commonly used to monitor visual health and track
disease progression. However, the most common foveal
functional measure, visual acuity (VA), is preserved until late
in the course of rod-cone degeneration compared with other
measures. Patients with good Snellen VA (20/30 or better) have
shown significant foveal cone abnormalities assessed via
contrast sensitivity,!-> foveal thresholds,* and foveal cone
dysfunction measured by focal electroretinography.® In addi-
tion, intrasubject variability in psychophysical techniques such
as VA®? and sensitivity'®-'? makes it difficult to objectively
quantify the extent of foveal degeneration. Increased disease
severity has been correlated with increased variability in these
test results,®!3'% and ophthalmologists generally consider a
minimum change of 2 lines (10 letters) on the Snellen acuity
chart to be clinically significant.'> The slow progression and
variability of functional measures of photoreceptor survival

make the assessment of disease progression and treatment
response unreliable and challenging. Previous studies!®'® of
inherited retinal degenerations have demonstrated that slowly
changing and unreliable conventional functional measures
display anywhere from 5-year to 15-year half-life times of visual
field loss.

As such, efforts have been made to explore the use of
objective measures of cone structure as a more robust and
sensitive indicator of foveal degeneration. However, disparities
exist between psychophysical and anatomical data. Studies
have shown that functional foveal performance remains at
relatively high levels, despite large structural changes. For
example, cone photopigment optical density reductions occur
in retinitis pigmentosa (RP), despite normal acuity.2°-22 Geller
and Sieving?? reported that patchy loss of 90% of foveal cones
was necessary to give rise to significant reductions in grating
acuity, although this number was obtained from modeling
estimates, rather than direct visualization of cone topography.
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To determine the mechanism of acuity loss in patients with RP,
Alexander et al.>* used grating, Vernier, and letter acuities and
concluded that increased foveal cone spacing, rather than
reduced cone photopigment optical density, was responsible
for lowered acuity. In a separate histologic study,?> abnormal
foveal cone spacing was observed in a patient having RP with
normal acuity.

Previously, structural assessment of the living retina was
precluded by the low optical and sampling resolution of
conventional imaging systems. In the past few decades,
however, the development of optical coherence tomography
(OCT) and adaptive optics (AO) as high-resolution, noninva-
sive instruments for retinal imaging has potentiated a major
advance in clinical ophthalmology. Optical coherence
tomography is a low-coherence interferometric technique
with an axial resolution of 1 to 15 pm?%27 that has been
used to relate visual function with structural measures of
foveal degeneration, including inner segment/outer segment
(IS/09) junction integrity and foveal thickness. The presence
of a distinct, continuous IS/OS junction in OCT images
generally indicates the normal alignment and functioning of
photoreceptor OS discs,?® and IS/OS disruption has been
shown to correlate with reduced VA in patients with
inherited retinal degenerations.?8-3° Similarly, foveal thinning
attributed to cone death has been associated with significant
VA loss??31:32 and elevated foveal thresholds®? in the
diseased retina. Although these studies have assessed OCT
structure-function correlations over broad ranges of disease
severity (range, 20/15-20/1000 VA2%), none to date have
reported on the relationship for a narrower range of VAs.
However, OCT abnormalities have been observed in patients
with good acuity and foveal thresholds,?®34-3¢ suggesting
that structural measures may provide a more sensitive
measure of disease than visual function.

Adaptive optics is a set of techniques that are used to
compensate for aberrations in living eyes and has been used
to improve retinal images to a lateral resolution of approx-
imately 2 pm,37-40 enabling direct visualization of the cone
mosaic and measurement of cone spacing and density in
normal and diseased eyes.3#3541-52 Adaptive optics-based
studies®!42 of retinal degeneration showed a significant
correlation between macular cone spacing and central visual
function, but given the small size and unique anatomy>> of
foveal cones and the resulting difficulties posed on imaging,>*
these studies were unable to assess cone morphology at the
foveal center. Within the past few years, advanced systems
that have implemented improvements in AO scanning laser
ophthalmoscopy (AOSLO) system design®> and advanced
controls®® have been able to more routinely visualize the
foveal cone mosaic.5” To date, AOSLO foveal cone measures
have been used to characterize changes in myopia>® and
relationships between resolution and neural sampling®® in
healthy eyes. There is a growing body of studies®>47:0 on
cone spacing in the foveal center, but comparisons between
in vivo foveal cone structure and standard measures of visual
function in a larger cohort of patients with retinal degener-
ation have yet to be evaluated.

In the present study, we describe foveal cone spacing and
density in eyes with retinal degenerations from high-resolution,
in vivo images of the fovea acquired with AOSLO and compare
these measures with best-corrected VA (BCVA) and foveal
sensitivity in the same eyes in 26 patients. To assess whether
cone structure is a more sensitive indicator of disease severity
than clinical measures of visual function, cone density values
below normal were used to assess changes in foveal
morphology in patients with retinal degenerations who had a
range of BCVA and foveal sensitivity values.
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METHODS
Study Design

Research procedures followed the tenets of the Declaration of
Helsinki, and informed consent was obtained from all subjects.
The study protocol was approved by the institutional review
boards of the University of California, San Francisco; the
University of California, Berkeley; and the Medical College of
Wisconsin.

Subjects

Twenty-six patients (18 female and 8 male) with inherited
retinal degenerations from 23 unrelated families were charac-
terized clinically (Table 1). Patients were excluded if they had
other ocular or systemic conditions that could affect VA,
including cataract, amblyopia, and cystoid macular edema
involving the fovea. Subjects characterized in earlier studies are
included in Table 1.

Clinical Examination

Best-corrected VA was measured using a standard eye chart
according to the Early Treatment of Diabetic Retinopathy Study
(ETDRS) protocol.®! Automated perimetry was completed
using a 10-2 Swedish interactive threshold algorithm (SITA)
with measurement of foveal thresholds using a Goldmann IIT
stimulus on a white background (10.03 cd/m?) and exposure
duration of 200 ms (Humphrey Visual Field Analyzer HFA II
750-6116-12.6; Carl Zeiss Meditec, Inc., Dublin, CA). Foveal
sensitivity was expressed in the logarithmic decibel scale (dB =
10 X log [1/Lambert]) and in the linear scale (1/Lambert).

AOSLO Image Acquisition and Cone Spacing and
Density Analysis

Pupils were dilated with 1% tropicamide and 2.5% phenyleph-
rine before AOSLO imaging. High-resolution images were
obtained using AOSLO for the 26 patients and 37 age-similar
visually normal subjects, and images were processed to create
montages of the macular region. For the patients measured at
the University of California, Berkeley (n = 22), the region of the
fovea used for fixation (preferred retinal locus [PRL]) was
determined by recording a 10-second to 15-second video as the
patient looked at a target delivered through modulation of the
AOSLO scanning raster.°? The fixation target was encoded
directly into the video, and the mean (SD) locations of fixation
points in the horizontal (SD,) and vertical (SD,) directions
relative to the retina were determined using custom image
analysis tools written in MATLAB (The MathWorks, Inc.,
Natick, MA). For the patients measured at the Medical College
of Wisconsin (n = 4), the embedded fixation target was not
available, so we assumed that the patients used the location of
maximum cone density as their PRL. The PRL and the position
of maximum cone density are similar but have been shown to
differ on average by 6 to 10 minutes of arc (arc min).>$-%3 The
eye in which unambiguous cone mosaics could be visualized
closest to the PRL was selected for cone spacing measure-
ments. Customized software was used to determine quantita-
tive cone spacing measures using previously described
methods,! and cone spacing measurements for the patients
were compared with those of the 37 visually normal subjects.
For the control data set, the foveal center (eccentricity, O
degree) was defined as the location of peak foveal cone density
when known (n = 11); for the remaining 26 subjects, the foveal
center was identified as the PRL. Cone locations in patients
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Adaptive optics scanning laser ophthalmoscopy images (0.5° X 0.5°) of foveal cone mosaics in six subjects’ eyes, centered around the

PRL of fixation (white crosshairs). Patients are arranged by increasing percentage of cones below average from left to right and top to bottom. Red
crosshairs indicate cone selections used to calculate cone spacing Z-scores and percentage of cones below average, with blue diamonds indicating
the average location of cone selections. Green lines and orange lines indicate 1 SD of fixation from the average PRL location in the horizontal and

vertical directions, respectively. White scale bar: 0.25°.

were measured as eccentricity in degrees relative to the PRL or
location of peak cone density, and cone spacing in patients was
measured close to or at the PRL (mean [SD] eccentricity, 0.02
[0.03] degree; maximum eccentricity, 0.13 degree). Z-scores
were computed as the number of SDs from the normal mean
cone spacing at the eccentricity measured; Z-scores between
—2 and 2 (=SD) were considered normal.

Assuming regular, hexagonal packing of cones, cone
spacing at tested locations was converted into cone density
using a previously published method.>> As such, cone density
as reported must be considered an upper estimate of the
density of the cone mosaic in these individuals at these
locations. We adopted this approach to compute density for
two reasons. First, not all cones are visible at the fovea, even
with AO, so densities based on subjective identification of
every visible cone will likely be underestimated (see Fig. 1 for
examples). Second, fine spatial tasks are likely mediated by
small patches of contiguous cones,®* and our method to
estimate cone density within these patches is adequate. Cone

density (D) was converted into fraction of cones (FOC)
compared with average using the following equation: FOC =
Dygubject/ Dnormal, average- This was used to compute percentage
of cones below average (i.e., the difference in the patient’s
cone density at a given eccentricity from the average value for
the 37 visually normal subjects) using the following equation:
% Cones Below Average = 100 (1 — FOC).

Negative values for percentage of cones below average
indicate that cone density was greater than average at that
location. Cone spacing Z-scores within 2 SD at the foveal
center correspond to cone densities up to 36.7% below (Z-
score = 2) or above (Z-score = —2) the normal mean at the
foveal center, which may be attributable to the high individual
variability of human foveal cone density.>3-5%05-68 Therefore,
percentage of cones below average does not necessarily
indicate percentage of cone loss; however, when the Z-scores
exceed 2, there is a strong likelihood that foveal cone loss has
occurred.
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Statistical Analysis

Z-scores were compared with ETDRS scores and foveal
sensitivity using Spearman rank correlation p, which computes
the correlation between the ranked order of variables and is
unaffected by the nonlinearity of monotonic relationships
between variables. P values were calculated using the Holm
adjustment; P < 0.05 was considered statistically significant.

Percentage of cones below average was plotted against VA
and foveal sensitivity. The threshold for cone percentage
beyond which the ETDRS score dropped below 85 letters
(~20/20) and 80 letters (~20/25)%° was determined. Similarly,
the threshold for cone percentage beyond which foveal
sensitivity dropped below normal values (<35 dB in the
logarithmic scale; <3162.28 1/Lambert in the linear scale) was
determined. The data were fit to a locally weighted scatter plot
smoothing curve, and 95% confidence intervals (CIs) were
obtained using the cases bootstrap method.”®

RESULTS

Clinical characteristics of the patients are summarized in Table
1. The patients (18 female and 8 male) ranged in age from 17 to
50 years (mean [SD] age, 31.9 [9.6] years), and the visually
normal subjects (20 female and 17 male) were similar in age
(age range, 14-58 years; mean [SD] age, 31.3 [12.2] years).
Patients’ ETDRS acuity ranged from 93 to 62 letters (mean [SD]
acuity, 80.5 [8.9] letters), and foveal sensitivities ranged from
39 to 12 dB (mean [SD] sensitivity, 33.8 [5.5] dB). Normal
ETDRS acuity ranged from 93 to 80 letters, and normal foveal
sensitivity ranged from 39 to 35 dB. Patients retained mean
(maximum) stable foveal fixation of 3.84 (9.90) arc min for SDx
and 3.63 (8.92) arc min for SDy, which is similar to the range
observed in visually normal subjects (1-5 arc min®>71-73)_ The
average location of cone selections for each patient was within
1 SD of the PRL, except for patient 7 and patient 8, whose
image quality precluded cone selections at the PRL. Cone
spacing Z-scores ranged from —0.97 (30.4% cones above the
normal average number of cones) to 7.61 (74.6% cones below
the normal average number of cones). Figure 1 shows
examples of foveal cone mosaics with varying Z-scores.
Visual acuity (Fig. 2) and foveal sensitivity in logarithmic
and linear units (Fig. 3) are plotted against Z-scores and
percentage of cones below average. Table 2 summarizes the
statistical analyses. A statistically significant correlation was
found between cone spacing Z-scores and ETDRS acuity (p =
—0.60, P = 0.003) and between Z-scores and foveal sensitivity
in logarithmic and linear units (p = —0.47, P = 0.017 for both
scales). When plotted against percentage of cones below
average, the cone percentage decreases before abnormal acuity
was observed were 24.82% (95% CI, 1.77%-43.59%) for fewer
than 85 letters (20/20 acuity) and 51.75% (95% CI, 34.16%-
65.83%) for fewer than 80 letters (20/25 acuity) (Fig. 2). Cone
percentages below average for abnormal logarithmic and linear
foveal sensitivities were 51.66% (95% CI, 17.90%-67.27%) and
61.85% (95% CI, 46.58%-69.90%), respectively (Fig. 3).

DIscussION

This study presents the first cross-sectional assessment to date
of in vivo foveal cone structure and conventional measures of
visual function in patients with inherited retinal degenerations.
Although previous studies*#3541-52 have used AOSLO to assess
cone spacing and density in normal and diseased eyes, none
have reported on how foveal cone measures and visual
function are correlated. The present study demonstrates a
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significant correlation between increased AOSLO cone spacing
Z-scores and decreased VA at or near the fovea, as well as a
significant correlation between Z-scores and foveal sensitivity.
When converted to cone density, preserved VA (>20/40) and
normal foveal sensitivity in decibel and linear units were
observed even when cone density was 52% to 62% below the
normal average.

Normal Variability of Human Foveal Cone Density

Because of high individual variability in foveal cone densi-
ty,>3:58:05-68 comparisons of foveal cone spacing and density
between patients and normative data cannot be used to
directly estimate photoreceptor loss. In the present study, cone
spacing Z-scores within 2 SD were considered normal; when
converted to density, a spacing Z-score of 2 corresponded to a
cone percentage decrease of approximately 36.7% from the
normal mean.

Histologic evidence indicates that, although peak cone
density in humans is highly variable, the total number of cones
near the foveal center is relatively constant.°® However, Song et
al.%8 observed up to a 25% decrease in cone packing density in
older (age range, 50-65 years) versus younger (age range, 22-
35 years) subjects within 0.5 mm of the foveal center, which is
inclusive of the PRL, and age-dependent changes in foveal cone
density have been reported elsewhere.”# Although our patients
had an age distribution (age range, 17-50 years; mean [SD] age,
31.9 [9.6] years) similar to that of our normative database (age
range, 14-58 years; mean [SD] age, 31.3 [12.2] years),
comparison of patient and normative data within smaller age
ranges (e.g., by decade) might have further reduced variability
effects. The limited size of our normal data set prevented more
stringent age-matched comparisons. Despite these limitations,
our calculated threshold for cone densities below which
measurable losses of function occur was lower than the lower
bound of cone densities attributable to normal variability
(~36.7% cones below average), except for ETDRS acuity less
than 85 letters (threshold of 24.8% cones below average)
(Table 2). Therefore, although our results do not provide exact
measurements of cone loss, they suggest that VA (>20/40) and
foveal sensitivity are preserved even when cone density is
substantially lower than normal near or at the foveal center.

Comparison of AOSLO Normative Cone Measures
With Histologic Data

To assess whether the normative data used in this study are in
agreement with histologic measurements, AOSLO cone spac-
ing measures at the foveal center were converted into density
and compared with histologic data by Curcio et al.®® among
seven subjects (mean [SD] histologic peak foveal cone density,
199,200 [87,200] cones/mm?; range, 98,200-324,100 cones/
mm?). To convert angular cone density (in cones per degree
squared) to retinal distances (in cones per millimeter squared),
the assumption of 289 pum/deg was used,?”-7>7¢ producing a
mean AOSLO foveal density of 127,774.27 cones/mm? (95% CI,
85,297.41-235,152.41 cones/mm?), which is within 1 SD of
the data by Curcio et al., although reduced by 35.9%. This
reduction may be because of the larger sample size of the
AOSLO normative data set (n = 37), which may be less
susceptible to the effects of variability and provide a more
generalized mean foveal cone density value than that of the
smaller histologic data set (n = 7). In addition, the PRL was
assumed to correspond to the anatomical foveal center for 26
of the 37 normal AOSLO eyes (for whom the location of peak
cone density was unknown), so the mean density value was
likely lower than it would have been had the peak cone
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FIGURE 2.

Top: Visual acuity measured as ETDRS letter scores correlates with cone spacing Z-scores. Vertically shaded grey region indicates the

range of normal Z-scores (£2 SD); horizontally shaded region indicates the normal range of VA (100-85 letters). Center: Visual acuity plotted
against percentage of cones below average. Vertically shaded grey region indicates percentage cone values corresponding to the normal range of Z-
scores; borizontally shaded grey region indicates the normal range of VA. Red line indicates cone percentage after which ETDRS scores fall below
85 letters (20/20 acuity), which was determined by fitting the data to a locally weighted scatter plot smoothing (LOWESS) curve; red shaded region
indicates 95% CIs. Bottom: Percentage of cones below average with threshold value and 95% CI for EDTRS scores below 80 letters (20/25 acuity).

densities been quantified for all subjects, as was done with the
histologic data. However, because cone spacing measurements
for the present study were made at or near the PRL, contrast
with a normative database mainly based on PRL provides a
more similar data set for comparison than if patients’ PRL data
had been compared with the mean peak cone density in
visually normal subjects.

Uncertainty of the Relationship Between PRL and
the Location of Peak Cone Density

In four patients for whom the PRL was unknown, the location
of peak cone density was used for analysis. Although the PRL is
generally displaced from the location of maximum cone
density,>®%3 the eye’s optical blur reduces VA below the
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Ficure 3. Top: Foveal sensitivity in logarithmic (decibel, left column) and linear (1/Lambert, right column) scales correlates with cone spacing Z-
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Bottom: Foveal sensitivity is plotted against percentage of cones below average. Red vertical lines indicate cone percentage after which foveal
sensitivity became abnormal (<35 dB or <3162.28 1/Lambert), which was determined by fitting the data to a locally weighted scatter plot
smoothing (LOWESS) curve; red shaded regions indicate 95% ClIs.

Nyquist sampling frequency of foveal cones,”” lessening the for comparison with fixational acuity and sensitivity is

effect of absolute cone density on visual function. Weymouth
et al.”® mapped grating acuity in 1l-arc min intervals
throughout the fovea and did not find that maximum acuity
was better anywhere outside of the PRL, suggesting that visual
functions at the location of peak cone density and fixation are

appropriate, although it may underestimate the extent of cone
density reduction occurring at the PRL. The four patients had
peak cone densities of 40.83% below to 30.40% above the
mean foveal density of visually normal subjects, which was
derived mainly from measurements near the PRL; because the

similar, if not equivalent, and that humans have an excess of
foveal cones for high-contrast, photopic acuity tasks. There-
fore, the substitution in the present study of peak cone density

patients’ PRL cone density is expected to be reduced from
maximum cone density, these values likely reflect a lower
bound of the cone changes actually occurring at fixation.

TasLe 2. Summary of Statistical Analyses Showing Correlation Between Cone Spacing and Visual Function
Variable Spearman Rank Correlation p P Value Cones Below Average, % (95% CI)

VA ETDRS score

For <85 letters, 20/20 VA —0.60 0.003 24.82 (1.77-43.59)

For <80 letters, 20/25 VA 51.75 (34.16-65.83)
Foveal sensitivity

Logarithmic —0.47 0.017 51.66 (17.90-67.27)

Linear —0.47 0.017 61.85 (46.58-69.90)

Foveal sensitivities are in logarithmic (decibel) and linear (1/Lambert) scales. P < 0.05 is statistically significant. The Cones Below Average
column demonstrates that upper limits of cone density change before abnormal values were observed for ETDRS acuity (<85 letters and <80
letters) and foveal sensitivity (<35 dB and <3162.28 1/Lambert).
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AOSLO Density Measurements Represent an Upper
Bound of Structural Changes

In this study, cone spacing was used to quantify foveal cone
structure. Cone spacing represents a conservative measure of
cone mosaic integrity*! and was chosen because reliable spacing
estimates can be made even if not all the cones have been
identified in an image. Because the conversion from spacing to
density assumes a close-packed mosaic, the cone density
measures reported herein represent an upper limit of percentage
of cone density differences from normal. In other words, actual
cone densities are likely to be lower than we report.
Nevertheless, the cone density thresholds observed in this study
are in agreement with earlier studies in which substantial
photoreceptor loss was predicted to be necessary to cause a
measurable reduction in visual function. By fitting equations to
psychometric functions for patients with Stargardt disease,
Geller and Sieving?? estimated a patchy loss of approximately
90% of cones before significant changes in acuity occurred in
these subjects, and in a histopathological study of a patient with
juvenile macular degeneration, Eagle et al.”® reported that the
patient maintained 20/30 acuity before his death, despite
deterioration of most foveal cones. Similar to the models of
degeneration by Geller and Sieving,?> Seiple et al.® used pixel
blanking in letter optotypes to simulate foveal cone dropout in
patients with RP and determined that a loss of 80% of foveal
cones was necessary to reduce acuity below 20/40. Although
this study looked at acuity changes attributed solely to a
reduction in spatial sampling, ignoring other sensory and
perceptual factors, their results support our observations that
VA is resilient to significant changes in foveal cone topography.

Longitudinal Studies Would Facilitate Accurate
Assessments of Degeneration in Individual
Subjects

A limitation of this study was its cross-sectional design, which
precluded tracking of longitudinal changes in cone density and
function in individual patients. Because normal intersubject
variability in foveal cone density prevents measurement of
absolute photoreceptor loss in individual patients relative to
normal, a longitudinal follow-up to the present study would
facilitate accurate tracking of degenerative changes measured
structurally and functionally. A longitudinal study of AOSLO
cone measures was recently published by Talcott et al.,>! who
tracked three patients (two with RP and one with Usher
syndrome type 2) treated with sustained-release ciliary
neurotrophic factor (CNTF) over 30 to 35 months. Cone
spacing increased by 2.9%, and cone density decreased by 9.1%
more per year in sham-treated versus CNTF-treated eyes, but
no significant changes were observed in VA or visual field
sensitivity. These observations indicated preserved visual
function, despite significant cone loss in the sham-treated
eyes, and a longitudinal follow-up to the present study may
produce similar results over a comparable period.

Intrasubject Variability of Psychophysical
Measures

Because of the small size and noise of our study’s data set,
Spearman rank correlation, which is more robust and insensitive
to the effects of outliers than regression analysis, was used to
evaluate the correlation between cone spacing and visual
function. This noise may be partially attributed to intrasubject
variability in psychophysical examinations, which is amplified in
patients with increased disease severity®!'3!4 because of the

IOVS | August 2013 | Vol. 54 | No. 8 | 5843

inconsistent response of remaining foveal cones to light
stimulation. When measuring VA, variations in test procedures
(e.g., chart luminance, test distance, and examiner instructions)
and indeterminate guessing rates may also increase statistical
error.® Although the letter-by-letter (ETDRS) scoring protocol
used in this study provides higher test-retest reliability than the
line assignment method,®” the threshold for significant change
in trained, visually normal subjects is still 3.5 to 5 letters.®8182
This variability reinforces the need for more objective measures
such as cone structure for assessing retinal health, and future
studies should analyze a larger number of eyes and fit the data to
regression models to assess whether a continuous relationship
exists between foveal cone structure and visual function, taking
the variability of clinical measures into account.

Relationship Between Structural Measures and VA

The present study found a significant relationship between
foveal cone spacing and VA, which is consistent with previous
structure-function correlations using OCT. Multiple groups have
reported significant correlations between VA and either IS/OS
integrity?®2?° or foveal thickness,?*-3132 but they did not
determine the extent of foveal structural changes before
abnormal values were observed psychophysically. Unlike AOSLO
data, OCT data have been fit to regression models. In a study of
Stargardt disease, Ergun et al.?® found significant linear
relationships between VA and both IS/OS integrity (R* = 0.49,
P = 0.0001) and foveal thickness (B> = 0.51, P = 0.0001).
Sandberg et al.>?> compared ETDRS acuity and foveal thickness in
patients with RP using logarithmic, linear, and second-order
polynomial models and found that the second-order polynomial
provided the best fits, accounting for a decline in VA at smaller
and larger retinal thicknesses because of cone loss and
edematous thickening, respectively. Using linear regression,
they found a 1.1-letter decrease in ETDRS acuity for every 10-um
decline in foveal thickness, and given their observation that
patients with RP on average lose 0.9 letters per year, they
calculated the rate of foveal thinning to be 8.2 um/y. Provided
their calculated 38-um SD for foveal thickness, this roughly
predicts a 4-year time course before significant changes are
observed structurally with OCT, which is similar to the time it
would take to observe significant changes in ETDRS acuity (0.9
letters/y X 4 years = 3.6-letter decrease over 4 years), which is
within the threshold range for significant acuity change in
visually normal subjects (3.5-5 letters®5152). As previously
mentioned, Talcott et al.>! observed significant reductions in
cone density over the course of 30 to 35 months in the absence
of VA changes, suggesting that, although significant structure-
function correlations have been observed with both AOSLO and
OCT, direct visualization of individual cones as facilitated by
AOSLO may provide an earlier measure of structural changes.

Relationship Between Structural Measures and
Foveal Sensitivity

The present study found a significant correlation between cone
spacing and foveal sensitivity, although cone density thresholds
were 52% to 62% below the normal mean before abnormal
values were observed in decibel and linear sensitivity. The
discrepancy between sensitivity and the structural status of the
fovea is likely because of the inadequacy of conventional
perimetry stimuli in detecting subtle changes in photoreceptor
topography. The SITA standard protocol with a Goldmann III
stimulus used in this study is the most common technique for
visual field testing, and its 4-mm? size translates to a visual
angle of 0.12 degree? (432 arc min®) on the retina from a
distance of 0.33 meter (m).®3 Given that the diameter of a
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normal foveal cone is 0.5 arc min,® approximately 2200 foveal
cones would sample a Goldmann II stimulus, each corre-
sponding to a single receptive field based on the postrecep-
toral “private line” hypothesis for foveal cones.®* This
oversampling of numerous receptive fields may lead to an
underestimation of subtle visual defects in the tested area
because functionally normal cones may conceal regions of
dysfunction, providing little insight into the integrity of the
local photoreceptor matrix. Although smaller stimulus sizes
such as the Goldmann size I (0.0075 degree? at 0.33 m) may
increase sensitivity to subtle structural defects, their benefits
are compromised by the observed increased test-retest
variability of smaller stimuli.®3 Because AOSLO images demon-
strated up to a 52% to 62% decrease in foveal cones before
abnormal changes were observed in sensitivity, these results
suggest that structural measures may provide an earlier and
more objective assessment of degeneration.

AOSLO-Based Microperimetry for Single-Cell
Functional Testing

Adaptive optics scanning laser ophthalmoscopy cone measures
assess the integrity of the cone mosaic, but they do not provide
information on the functional status of individual cones.
Previous studies describe the inconsistent response of
remaining foveal cones to light stimulation,'?> and for AOSLO
imaging to become a comprehensive and objective measure of
disease progression, the structure-function relationship for
individual foveal cones needs to be established. Makous et al.®>
used 0.75-arc min AO-corrected stimuli to identify micro-
scotomas in a deuteranopic patient with normal VA and visual
field, despite an estimated 30% loss of cone photoreceptors.
This result suggests that microperimetry at the resolution of
single cones may be necessary for evaluating subtle functional
changes in the photoreceptor mosaic indiscernible by standard
clinical tests. To enable longitudinal monitoring of individual
photoreceptor function, Tuten et al.8® have developed AOSLO-
based microperimetry with real-time eye tracking, facilitating
targeted functional testing of individual cones with automatic
recovery of previously tested locations. In future studies,
AOSLO-based microperimetry may provide insight into the
extent of functional changes at the fovea before they are
observable by standard clinical measures, providing a more
comprehensive understanding of structure-function relation-
ships at the cellular scale.

Structural Measures May Provide More Reliable
Predictors of Foveal Degeneration Than Visual
Field

For rod-cone degenerations in which peripheral cone loss
precedes foveal degeneration, natural history studies predict
half-life times of Goldmann V-4e field loss ranging from 5 years
(n=19)'8 to 15 years (n = 90).17 Alexander et al.>* reported
that VA loss in patients with RP occurred following the
degeneration of parafoveal rods and cones, after which cone IS
enlargement was observed to increase foveal cone spacing and
decrease the resolution of spatial sampling. Madreperla et al.8”
showed that clinically significant VA loss (<20/40) in patients
with RP occurred only after the visual field was constricted to a
15° radius, suggesting that the relationship between VA and
visual field radius could help predict the onset of foveal
dysfunction in patients. However, this prognosis requires
knowledge of the rate of visual field decay, which is highly
variable based on differences in visual field loss pattern,®®
critical age,'®8% disease genotype,”®°! and environmental and
dietary factors.”293 Sunga and Sloan®? reported that rates of
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visual field loss vary even among family members, with
intervals of slow and rapid field loss alternating over the
course of an individual’s lifetime. Because of these variations,
the rate of visual field loss cannot be predicted on an individual
basis, precluding the prognosis of foveal degeneration based
on peripheral visual field changes. Instead, structural measures
such as those provided by AOSLO may be used as an earlier
indicator of parafoveal cone changes than visual function,
enabling disease monitoring and treatment intervention well
before the fovea shows clinical signs of degeneration.

Less Commonly Used Clinical Measures of
Function May Be More Sensitive to Structural
Changes Than VA or Sensitivity

The aim of the present study was to show that the most
commonly reported measures for evaluating foveal function are
insensitive indicators of foveal cone structure. However, other
psychophysical tests may provide improved sensitivity. Conven-
tional VA tests such as ETDRS charts or Landolt rings use high-
contrast figures to assess visual impairment, which may not be as
sensitive to foveal degradation as contrast sensitivity tested at
various spatial frequencies. Akeo et al.> reported significant
correlations between Landolt ring VA and Vistech contrast
sensitivity at lower spatial frequencies (1.5, 3.0, and 6.0 cycles
per degree [cyc/deg]) in patients having RP with greater than 20/
50 VA, but at 18.0 cyc/deg a subset of these patients with 20/25
VA had significantly reduced contrast sensitivity (<15 cyc/deg).
Using Arden gratings, Lindberg et al.! observed similar contrast
sensitivity reductions at high frequencies in patients with RP
undetected by Snellen acuity, suggesting that abnormalities in
patients with preserved VAs may be detectable with contrast
gratings at higher spatial frequencies. Despite its advantages,
contrast sensitivity is hard to perform routinely (test distance,
lighting, and speed of grating presentation need to be precisely
controlled,! although the development of tablet-based software
may make testing conditions more standardized), is more affected
by ocular factors such as cataract than conventional VA,*% and is
infrequently used in assessing foveal function. Although the
present study did not assess contrast sensitivity, future studies
could investigate its correlation with cone structure.

In conclusion, direct, high-resolution images of cone
structure such as those provided by AOSLO may provide a
more sensitive and more reliable indication of foveal degener-
ation than VA and foveal sensitivity. These results support the
use of AOSLO images as an outcome measure of disease
progression and suggest that treatment intervention is best
done before measurable vision loss manifests, at which point
significant structural changes may have already occurred.
Further studies are necessary to determine the exact relation-
ship between cone structure and standard measures of visual
function, including large cross-sectional and longitudinal
assessments of patients using high-resolution AOSLO images
of foveal cones.
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