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Abstract

Purpose—We used high-resolution spectral-domain optical coherence tomography (SD-OCT)
with retinal segmentation to determine how ganglion cell loss relates to history of acute optic
neuritis (ON), retinal nerve fiber layer (RNFL) thinning, visual function, and vision-related quality
of life (QOL) in multiple sclerosis (MS).

Design—Cross-sectional study.

Participants—A convenience sample of patients with MS (n = 122; 239 eyes) and disease-free
controls (n = 31; 61 eyes). Among MS eyes, 87 had a history of ON before enrollment.

Methods—The SD-OCT images were captured using Macular Cube (200x200 or 512x128) and
ONH Cube 200x200 protocols. Retinal layer segmentation was performed using algorithms
established for glaucoma studies. Thicknesses of the ganglion cell layer/inner plexiform layer
(GCL+IPL), RNFL, outer plexiform/inner nuclear layers (OPL+INL), and outer nuclear/
photoreceptor layers (ONL+PRL) were measured and compared in MS versus control eyes and
MS ON versus non-ON eyes. The relation between changes in macular thickness and visual
disability was also examined.

Main Outcome Measures—The OCT measurements of GCL+IPL and RNFL thickness; high
contrast visual acuity (VA); low-contrast letter acuity (LCLA) at 2.5% and 1.25% contrast; on the
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25-item National Eye Institute Visual Function Questionnaire (NEI-VFQ-25) and 10-Item Neuro-
Ophthalmic Supplement composite score.

Results—Macular RNFL and GCL+IPL were significantly decreased in MS versus control eyes
(P<0.001 and £P=10.001) and in MS ON versus non-ON eyes (£<0.001 for both measures).
Peripapillary RNFL, macular RNFL, GCL+IPL, and the combination of macular RNFL+GCL
+IPL were significantly correlated with VA (F<0.001), 2.5% LCLA (/<0.001), and 1.25% LCLA
(P=<0.001). Among OCT measurements, reductions in GCL+IPL (~<0.001), macular RNFL (P=
0.006), and the combination (macular RNFL+GCL+IPL; A<0.001) were most strongly associated
with lower (worse) NEI-VFQ-25 and 10-ltem Supplement QOL scores; GCL+IPL thinning was
significant even accounting for macular RNFL thickness (P= 0.03 for GCL+IPL, P=0.39 for
macular RNFL).

Conclusions—We demonstrated that GCL+IPL thinning is most significantly correlated with
both visual function and vision-specific QOL in MS, and may serve as a useful structural marker
of disease. Our findings parallel those of magnetic resonance imaging studies that show gray
matter disease is a marker of neurologic disability in MS.

Multiple sclerosis (MS) is an idiopathic, inflammatory—degenerative condition affecting the
central nervous system. Optic neuritis (ON) is a common clinical manifestation of MS
characterized by acute onset of visual acuity (VA) loss often accompanied by visual field
loss, color desaturation, and pain with eye movement. Although most patients' VA recovers
to baseline after an episode of ON, residual deficits in contrast sensitivity are common.
Low-contrast letter acuity (LCLA) has been validated as a sensitive measure of visual
impairment in MS clinical trials and detects residual disability in eyes of patients with a
history of acute ON.

Optic atrophy and thinning of the peripapillary retinal nerve fiber layer (RNFL) are typical
findings on ophthalmoscopic examination of patients with MS and a history of ON. Optical
coherence tomography (OCT) has enabled measurement of peripapillary RNFL loss with
micron-level resolution and excellent reproducibility.1~9 Cross-sectional and longitudinal
studies of MS have demonstrated peripapillary RNFL thinning even among eyes with no
history of acute ON. This retinal ganglion cell axonal loss correlates with worsening of
visual function by LCLA and other tests of low-contrast vision.%-18

Neuronal loss is increasingly recognized as a correlate of disability in MS.19-24 Whereas
investigations of time-domain OCT have shown reductions in total macular volume as a
potential marker for neuronal loss in MS eyes, more specific measurement of the retinal
ganglion cell layer (GCL) has only recently emerged after the introduction of high-
resolution and high-speed spectral-domain (SD)-OCT techniques to study of MS.1-11.25-27
We used SD-OCT with a novel computerized retinal segmentation algorithm to determine
how GCL neuronal loss relates to history of ON, RNFL thinning, visual function, and
quality of life (QOL) in a heterogeneous MS cohort.

Materials and Methods

Subjects

We enrolled a convenience sample of patients with MS, diagnosed by standard clinical and
neuroimaging criteria,28 from neuro-ophthalmology practices at the University of
Pennsylvania. A detailed history and examination was performed to exclude patients with
neurodegenerative diseases other than MS, as well as eyes with comorbid ocular conditions
not related to MS (e.g., glaucoma). Healthy volunteers served as controls and were recruited
from among staff, friends, and family members of patients. Control participants were
excluded if they had a history of eye or neurologic disease (other than corrected,
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nonpathologic refractive error). Controls were also excluded if best-corrected high-contrast
VA was <20/20 because this was considered evidence of an underlying comorbid ocular
condition. Participants (patients and controls) with pathologic hyperopia or myopia
(spherical refractive error greater than +8.00 or less than —8.00 diopters) were excluded.
Institutional review board approval was obtained from the University of Pennsylvania for
these studies. Written informed consent was obtained from all participants, and the research
adhered to the tenets of the Declaration of Helsinki.

History of acute ON was assessed for each MS eye by patient self-report or physician report
and confirmed by review of the patient's medical record. We excluded from these analyses
patients with current or recent (<3 months before enrollment) attacks of ON to best capture
the longer term effects of ON on retinal thickness.1” For this study, MS eyes with a history
of ON were termed MS ON eyes, those without an ON history were MS non-ON eyes.

Visual Function Testing

All visual function testing was performed monocularly for each eye. Standard, high-contrast
VA was assessed using Early Treatment Diabetic Retinopathy Study (ETDRS) charts at 3.2
m. The LCLA testing was performed at the 2.5% and 1.25% contrast levels using
retroilluminated, low-contrast Sloan letter charts (Precision Vision, LaSalle, IL) at 2.0 m.
Low-contrast Sloan letter and ETDRS charts have a similar standardized format with 5
letters per line. Numbers of letters identified (maximum of 70 per chart) were recorded for
each eye. This scoring method provided continuous scale that is equivalent to the log
minimal angle of resolution yet uses units that are more familiar to neurologists and that
have been used in recent MS trials.13:29.30 Testing was performed by trained technicians
experienced in research examinations. Standardized protocols, including written scripts and
instructions, were followed. Snellen acuity equivalents were determined based on scores for
ETDRS charts. Participants underwent detailed refractions to determine correlations with
OCT that reflected best-corrected vision.

Clinically meaningful differences in visual function were summarized by determining
whether the differences exceeded the amount that would be expected from repeated testing
when there was no real change.3! For high-contrast VA, 2-line (10-letter) differences have
been used traditionally as criteria for clinically meaningful change, based on studies of test—
retest variability.31 However, recent studies have demonstrated that, in patients with
relatively good VA, 5-letter or 1-line changes in high-contrast VA are unlikely to be due to
testing error.32 Examination of our interrater reliability study data has revealed that 5 letters
represents 2 standard deviations of interrater difference for VA in patients with MS.
Correspondingly, 2 standard deviations of interrater difference for LCLA were equal to 7
letters.2% These values were used as criteria for visual loss in published studies involving
OCT?2 and are also used to determine clinically meaningful differences in the present study.

Quality of Life Assessment

Vision-related QOL was assessed using the 25-item National Eye Institute Visual
Functioning Questionnaire (NEI-VFQ-25). This instrument has been validated as a
reproducible metric of self-reported visual disability in patients with chronic eye diseases,°
including MS.33-37 The NEI-VFQ-25 was self-administered at the time of the study visit;
when possible, participants completed all questionnaires before visual function testing. The
NEI-VFQ-25 is the standard, vision-targeted QOL scale that is widely used in
ophthalmologic research and clinical trials using established scoring methods.32 The NEI-
VFQ-25 consists of 12 subscales; a composite (overall) score is generated as the unweighted
average of all items, excluding the single item for general health. Scores for the NEI-
VFQ-25 composite and subscales range from 0 to 100, with higher scores indicating better
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vision-specific QOL. The NEI-VFQ-25 has been used successfully to demonstrate
reductions in QOL in patients with MS, ON, and other ophthalmologic disorders.33-38
Although some authors have suggested that 5-point changes in NEI-VFQ-25 scores are to be
considered clinically significant,3” a more recent study of ophthalmologic clinical trial data
demonstrated that 4-point differences in composite scores (and 5-point differences in
subscale scores) are likely to represent clinically meaningful within-person changes for the
NEI-VFQ-25.38 This level of difference in NEI-VFQ-25 score for the composite and several
important subscales has been shown to correlate with clinically meaningful changes in VA
and LCLA in patients with MS.36

A 10-item Neuro-Ophthalmic Supplement to the NEI-VFQ-25 was designed in a previous
study by our group to target additional aspects of vision that may not be captured by the
NEI-VFQ-25 in patients with MS and other neuro-ophthalmologic disorders.3°:36 This new
scale distinguished patients with MS from disease free controls to a significant degree in the
prior study3>36 and demonstrated a capacity to capture self-reported visual dysfunction
beyond that of the NEI-VFQ-25. Items and composite scores also showed appropriate
degrees of internal consistency reliability. The 10-item supplement includes 10 items in a
Likert scale format similar to that used in the NEI-VFQ-25, each of which is scored on a 0 to
100 scale. A composite (overall) score for the 10-item supplement is calculated as the
unweighted average of the 10 items. Instructions and content for the 10-item supplement
have been published3® and were designed based on survey and focus group data for patients
with MS, ocular myasthenia gravis, and other disorders. In patients with MS, lower (worse)
10-item supplement overall and subscale scores are associated with reduced visual function
by LCLA and VA.3536

Optical Coherence Tomography

After patients completed visual function testing, OCT scanning was performed for both eyes
of each participant using the Cirrus high-resolution SD-OCT system (Carl Zeiss Meditec,
Dublin, CA). Scans were performed by trained technicians after visual function testing. An
internal fixation target was used to improve reproducibility, and a patch was placed over the
nontested eye. Scans were performed without flash photography to optimize patient comfort.
If the pupils were large enough to permit adequate imaging (=5 mm), scanning was
completed without the use of mydriatic drops. Dilation has little impact on OCT values and
reproducibility, and previous studies of MS patients have been performed without uniform
use of mydriatics.12:13 Pupils were dilated with 1% tropicamide when necessary. Good
quality scans were defined according to specifications in the user manual; criteria included
signal strength =7 (maximum 10), centering of the scan, and uniform brightness.

Two OCT scanning protocols were performed on each eye. The ONH cube protocol
computes the RNFL thickness along 2.4-mm diameter circles around the optic disc. The
Macular Cube 200x200 and 512x128 scanning protocols were used to image a 6x6x2 mm3
cube of macular tissue centered on the fovea. The 512x128 protocol coregisters 128
horizontal line scans with 512 A-scans, providing greater horizontal sampling density at the
expense of a modest decrease in vertical sampling density when compared with the Macular
Cube 200x200 scan protocol. However, images from both protocols are processed frame to
frame such that the segmentation performance and measurements are not affected by the
protocol used.

Macular Segmentation Algorithm

Raw data files obtained from the Macular Cube scanning protocol were exported to an IBM-
compatible computer and subjected to a segmentation algorithm developed by Drs Ishikawa
and Schuman at the University of Pittsburgh. This algorithm was developed using an
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adaptive thresholding approach in the Xcode (Apple Computer, Cupertino, CA) software
development environment as previously described.?” Briefly, the algorithm analyzes the
OCT A-scan profile in a stepwise fashion to define borders between retinal substructures
based on the reflectivity characteristics of the tissue. Incorporation of an automated integrity
check improved the robustness of algorithm performance.

Using this algorithm, the macula was segmented into 4 retinal layers (Fig 1). Because the
GCL cannot be reliably separated from the thin inner plexiform layer (IPL), even using the
newer SD-OCT techniques, GCL thickness was estimated as GCL+IPL. In previous studies
of glaucoma, the GCL and IPL have been combined because of relatively poor segmentation
performance to define these individual layers.2>27 Macular RNFL and outer retinal layers
(inner nuclear layer/outer plexiform layer [INL+OPL], outer nuclear layer/photoreceptor
layer [ONL+PRL]) were also measured. The combination of macular RNFL+GCL+IPL was
calculated because this has been a sensitive measure for detecting retinal thinning in other
disorders such as glaucoma.2>:27 Global average thickness was computed for each layer
within the 6-mm diameter centered at the foveola. Average thicknesses were also calculated
for each of the macular areas: A central 1-mm disc (representing the foveal area), as well as
inner and outer rings (from 2 to 3 mm and 3 to 6 mm, respectively), subdivided into
superior, nasal, inferior, and temporal quadrants.

Statistical Analysis

Results

All data analyses were performed using Stata statistical software, version 11.1 (StataCorp,
College Station, TX). Generalized estimating equation (GEE) models, accounting for age
and adjusting for within-patient, intereye correlations, were used in primary analyses to
determine the relation of GCL+IPL and other retinal layer thicknesses to visual function and
QOL scores. The GEE regression models are generalized linear models that allow for
specification of within-group correlations when examining the capacity of 1 or several
independent variables to predict a dependent variable. The GEE models were used in this
study to determine how well visual function or QOL (NEI-VFQ-25) scores predicted retinal
layer thicknesses, accounting simultaneously for age. Because both eyes of each MS patient
and control were included in this study, and because eyes of the same patient would be
expected to have some degree of intercorrelation with respect to visual function and retinal
thickness by OCT, GEE models allowed us to adjust for these within-patient, intereye
correlations. The GEE models were also used to compare patient (MS eyes, MS ON eyes,
and MS non-ON eyes) and disease-free control groups with respect to retinal thickness
values. A type I error level of a = 0.05 was used for statistical significance.

Patients with MS (n = 122; 239 eyes) and disease-free controls (n = 31; 61 eyes) underwent
vision testing and OCT imaging. A few MS (h = 5) and control eyes (n = 1) were excluded
because the macular OCT signal strength was <7. The demographic and clinical
characteristics are presented in Table 1. Of these demographic variables, only age is known
to influence retinal thickness parameters.3? Therefore, we included age as a covariate in our
GEE regression models. Snellen equivalents for mean VA were 220/20 for both MS and
disease-free control eyes (mean ETDRS VA scores = 58; Table 1). The MS cohort was
predominantly of the relapsing—remitting clinical disease subtype (n = 105 [207 eyes]; 87%
of patients); 5 patients (10 eyes) had presented as clinically isolated syndromes and
subsequently met McDonald criteria for MS (clinically isolated syndrome, 2 patients with a
history of unilateral ON) and 12 patients (22 eyes) had secondary-progressive MS.

Peripapillary RNFL thickness was reduced in MS eyes (84.3 £ 12.8 um) relative to eyes of
disease-free controls (92.9 £ 10.0 um; A<0.001; GEE models accounting for age and within-
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patient, intereye correlations). For the macula, RNFL and GCL+IPL were also significantly
reduced in MS versus control eyes, as was the combination of macular RNFL+GCL+IPL
(Fig 2; Table 2). There were no differences for the outer retinal layers (OPL+INL and ONL
+PRL) between MS patient and control eyes.

Exploratory analyses of MS clinical subtype as a categorical variable showed evidence for
thinner macular RNFL, GCL+IPL, and combination macular RNFL+GCL+IPL in relapsing-
remitting clinical disease subtype and secondary-progressive MS compared with eyes of
patients with clinically isolated syndromes (/< 0.01 for all comparisons; GEE models,
accounting for age and within-patient, intereye correlations).

When comparing MS eyes with versus without a history of ON (Fig 3; Table 2), MS ON
eyes (78.4+13.6 um) had significant reductions in peripapillary RNFL thickness compared
with MS non-ON eyes (87.6£11.1 zm; £<0.001). Macular RNFL (20.0£9.0 vs 25.5+7.1
pm), GCL+IPL (79.7£9.2 vs 86.8+6.6 zm) and the combination of macular RNFL+GCL
+IPL thicknesses (99.6+£16.8 vs 112.3+£12.2 pum) were also significantly lower for MS ON
versus non-ON eyes (P<0.001).

For every 10-zm reduction in peripapillary RNFL thickness (10.8% reduction from control
mean), we found a corresponding loss in macular RNFL of 3.4 gm (11.5% reduction;
£<0.001), and loss of GCL+IPL of 4.2 um (4.7% reduction; A<0.001, GEE models
accounting for age and intereye correlations; Table 3). Thickness of the OPL+INL and ONL
+PRL did not correlate significantly with peripapillary RNFL thickness among MS eyes in
this cohort (Table 2). Clinically meaningful reductions in visual function, predefined as =5
letters for high-contrast VA and =7 letters for LCLA at 2.5% and 1.25% contrast, were
associated with thinning of the peripapillary RNFL, macular RNFL, and GCL + IPL
(P<0.001, GEE models; Table 3).

The GCL + IPL (~<0.001 for NEI-VFQ-25 composite and for the 10-item Neuro-
Ophthalmic Supplement composite score; Table 3), macular RNFL (2= 0.006 for NEI-
VFQ-25; £=0.002 for supplement), and the combination of macular RNFL+GCL+IPL
(P<0.001 for NEI-VFQ-25 and supplement) were the OCT measurements for which thinning
was most strongly associated with lower (worse) QOL. Correlations of GCL+IPL thickness
with visual function and QOL were significant even in models accounting simultaneously
for macular RNFL thickness (P=0.03 GCL + IPL; £=0.39 for macular RNFL in these
GEE models). The relation of GCL + IPL thickness with LCLA (2.5%: r= 0.49; £<0.0001)
and NEI-VFQ-25 composite (= 0.31; £=0.0006) was linear (Fig 4), and these correlations
were significant. Outer retinal thicknesses (OPL+INL and ONL+PRL) did not correlate with
ON history or with worsening of RNFL thickness, vision, or QOL in this cohort.

Discussion

Results of these investigations demonstrate that retinal GCL+IPL neuronal loss is strongly
related to visual function and QOL in MS, and is observed among MS eyes with and without
a history of acute ON. Our findings parallel those of magnetic resonance imaging studies of
gray matter atrophy and suggest that retinal neuronal degeneration is closely associated with
visual disability in MS.19-24 Importantly, our study provides a link between structural
aspects of visual pathway axonal and neuronal loss and patient-reported visual disability as
measured by established QOL instruments. Retinal segmentation should permit the
longitudinal study of neuronal and axonal loss in ON, MS, and other optic neuropathies.

Loss of peripapillary RNFL is a well-documented structural marker of axonal degeneration
in MS eyes with and without a history of ON1-4.8-18 Historically, OCT studies in MS have
focused mostly on the peripapillary RNFL, but retinal ganglion cell neuronal loss may also
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be implicated in the pathogenesis of visual dysfunction in MS. Histopathologic analyses of
postmortem MS eyes has identified loss of INL neurons in addition to GCL atrophy.4? The
results of our study expand on this observation by providing a more detailed measurement of
the retinal axonal and neuronal degeneration in MS patients and controls. In this study, we
investigated changes in the axonal (RNFL) and neuronal (GCL + IPL, RNFL + GCL + IPL,
OPL + INL, and ONL + PRL) components of the macula. Analogously, magnetic resonance
imaging studies have refined segmentation techniques that enable quantitation of cortical
gray matter within lesions and normal brain.22

Overall, MS eyes in our study had significant thinning of the macular RNFL and GCL+IPL
compared with disease-free control eyes (Fig 2). After a prior episode of ON, one would
expect retrograde degeneration of the RNFL axons and their associated ganglion cell bodies.
As such, the degree of macular RNFL and GCL+IPL thinning is much greater when
comparing MS ON eyes versus non-ON eyes (Fig 3; Table 2), as is the combination of
macular RNFL+GCL + IPL. These findings are consistent with our studies of total macular
volume (before the availability of retinal segmentation) as determined by time-domain
OCT.16

Previous studies have shown significant peripapillary RNFL dropout even in MS non-ON
eyes.1=48-18 |n our cohort, we noted significant thinning of the macular RNFL in MS non-
ON eyes versus controls, whereas GCL+IPL and other retinal layers did not differ from
controls. Correspondingly, the combination of macular RNFL+GCL+IPL distinguished MS
non-ON versus control eyes, but not to a highly significant degree (= 0.03). This pattern of
injury may be explained by subclinical episodes of ON or by some other susceptibility to
axonal loss with relative sparing of the retinal GCL.#142 Other investigations have
suggested the existence of a primary retinal neuronopathy in MS, predominantly affecting
the outer segment of the retina and sparing the GCL.1040 These patients with a macular
thinning predominant phenotype have worse MS severity scores and electroretinographic
characteristics that may distinguish them from other MS patients.1? However, in this cohort
of MS patients, we did not demonstrate thinning of the outer retinal layers. Although other
recent studies have shown reductions in cone densities among patients with glaucomatous
and nonglaucomatous optic neuropathies,*3 investigations of glaucoma with computerized
OCT segmentation algorithms such as those used in our study have demonstrated that
thinning of the inner retinal layers (GCL+IPL and macular RNFL) best identifies diseased
versus control eyes.26:27 Perhaps some of the findings noted in these studies reflect
differences in resolution between OCT techniques. In a recent study by Saidha et al,** GCL
+IPL was reduced in eyes of patients with MS and correlated well with visual function using
a Zeiss manufacturer-based algorithm.

In our study, all measures of visual function were significantly correlated with peripapillary
RNFL as well as macular RNFL and GCL + IPL thickness (Table 2). Peripapillary RNFL,
macular RNFL, GCL + IPL, and the combination of macular RNFL+GCL + IPL were
significantly correlated with NEI-VFQ-25 and 10-item supplement scores (Table 3). Our
findings suggest that GCL+IPL thickness represents a potentially important structural
marker of visual disability in MS given its high degree of correlation with VA, LCLA, and
vision-specific QOL measures, and macular RNFL+GCL+IPL may give the most complete
picture of disease activity in MS and ON, depending on whether axonal loss, neuronal
degeneration, or a combination are the focus of a therapy or study. Because ganglion cell
bodies in the retina are analogous to gray matter in the central nervous system, the finding is
consistent with magnetic resonance imaging studies of the brain that show that gray matter
atroph;igszg better predictor of neurologic disability than the burden of white matter disease
in MS.**
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conclusion, OCT imaging combined with computerized macular segmentation algorithms

will be important for future investigations of neuronal and axonal loss in ON, MS, and other
optic neuropathies.#>46 Further studies are needed to investigate the spatial and temporal
associations between axonal injury and ganglion cell loss. By determining the natural history

of

ganglion cell injury in ON and MS, GCL+IPL thinning may serve as an important

outcome measure in clinical trials that examine the efficacy of neuroprotective and
neurorepair agents.
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Figure 1.

Vertical spectral-domain optical coherence tomography (OCT) section of right eye macula
illustrating retinal segmentation techniques. The software algorithm delineates 4 macular
layers: (1) Macular retinal nerve fiber layer (RNFL); (2) ganglion cell layer and inner
plexiform layer (GCL+IPL); (3) outer plexiform layer and inner nuclear layer (OPL+INL);
and (4) outer nuclear layer and photoreceptor layer (ONL+PRL). The software also
calculates segmental thickness in 3 concentric circles with diameters of 1, 3, and 6 mm
divided into equal quadrants in a diagonal orientation, similar to the pattern provided in
commercial OCT.
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Figure 2.

Spectral-domain optical coherence tomography thicknesses (in pzm) for eyes of patients with
multiple sclerosis (MS) versus disease-free controls. Mean values for peripapillary retinal
nerve fiber layer (RNFL), macular RNFL, ganglion cell layer, and inner plexiform layer
(GCL+IPL), and the combination of macular RNFL+GCL+IPL were significantly lower for
MS eyes versus controls (Pvalues are from generalized estimating equation models,
accounting for age and within-patient, intereye correlations). INL = inner nuclear layer;
ONL = outer nuclear layer; OPL = outer plexiform layer; PRL = photoreceptor layer.
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Figure3.

Spectral-domain optical coherence tomography thicknesses (in izm) for eyes of patients with
multiple sclerosis (MS) with a history of acute optic neuritis (ON) before study enrollment
(MS ON eyes) versus MS eyes without an ON history (MS non-ON eyes). Mean values for
peripapillary retinal nerve fiber layer (RNFL), macular RNFL, ganglion cell layer plus inner
plexiform layer (GCL+IPL), and the combination of macular RNFL+GCL+IPL were
significantly lower for MS ON eyes versus MS non-ON eyes (P values are from generalized
estimating equation models, accounting for age and within-patient, intereye correlations).
INL = inner nuclear layer; ONL = outer nuclear layer; OPL = outer plexiform layer; PRL =
photoreceptor layer.
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Figure 4.

Scatter plot and fitted linear regression line showing relation of ganglion cell layer plus
inner plexiform layer (GCL + IPL) thickness to 25-item National Eye Institute Visual
Functioning Questionnaire (NEI-VFQ-25) composite scores and low-contrast acuity at 2.5%
level. The regression lines represent fitted values for mean GCL + IPL thickness for each
value of NEI-VFQ-25 or low-contrast acuity; the gray shaded areas show the 95%
confidence intervals from the standard errors of the predictions for the fitted lines. This
graph for all multiple sclerosis eyes illustrates that there are very few outliers with respect to
quality of life (QOL) or low-contrast acuity. Linear correlations were significant.
Accounting for age and adjusting for within-patient, intereye correlations, the relation of
QOL and low-contrast acuity to GCL + IPL thickness was significant (£<0.001, generalized
estimating equation models).
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