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Abstract

Background—Objective measures of disease progression that can be used as end-points in
clinical trials of multiple system atrophy are necessary. We studied retinal thickness in patients
with multiple system atrophy, and assessed changes over time to determine its usefulness as
imaging biomarker of disease progression.
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Methods—Cross sectional study including 24 patients with multiple system atrophy, 20 patients
with Parkinson disease (PD) and 35 controls; followed by a longitudinal study of 13 multiple
system atrophy (MSA) patients. Patients were evaluated with high definition-optical coherence
tomography and the Unified Multiple System Atrophy Rating Scale. Evaluations were performed
at baseline and at consecutive follow-up visits for up to 26 months.

Results—MSA subjects had normal visual acuity and color discrimination. Compared to
controls, retinal nerve fiber layer (p=0.008 and p=0.001) and ganglion cell complex (p=0.013 and
p=0.001) thicknesses were reduced in multiple system atrophy and in PD. No significant
differences between MSA and PD were found. Over time, in patients with MSA, there was a
significant reduction of the retinal nerve fiber layer and ganglion cell complex thicknesses, with
estimated annual average losses of 3.7 um and 1.8 pm respectively.

Conclusions—Visually asymptomatic MSA patients exhibit progressive reductions in the
thickness of the retinal nerve fiber layer and, to a lesser extent, in the macular ganglion cell
complex, which can be quantified by high-definition optical coherence tomography. Specific
patterns of retinal nerve fiber damage could be a useful imaging biomarker of disease progression
in future clinical trials.
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Multiple system atrophy; Parkinson disease; Optical Coherence Tomography; Retinal Nerve Fiber
Layer; Ganglion Cell Complex; Unified Multiple System Atrophy Rating Scale

INTRODUCTION

Synucleinopathies are neurodegenerative disorders characterized by abnormal intracellular
deposits of misfolded a-synucleinl. The recent discovery of abnormal a-synuclein deposits
in discrete neurons within the inner retina in post mortem samples of patients with Parkinson
disease (PD)% 3 suggest that involvement of the retina may occur in other a-
synucleinopathies.

Indeed, in patients with multiple system atrophy (MSA), a rare fatal adult onset
synucleinopathy?, preliminary imaging studies have identified a significant reduction in the
retinal nerve fiber layer (RNFL) thickness.>® This finding appeared unexpectedly because
patients with MSA have no clinical visual complaints. This is in contrast to patients with
PD, who although mostly asymptomatic may occasionally develop visual problems during
the course of the disease 10. It is unknown, however, whether the retinal changes in patients
with MSA are similar to those observed in patients with PD or whether these retinal
abnormalities worsen over time.

While a variety of imaging techniques are available (e.g., brain positron emission
tomography, or brain MRI), none of them has been demonstrated to be a reliable method to
accurately measure the progression of synucleinopathies. The structure of the retina, which
is part of the central nervous system!1, can be studied in vivo using spectral domain high
definition optical coherence tomography (HD-OCT), a non-invasive imaging technique with
a resolution of ~1 pm (0.001 mm).
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METHODS

The objective of our study was to examine the structure of the retina in patients with MSA
and document changes over time.

Study design

Patients with MSA and PD were recruited consecutively from those referred to the New
York University Dysautonomia Center over a 2.5-year period (from June 2012 to December
2014). Controls were recruited from relatives that volunteered to participate in this study.

This study had two parts. First, a cross sectional evaluation featuring 24 patients with MSA
(48 eyes), 35 age and gender matched healthy subjects (70 eyes) and 20 patients with
idiopathic PD (40 eyes) for comparison. The second part of the study was designed as a
prospective longitudinal evaluation to assess retinal changes over time in 13 patients with
MSA. These 13 MSA patients were part of the initial cross-sectional cohort and had between
1 and 7 follow-up evaluations, with an interval of 2 to 26 months from the initial evaluation
(Figure 2).

Inclusion and exclusion criteria—MSA patients were diagnosed according to the
current Consensus criteria.12 Only patients with a diagnosis of probable MSA were enrolled
in the study. All PD patients fulfilled the UK PD Brain Bank criterial3. Controls were all
healthy, with no history of neurological or ophthalmological disease. Eyes with a history of
trauma, surgery, retinopathy, glaucoma or patients with severe transparent media
opacification that prevented ophthalmological examination were excluded. The Institutional
Review Board of the New York University School of Medicine approved all procedures and
informed consent was obtained from all subjects.

Neurological evaluation—Subjects underwent a detailed clinical interview and complete
neurological examination. Disease severity in MSA patients was rated by the same trained
neurologist (JAP) using the Unified Multiple System Atrophy Rating Scale (UMSARS)
scores.* UMSARS part | disease-related impairment score (12-items) and part 11 motor
examination score (14-1tems) were determined for each patient at baseline. To determine
disease progression, patients with MSA that agreed to participate were enrolled in the
prospective arm of the study and UMSARS scores were obtained at follow-up visits.

Ophthalmological evaluation—All subjects underwent standardized visual evaluations
by a neuro-ophthalmologist (CEMS) for each eye separately, including assessment of the
best-corrected visual acuity (ETDRS chart, MC3, TOPCON, Japan), and color
discrimination (Ishihara 16 plates, Tokyo, Japan). Both visual acuity and color vision were
measured in decimal units, with 1.0 representing normal function. Color vision was
measured by the ratio between non-seen and seen numbers in the first 16 plates of the
Ishihara test. The Ishihara test measures red-green color discrimination. This test consists of
38 colored plates, each of which contains a circle of dots appearing randomized in color and
size. Within the pattern are dots, which form a number or shape clearly visible to those with
normal color vision, and invisible, or difficult to see, to those with a red-green color vision
defect. This test is particularly useful to detect optic neuropathies affecting macular ganglion
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cells, mostly P-ganglion cells and the P pathways of the retino-cortical projections, in which
red-green color discrimination is affected 1°.

HD-OCT was performed in a darkened room by the same trained neuro-ophthalmologist
(CEMS) using standardized Food and Drug Administration (FDA)-approved equipment to
evaluate the structure of the eye (Cirrus 4000, Carl Zeiss, CA, USA). Images were acquired
in the seated position with the subjects facing the HD-OCT equipment. Subjects were
instructed to fixate their gaze at a green target during the scan. Each subject had both eyes
scanned at least three times using two standard acquisition protocols: macular cube
(512x128 line scans) and optic disc cube (200x200 line scans). In both protocols the
scanned area was a 6-mm cube with no signal averaging. The quality of the obtained images
was assessed by evaluation of the signal strength (a value from 0-10 in arbitrary units)
automatically provided by the system. Only scans with signal strength above 6 units were
included in the analysis. In some patients with MSA, involuntary eye movements made the
test difficult to obtain. In such cases, repeated scans were performed to obtain at least three
scans without eye movement artifacts. The scan with the best resolution was used for
analysis.

For HD-OCT quantification, two automatic segmentation algorithms were used to determine
the RNFL and ganglion cell complex (GCC) thicknesses (Cirrus 4000, Carl Zeiss, CA,
USA). For the RNFL analysis, an optic disc cube of data (200x200-line scans) centered in
the optic nerve head was acquired. Subsequently, a recognition algorithm detected the inner
(vitreoretinal interface) and outer (inner plexiform layer) border of the RNFL, from a 1.73-
mm diameter circle extracted from the optic nerve cube and centered in the optic nerve head.
The distance between the two lines was measured as RNFL thickness at specific quadrants
around the optic nerve: temporal, superior, nasal, inferior and global. For the GCC analysis
the macular cube 512x128 centered in the foveal pit was used. A different recognition
algorithm was applied to detect the outer border of the RNFL and the inner plexiform layer.
The GCC analysis evaluates the thickness of the ganglion cell plus inner plexiform layers.
The average, minimum and sectorial thicknesses of the GCC are measured in an elliptical
annulus (vertical inner and outer radius of 0.5 mm and 2.0 mm respectively; horizontal inner
and outer radius of 0.6 and 2.4 mm, respectively) around the fovea. The GCC thickness was
measured in different locations in the macula, around the foveal center: temporal-superior,
superior, nasal-superior, nasal inferior, inferior, temporal-inferior, and global. The global
RNFL and GCC thickness values, as well as those at each specific quadrant, expressed in
micrometers (um), were used for analysis.

Statistical analysis

Analyses were performed using SPSS version 16.0 and GraphPad Prism 6.0. Data was first
tested for normality and parametric and non-parametric statistics were used as appropriate.
All analyses used the average of both (right and left) eyes.

For the cross-sectional study, group differences were assessed by analysis of co-variance
(ANOVA) with age as a covariate®. Age was included in the models to account for
different age between groups and because this variable may be associated with retinal
thickness; minimal RNFL thinning (0.33 pm/year) has been reported among normal
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subjects. 17 Significant differences in ANCOVA were followed by Bonferroni’s post-hoc
comparisons.

For the longitudinal study, changes in RNFL and GCC thickness from baseline were
determined for eyes of patients who had at least one follow-up visit at the time of analysis.
For patients with multiple follow-up visits, the change from baseline for the last follow-up
visit was used for analyses. Reductions in global retinal thickness at each visit (in um) were
calculated by subtracting the follow-up measurement minus the baseline measurement.
Reductions of retinal thickness at each visit (expressed as % change) were calculated
according to the following formula: [retinal thickness at follow-up x 100, divided by
baseline measurement] — 100. The monthly rate of global retinal thickness reduction was
calculated by dividing the average reduction in thickness (in um or %) at the last follow-up
visit by the number of months between the baseline and the last follow-up visit. The annual
rate of reduction was estimated by multiplying the monthly rate of reduction by 12. The
Kruskal-Wallis test was used to calculate differences in RNFL and GCC changes from
baseline according to the follow-up interval (2—-6 months, vs. 7-12 months vs. >12 months).
Linear regression models, accounting for age and adjusting for within-patient, were used to
assess the association of RNFL and GCC thinning with disease duration and disease severity
(UMSARS-1 and UMSARS-II).

A p-value <0.05 was considered statistically significant. All data are expressed as mean
+standard deviation (SD) unless otherwise stated.

At the time of their first visit, MSA patients (19 women, 5 men) were 62.3+9.2 years old.
Controls were matched for age (63.3+2.9 years) and gender distribution (21 women, 14
men). PD patients (6 women, 14 men) were older (72.7+8.4 years, p<0.01 vs. MSA group).

Mean disease duration from time of diagnosis in the MSA patients was 3.79+1.91 years

(range: 1-7 years) and 3.30£1.30 (range 0.5-7) in PD (p=0.10). Among patients with MSA,
16 presented with the cerebellar (MSA-C) and 8 with the parkinsonian phenotype (MSA-P).
Mean initial UMSARS-I and UMSARS-I11 scores were 21.9+8.4 and 22.8+8.8 respectively.

Ophthalmological Examination

Best-corrected visual acuity was similar in MSA (0.94+0.08) controls (0.96+0.04), and PD
(0.71£1.34) (p=0.47). Color vision was also similar in MSA (0.95+0.07), controls
(0.97£0.02) and PD (PD: 0.82+0.92) (p=0.38). In MSA patients, cataracts were present in
seven eyes and were graded according the international Lens Opacities Classification
System (LOCS I11)!8: Five eyes presented mild (NC2C3) and 2 eyes moderate (NC3C4)
cataracts. In none of the eyes were cataracts too dense to preclude fundus examination or to
affect the HD-OCT signal strength.
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Cross-Sectional Study

Overall, the global RNFL and GCC thicknesses were significantly reduced in MSA
compared to controls (p=0.008 and p=0.013 respectively, statistical test) (Figure 1). RNFL
thickness in the inferior quadrant (p=0.005) was significantly reduced in MSA patients
compared to controls. Thickness in the nasal and superior RNFL quadrants in MSA tended
to be reduced when compared to controls. Thickness in the temporal RNFL quadrant in
MSA was not different from controls. The global RNFL and GCC thicknesses were also
significantly reduced in PD when compared to controls (p=0.001) (Figure 1). Of the specific
RNFL quadrants, only the temporal was significantly lower in PD when compared to
controls (p=0.020).

Both MSA and PD exhibited significant thinning when compared to controls in all the GCC
quadrants except for the nasal-superior GCC quadrant, which was not reduced in MSA
(Supplementary Table 1). No significant differences in the GCC were found throughout
between MSA and PD. However, the GCC (both globally and in specific quadrants) and the
temporal RNFL tended to be thinner in PD than in MSA (Supplementary Table 1).

Longitudinal Study

In all MSA patients who had at least 1 follow-up visit (n=13), global RNFL thickness
decreased over time (Figure 2A). The global GCC thickness also tended to decrease over
time in MSA patients with at least 1 follow-up visit, although to a lesser extent than the
RNFL (Figure 2B).

Bar graphs in Figures 3 show mean changes from baseline in RNFL and GCC thicknesses
by length of follow-up for MSA eyes. The bars represent mean changes in RNFL (Figure
3A) and GCC (Figure 3B) thickness from baseline for each follow-up interval, and the
vertical lines are the SD of the means. Accounting for age, longer length of follow-up was
associated with greater degrees of RNFL thinning from baseline (p=0.003 from comparison
of >12 months, statistical test) (Figure 3A). GCC thinning was not significantly associated
with longer length of follow-up (Figure 3B).

According to these results, the estimated average monthly rate of RNFL thickness reduction
was —0.31 um (95 % confidence interval [CI] —0.44, -0.17), i.e., a —0.36 % (95 %CI -0.50,
-0.20) loss from the baseline thickness, which resulted in an estimated annual rate reduction
of 3.72 um (4.32 %, assuming a linear pattern of thinning across years). The estimated
average rates of monthly reduction in the superior, nasal, inferior and temporal RNFL
quadrants are specified in Supplementary Table 2.

The estimated average monthly rate of GCC thickness reduction loss from the baseline
thickness was —0.15 um (95%Cl -0.19, -0.11), i.e., —0.21 % (95 %Cl -0.26, —0.14), which
resulted in an estimated annual rate reduction of 1.8 um (2.52 %).

Relationship between OCT results and MSA duration and severity

When follow-up time was examined as a continuous variable, rather than as discrete time
intervals, longer length of follow-up correlated with greater degrees of RNFL thinning
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(p=0.0075) and macular GCC thinning (p=0.035, linear regression model). The scatter plots
and regression lines represent group data for degree of RNFL and GCC thinning observed
between baseline and the follow-up visit, and are not meant to define patterns of retinal
thinning over time for individual eyes (Figure 4A and 4B). The degree of RNFL thinning
tended to correlate with disease severity (as measured by UMSARS-I, p=0.073; and
UMSARS-II, p=0.137) (Figures 4C and 4E). This trend was not observed with the degree of
GCC thinning (Figures 4D and 4F).

Preliminary Sample Size for RNFL Thickness Outcomes in MSA trials

Based on the significant reductions in RNFL thickness that we found, we calculated
preliminary estimates of sample size that may be required to detect an arrest in RNFL
thinning. While these calculations are not based on clinical trial data and are derived from
this preliminary cohort of patients, they allow us to begin to determine whether sample sizes
from past clinical trials in MSA have the potential to demonstrate treatment effects when
measuring the RNFL. Assuming 90% power and type 1 error alpha = 0.0519, the number of
MSA patients needed to detect an arrest in RNFL thinning (i.e., an annual reduction of only
0.33 um/year, which is what is described as normal in healthy subjects!’) are 46 (23
receiving active agent and 23 receiving placebo). To detect a slowdown in RNFL thinning
(i.e., an annual reduction of only 1.45 pm/year, i.e., a 50% improvement) are 114 (57
receiving active agent and 57 receiving placebo). As in previous studies performed to
estimate sample sizes for brain MRI outcomes??, clinical trial data will be crucial to
determine more accurate estimates.

DISCUSSION

Our results confirm that the macular ganglion cells (GCC) and their axons, i.e., the RNFL
are affected in patients with MSA. 3-8 Our cross-sectional study showed that patients with
MSA had a significant reduction in the global as well as in the inferior RNFL quadrant of
the peripapillary retina. This is in line with previous reports.>-8 We found a significant
reduction in the GCC thickness of the macular region of MSA patients compared with
controls. This reduction appeared to be more pronounced in the patients with PD than in
those with MSA,; the difference between PD and MSA did not reach statistical significance
perhaps due to the small sample size.

Our longitudinal study showed progressive RNFL thinning in patients with MSA, even in
visually asymptomatic patients. Progressive macular GCC thinning also occurred, but to a
lesser extent, in conjunction with preservation of their axons i.e. the temporal RNFL.
Extramacular GCC thickness was not measured due to current OCT technical limitations but
because we found significant thinning in the inferior RNFL of MSA patients, it is reasonable
to assume that extramacular GCC is also significantly reduced in this population.

The reduction in RNFL thickness was associated with length of follow-up and tended to be
associated with disease severity as assessed by UMSARS scores. These findings suggest that
there is subclinical axonal loss in the visual pathway in MSA patients that can be attributed
to a progressive neurodegenerative process involving neuroretinal structures, and support
HD-OCT as candidate measure for clinical trials investigating neuroprotection.

Mov Disord. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mendoza-Santiesteban et al. Page 8

Our study is important in: (1) confirming significant thinning in RNFL and macular GCC in
MSA, and (2) demonstrating progressive declines in RNFL thickness, and to a lesser extent
in macular GCC thickness, in the eyes of MSA patients. The estimated annual rate of RNFL
thinning in MSA (3.7 um/year) is certainly higher than the minimal thinning reported in
healthy subjects (0.33 um/year)1’ and also higher than the RNFL thinning reported in
multiple sclerosis (2.0 um/year)?1, a neurodegenerative demyelinating condition in which
the RNFL thickness is severely reduced.

MSA is caused by deposition of misfolded a-synuclein primarily in oligodendroglia, in
contrast to PD in which a-synuclein accumulates predominantly in neurons.22 a-synuclein is
expressed in the normal retina of vertebrates, including humans,23 and has been recently
found in abnormal deposits in the retina of patients with PD.2 3 However, there have not
been histological studies assessing the presence of abnormal a-synuclein deposits in the
retina of MSA patients.

Despite their normal visual acuity and color discrimination, our MSA patients had a severely
reduced global RNFL thickness and macular GCC thickness. In PD patients, the findings
were similar except for: (1) the macular GCC thickness tended to be more severely reduced
than in MSA,; and (2) the temporal RNFL thickness was significantly reduced when
compared to controls (which was not the case in MSA).

In the superior, nasal and inferior regions around the optic nerve (where the RNFL is
measured), M-ganglion cells predominate. These M-cells relay information about
achromatic vision, peripheral visual field sensitivity, motion detection, and contrast
sensitivity for low spatial frequencies.2* In contrast, P-ganglion cells predominate in the
macular region (where the macular GCC is measured) and their axons project to the
temporal portion of the optic nerve. These macular cells are highly specialized in color
discrimination, visual acuity, central visual field sensitivity and contrast sensitivity for high
spatial frequencies.24=26 Our results showing decreased global and inferior RNFL
thicknesses in MSA suggest that M-ganglion cells are probably the most affected
population. The temporal RNFL area (whose thickness in our MSA patients was similar to
controls, as in previous reports’: 8) receives axons from macular P-ganglion cells (located in
the macular GCC region) indicating that this neuronal population could be less affected in
MSA. This may explain why patients with MSA do not complain of visual symptoms and
have normal visual acuity and color vision, in contrast to PD patients, who may complain of
visual problems, including decreased visual acuity, impaired color discrimination, defective
motion perception, and visual hallucinations!®. The fact that the temporal RNFL thickness
was significantly reduced in PD when compared to controls indicates that the GCC is
severely affected in PD. These findings are consistent with previously reported studies
showing reduced RNFL 27-33 and reduced macular thickness®: 28: 32-37 jn the retina of
patients with PD (excellent reviews are available38).

Why the retinal findings exhibit these differences between PD and MSA is unclear, although
might be potentially related to different patterns of myelination by oligodendrocytes of M-
cells axons (which would be severely affected in MSA and in PD) compared to myelination
of P-cells axons (which would be less affected in MSA but severely affected in PD) (Figure
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5). Also, P-ganglion cells are typically affected in mitochondrial optic neuropathies, in
which metabolic stress causes this small and active cell group to be selectively damaged3®.
This may potentially represent different underlying pathophysiological mechanisms
involving PD in contrast to MSA. Investigation of the histopathological changes in the
retinas of MSA patients will be essential to confirm this.

Patterns of RNFL thinning in MSA in our longitudinal study demonstrated increases in
degree of thinning with greater length of follow-up and tended to be associated with clinical
measures of disease severity (UMSARS). In contrast, macular GCC thinning was less severe
and, although did demonstrate increases in the degree of thinning with greater length of
follow-up (Figure 4B), it was not associated with clinical measures of disease severity. This
suggests that RNFL thinning is more associated to the pathological process in MSA than
macular GCC thinning. Collectively, our data provide evidence that subclinical axonal loss
occurs in the visual pathways of MSA patients, even in the absence of visual symptoms, and
that this decline progresses over time at an estimated annual loss rate of 3.7 um/year.

In addition to the small sample size, a shortcoming of our study was the variable time
intervals between baseline and follow-up visits. Despite this limitation, we were able to
demonstrate progressive reductions in RNFL thickness and, to a lesser extent, in macular
GCC thickness over time. Also, our PD patients were significantly older than the MSA
patients and the control subjects. To overcome this, we took into consideration the age as a
covariate in our statistical analyses. Finally, our equipment does not have the capability of
measuring total retinal thickness. This could be an important parameter in MSA patients as
significant remodeling of the foveal architecture as has been described in PD may occur in
MSA patients36: 38, Similarly, total macular volume can be affected in different ways and
should be investigated 38 40,

Our findings of progressive RNFL and GCC thinning as shown by HD-OCT are strongly
suggestive of neuronal and axonal loss and are analogous to studies on MRI measures of
brain atrophy in MSA patients. Change in whole and regional brain volume on serial MRI
scans has been recognized as a candidate measure for neuroprotection trials#1. As a potential
new imaging outcome for neuroprotection studies in MSA, RNFL thickness by HD-OCT
fulfills several criteria including reproducibility®2, ease of patient participation, association
with clinical measures, and sensitivity to changes over time. Here we provide preliminary
sample sizes able to detect significant changes in clinical trials.

In conclusion, visually asymptomatic MSA patients exhibit progressive reductions in the
thickness of the RNFL and the GCC. The reduction in RNFL thickness was significantly
associated with disease duration. These results suggest that specific patterns of retinal
degeneration detected by HD-OCT could be useful to monitor the efficacy of disease
modifying agents in patients with MSA, as is already being done in other neurological
disorders such as multiple sclerosis 43.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Retinal nerve fiber and ganglion cell layer thicknesses in patients with multiple system
atrophy, Parkinson disease, and controls

MSA and PD exhibited a significant reduction in the global RNFL and global GCC
thickness when compared to controls. Global GCC tended to be more reduced in PD than in
MSA (not significant). When studying specific RNFL quadrants (dotted square), patients
with MSA and PD exhibited significant reductions in the inferior RNFL quadrant. Nasal and
superior RNFL quadrants tended to be more reduced in PD and MSA than in controls (not
significant). Only patients with PD exhibited significant reductions in the temporal RNFL
quadrant (ANCOVA with Bonferroni’s post hoc analysis).
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Figure 2. Retinal thickness over time in multiple system atrophy
(A) Global retinal nerve fiber layer (RNFL) thickness at baseline and at consecutive follow-

up evaluations over a maximum 26-month follow-up period. In all MSA patients with at
least 1 follow-up visit, global RNFL thickness decreased over time. (B) Global ganglion cell
complex (GCC) thickness at baseline and at consecutive follow-up evaluations. In all MSA
patients with at least 1 follow-up visit, global GCC thickness tended to decrease over time,
although to a lesser extent than global RNFL.
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Figure 3. Bar graphs showing mean changes from baseline in retinal nerve fiber layer (RNFL)
thickness and ganglion cell complex (GCC) thickness by length of follow-up in MSA eyes

The bars represents mean changes in RNFL thickness (Figure 3A) and GCC thickness
(Figure 3B) from baseline for each follow-up interval, and the vertical lines are the standard
deviation. (A) The degree of RNFL thinning increased with increasing follow-up from
baseline, reaching statistical significance from baseline values during the >12 month period
(p=0.003, Kruskal-Wallis test). (B) The degree of GCC thinning tended to increase with
increasing follow-up from baseline, although no significant differences were observed.
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Figure 4. Scatter plots and fitted linear regression lines showing the relation between retinal
thinning, follow-up time, and disease severity

The regression lines represents fitted values for mean RNFL thinning or mean GCC thinning
from baseline at each follow-up point; the areas between the dashed lines show the 95%
confidence interval on the mean values. Accounting for age, the association between RNFL
thinning from baseline and follow-up time (A) was significant (p=0.0075); the association
between GCC thinning and follow-up time (B) was also significant (p=0.035). The
association between RNFL thinning and disease severity tended to be significant (C,
p=0.073 and E, p=0.137). There was no association between GCC thinning and disease
severity (D and F).
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Figure 5. The retina in multiple system atrophy
This figure summarizes our main findings in patients with MSA. In the retinal nerve fiber

layer (RNFL) around the optic nerve, M-ganglion cells predominate. In contrast, P-ganglion
cells predominate in the macular region (where the macular GCC is measured). Our results
suggest that M-ganglion cells are severely affected in MSA. P-ganglion cells are less,
although still affected in MSA. The cause of these differences might be related to different
patterns of myelination by oligodendrocytes of M-cells axons compared to P-cells axons
(see discussion). OS: left eye.
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