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ABSTRACT

Multiple sclerosis (MS) without optic neuritis causes color-vision deficit but the evidence for selective
color deficits in parvocellular-Red/Green (PC-RG) and koniocellular-Blue/Yellow (KC-BY) pathways is
inconclusive. We investigated selective color-vision deficits at different MS stages. Thirty-one MS and
twenty normal participants were tested for achromatic, red-green and blue-yellow sinewave-gratings
(0.5 and 2 cycles-per-degree (cpd)) contrast orientation discrimination threshold. Red-green mean
threshold at 0.5cpd in established-MS and blue-yellow mean threshold in all MS participants were
abnormal. These findings show blue-yellow versus red-green color test is useful in differentiating MS
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chronicity, which helps to better understand the mechanism of colour-vision involvement in MS.

Introduction

Multiple sclerosis (MS) is the second common
cause of neurological morbidity among young
adults in North America.’ For many years, MS,
particularly relapsing remitting MS (RRMS), was
considered as a typical episodic demyelinating dis-
order of the central nervous system (CNS).
Accumulating axonal damage and neurodegenera-
tion were observed in progressive and RRMS
patients. For example, in 1936 Putnam reported
a 50% axonal loss in MS lesions of 11 patients.
However, neurodegeneration was thought to be
secondary to demyelination in RRMS.” There has
been increasing evidence showing that axonal
degeneration and neuronal loss is present in early
MS, including RRMS, and it is a major contributor
in permanent neurological deficit.

The primate visual system has three distinct path-
ways to distinguish chromatic (i.e. coloured) and
achromatic (i.e. grey scale) images. Visual informa-
tion collection, processing, and transfer start from
photoreceptor and is integrated by bipolar and gang-
lion cells in the retina. The axons from the ganglion
cells synapse in the lateral geniculate nuclei, and then
reach the primary (V1) and extra-striate (e.g. V4)
visual cortices. There are two different types of

photoreceptors in the retina (cones and rods),
which are sensitive to different light wavelengths.

Three different populations of cone photorecep-
tors have been identified, i.e. blue, green, and red
cones, which are optimally sensitive to short (S)
(420 nm), medium (M) (534 nm), and long (L)
(564 nm) light wavelengths, respectively. Hence,
the three types of cone photoreceptors have speci-
fic functional roles in colour vision.*”'® On the
other hand, rod photoreceptors are optimally sen-
sitive to medium light wavelength of 498 nm and
carry grey scale luminance/contrast visual
information.

The parvocellular pathway starts from cone
photoreceptors in the retina and projects to
P-cell layers of the lateral geniculate nucleus (so
called P-pathway). The cone photoreceptors are
denser in the fovea of the retina. P-pathway is
highly sensitivity to red-green (RG) colour con-
trast and is responsible for RG colour vision.*'""'?

The magnocellular pathway starts from rod
photoreceptors, which are distributed in parafo-
veal and peripheral retinal areas, and projects to
the M-cell layers in the lateral geniculate nucleus
(so called M-pathway). This pathway carries
mainly achromatic visual information.*'"'?
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The third pathway is specialised for distinguish-
ing blue-yellow (BY) colours. This pathway
receives its input from bistratified retinal ganglion
cells and projects to the koniocellular layers of the
lateral geniculate nucleus.*>'*'> Unlike RG path-
way, BY pathway cells are sparse and are found
adjacent to central vision.'®"”

Acute optic neuritis (ON) is the presenting
symptom in 20% of patients with MS.'® Despite
full recovery of visual acuity, patients with ON will
suffer from long-lasting loss of spatial, temporal,
luminance, and/or chromatic visual function.'®"

Previously, it was thought that MS damages visual
pathway merely through involving oligodendrocytes
and demyelination of the optic nerve, i.e. clinical ON.
Recently, it has been shown that the optic nerve and
retina are affected in MS patients without any clinical
evidence or history of ON.>™ Given that there is no
myelin and oligodendrocytes in the retina, retinal
damage has been hypothesized to be secondary to
retrograde trans-synaptic neurodegeneration as
a result of damage to optic nerve and chiasmatic/post-
chiasmatic visual pathways. Alternatively, retinal and
optic nerve damage without a history of ON may
indicate a primary ocular neurodegenerative process
that represents the extent of cortical neurodegenera-
tion in MS.

It has been shown that ON affects the parvocellular
pathway to a greater extent compared with koniocel-
lular or achromatic pathways. The difference in col-
our vision loss is more apparent with high spatial and
high temporal frequency stimuli.*'” The evidence for
selective chromatic loss in demyelinating diseases is
still inconclusive. Some studies have shown RG,
whereas some have shown BY axis abnormalities.*”

Most of the previous studies that showed colour
vision deficit in demyelinating diseases have used
Ishihara pseudoisochromatic plates (Ishihara) or
the Farnsworth-Munsell (FM) 100 hue test. Using
these tests in a clinical environment is problematic.
On one hand, the Ishihara test is designed to assess
RG colour vision deficiencies and has limitations in
recognizing BY colour vision defects. On the other
hand, performing the FM 100 hue test is time
consuming and not practical in a clinic
environment.”*** The Farnsworth D-15 panel is
another colour vision test that was developed as
a colour vision grading test for use in vocational
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guidance.”"** This test is not able to detect minor
abnormalities in colour vision.”

Although colour vision impairment in MS
patients without a history of ON has been docu-
mented in previous studies, comparison of the
colour vision defect in patients at different stages
of the disease has not been evaluated.

The aim of this study was to assess spatial chro-
matic discrimination in the eyes of MS patients those
not previously affected by ON, at early and late stages
of the MS, using an affordable, fast, simple, and accu-
rate psychophysical computerised colour vision test in
order to determine the early involvement of the mag-
nocellular versus parvocellular versus koniocellular
pathways in MS patients. Moreover, we aimed to
compare the degree of the colour vision abnormality
at different stages of the disease, which can be helpful
to guide future longitudinal studies to evaluate using
colour vision as a possible indicator of diagnosis,
progression, and prognosis in MS. There are no estab-
lished criteria for early versus established MS in the
literature, therefore, we defined the RRMS patients as
early-MS who were within one year of their diagnosis,
and established-MS as RRMS patients who were
between 5 and 10 years after diagnosis as per recom-
mendation of one of our co-authors (RV) who is an
expert in the MS field and has been practising for
more than 25 years.

To our knowledge this is the first chromatic and
achromatic psychophysical vision study has investi-
gated early- versus established-MS. Our findings also
address the discrepancy in the literature regarding
selective colour vision involvement in MS.

Methods
Participants

We tested 16 RRMS patients in the first year of their
presentation (6 males and 10 females, between 19 and
59 years of age with a mean age of 33 years) and 15
RRMS patients after the fifth and before the tenth year
of diagnosis (two males and 13 females, between 24
and 54 years of age with a mean age of 38 years).

All the participants fulfilled the 2010 McDonald
criteria for RRMS and had at least one healthy eye
without a history of ON. Participants were recruited
through the MS clinic at Health Sciences Centre, and
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Neuro-ophthalmology clinic in Winnipeg, Manitoba.
Data were collected from Jan 2013 to Jan 2015.

From 16 early MS patients, three had CIS and five
had a history of ON in one eye. Two of the CIS
patients were determined to be high risk in the
follow up visits at the MS clinic and showed disse-
mination in space on MRI and one was low risk
without evidence of dissemination in space on
brain and spinal cord MRI. From 15 established
MS patients, five had a history of ON in one eye.

A Complete neuro-ophthalmologic examination
was performed on all the participants, and none of
them were diagnosed with any other neuro-
ophthalmological or ophthalmological disorders,
including cataract, colour blindness (i.e. normal
Ishihara test), glaucoma, or changes in visual acuity,
which could not be corrected with glasses. Twenty
age- and sex-matched controls were randomly
selected, between the ages of 19 and 57 with a mean
age of 35 years.

Equipment

Chromatic and achromatic orientation discrimina-
tion was tested using Psykinamatix v1.4 software
(KyberVision, Sendai, Miyagi, Japan) run on
a Macbook Pro computer. Stimuli were displayed
on a 24 inch, VCR monitor (Dell U2412M, resolu-
tion of 1,024 x 768). The monitor was calibrated
for chromatic and achromatic luminance using
a  Spyder4Elite  colourimeter  (Datacolor,
Lawrenceville, New Jersey, USA, https://www.data
colour.com). Several staircase measurements were
randomly interleaved to measure contrast thresh-
old as a function of spatial frequency (SF = 0.5 and
2 cpd). In each staircase, the stimulus contrast was
reduced after two consecutive correct responses
and increased after one wrong response,

Achromatic stimulus

Red-Green stimulus

corresponding to a criterion of 79.1% correct
responses. The initial contrast value was randomly
selected in the range 90 + 10. The reduction rate in
contrast was 50% before and 12.5% after the first
reversal, while the increase rate was always 25%.
Each session was terminated after six reversals,
and the contrast threshold was computed from
the mean of the last five reversals.

Stimuli

The stimuli were horizontal or vertical achromatic
(Figure la), chromatic red/green (Figure 1b), and
chromatic blue/yellow (Figure 1c) sinusoidal
Gabors.**

Procedure

The tests were performed in a dark room with the
experimenter’s screen off. Each participant was
seated 60 cm away from the monitor. The partici-
pants without a history of ON were tested mono-
cularly in both eyes with one eye patched at a time,
and participants with previous ON were tested
only in the unaffected eye. Patients with refractive
error (e.g. myopia) used their corrective measures
(e.g. glasses or contact lens) during the tests. The
Participants’ task was to discriminate the stimulus
orientation that was randomly selected by the
computer programme in each trial to either verti-
cal or horizontal. The Participants provided their
responses using the arrow keys on a keyboard.
They were allowed to respond only during the
post-stimulus interval. An auditory indicator was
emitted at the beginning of each stimulus interval.
The overall duration of each stimulus interval was
1 s, and its contrast was temporally modulated by
a raised-cosine envelope with a sigma of 0.25 s

Blue-Yellow stimulus

Figure 1. Horizontal achromatic, vertical red-green and horizontal blue-yellow sinusoidal Gabors presented to participants and

controls.
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centred on the temporal window and a flat part of
0.5 s. Auditory feedback was given after each trial.
The duration of the inter-trial intervals was 0.5 s.

Statistical analysis

Statistical analyses were performed using Statistical
Analysis System (SAS Institute, Cary, North
Carolina, USA) software. In order to decrease the
eye/inter-eye-correlation we used mixed model
effects. ANOVA was used to compare the average
contrast thresholds of RG, BY, and achromatic
stimulations in two SFs among early MS, estab-
lished MS and controls.

Results

We measured chromatic (i.e. BY and RG) and
achromatic contrast threshold at 0.5 and 2 cpd in
27 eyes in the early MS group, 25 eyes in the
established MS group, all without a history of
ON, and 40 eyes from 20 age- and sex- matched
control group (for overview of the subjects char-
acteristics see Table 1). The mean age was lower in
the established MS group compared with the early
MS group (32.87 years vs. 37.8 years, respectively).
However, this difference in mean age was not
statistically different. The mean duration of the
MS from diagnosis was 9.15 months in the early
MS group and 88.8 months in the established MS
group. The achromatic mean contrast thresholds
at 0.5 and 2 cpd were 3.47%, 2.41% for early MS,
3.59%, and 1.64% for established MS and 3.04%
and 2.57% for controls. p values in all categories of
this group were not statistically significant (see
Figure 2a and Table 2 for p values).

Chromatic RG mean contrast thresholds at 0.5
and 2 cpd were 3.29% and 2.85% for early MS,
4.62% and 2.7% for established MS, and 3.02% and

Table 1. Demographic characteristics of the patients and
controls.

Early  Established

MS MsS Control
Number of the tested eyes 27 25 40
Sex (male/female) 6/10 2/13 5/15
Mean Age (years) 37.8 32.87 34.85
Mean duration (months) 9.15 88.8
Previous optic neuritis in the fellow 5 5 _

eye

Clinically isolated syndrome 3 0 _
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2.23% for controls. The mean contrast threshold
was significantly elevated in established MS at an
SF of 0.5 compared with controls (p value: 0.02)
(see Figure 2b).

Chromatic BY mean contrast thresholds at 0.5
and 2 cpd were 6.84% and 9.79% for early MS,
7.08% and 9.04% for established MS, and 5.79%
and 5.86% for controls. The mean contrast thresh-
old at 2 cpd was significantly higher in early and
established MS versus controls (p = .05 for early
MS vs. controls and p = .006 for established MS vs.
controls). There was a trend of a similar pattern of
higher contrast threshold in early and established
MS compared with that in the control group at 0.5
cpd, though the difference was not statistically
significant (see Figure 2c and Table 2).

Discussion

MS is a devastating neurological disease, a major
cause of morbidity and loss of quality of life and
workforce. The early diagnosis of MS is important
as early treatment affects the prognosis of the
disease.

Our data show statistically significant loss of BY
colour orientation discrimination at 2 cpd in both
early and established MS groups without a history
of ON compared with that in controls. At 0.5 cpd,
there was a similar trend that did not reach statis-
tical significance. Short wavelength (S) cones are
associated specifically with the BY (KC) pathway.
We also found that RG colour vision was statisti-
cally abnormal at 0 cpd (but not at 2 cpd) and for
established MS. Medium (M) and long (L) wave-
length cones are associated with the RG pathway.

This interesting discrepancy between colour
vision sensitivity at high and low special frequen-
cies can be caused by other image attributes of
a colour test, such as spatial resolution, which
plays a significant role in the sensitivity of the
test in showing subtle colour vision losses in MS.
Alternatively, this finding can be caused by the
number of participants in our study despite the
fact that the number of patients in our study is
comparable to similar studies in this topic.

Previous clinical studies in colour vision in MS
have mainly used the conventional clinical colour
tests including Ishihara colour plates, Hardy-Rand
-Rittler pesudoisochromatic plates (HRR) and FM
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Figure 2. (a) Mean contrast threshold for achromatic stimuli at 0.5 and 2 cycles per degree SF. The difference in the mean contrast
threshold of early MS, established MS and controls was not statistically significant. Error bars represent + 0.5 standard deviation. (b)
Mean contrast threshold for red—green stimuli at 0.5 and 2 cycles per degree SF. The mean contrast threshold was significantly
elevated in established MS at SF of 0.5 compared with controls. Error bars represent + 0.5 standard deviation. (c) Mean contrast
threshold for blue—yellow stimuli at 0.5 and 2 cycles per degree SF. The mean contrast threshold at 2 cycles per degree was
significantly higher in early and established MS versus controls. Error bars represent £+ 0.5 standard deviation.

Table 2. Mean threshold for achromatic, red—green and yellow contrast sensitivity in patients and controls with p values compared

with control.

Stimulus (SF) Early MS Mean (SD) p value* Established MS Mean (SD) p value* Control Mean (SD)
Achromatic (0.5) 3.47 (1.73) 0.31 3.59 (1.22) 0.14 3.04 (1.13)
Achromatic (2) 2.41 (2.88) 0.2 1.64 (0.91) 0.46 2.57 (5.86)
Red green (0.5) 3.29 (1.87) 0.52 4.62 (2.87) 0.02 3.02 (1.68)
Red green (2) 2.85 (1.89) 0.17 2.7 (1.05) 0.1 2.23 (0.94)
Blue yellow (0.5) 6.84 (6.62) 0.41 7.08 (4.58) 0.25 5.79 (3.18)
Blue yellow (2) 9.79 (7.8) 0.05 9.04 (4.03) 0.006 5.86 (2.86)

*Compared to control.

100 hue. Although these tests have been shown to
be useful in some clinical and research circum-
stances, they inherently have some scientific or
practical shortcomings that make their use in
early diagnosis of MS suboptimal. For example,
the Ishihara colour test has been designed for
gross RG colour vision abnormality and are not
sensitive to BY colour vision deficits. As discussed

in the results section, a major finding in our study
was the abnormality in BY vision in early and
established MS at 2 cpd, which explains our find-
ing that the Ishihara test was normal in all of our
participants and was unable to show any colour
vision deficit in our MS patient population.
Moreover, the conventional colour vision tests
are broadband in spatial resolution, hence despite



the fact that our established MS patients were
deficient in RG colour vision at 0.5 cpd, the
Ishihara colour test was unable to show this deficit.

HRR and Ishihara tests have been extensively used
in the past to assess colour vision; however, lack of
accurate scoring criteria for classifying neurological
defects on the basis of test performance and the
number of errors on these tests provides little infor-
mation on the type or extent of a colour vision
defect. The FM 100 hue test is a sensitive test for
hue discrimination for RG and BY but it is not
sensitive to spatial resolution. Also, it is a very time
consuming test so it is not a proper clinical test and it
needs manual dexterity, which can be challenging for
some MS patients.”” A recent study by Yuksel et al.
failed to show statistically a significant colour vision
deficit in MS patients without ON despite significant
changes in visual evoked potential and optical coher-
ence tomography (OCT) measurements.”® This
result might be due to low sensitivity of the FM 100
hue test in detecting subtle colour vision changes or
a relatively small sample size. The psychophysical
colour test is much less time consuming compared
with traditional methods, such as the FM 100 hue
test, and is easier to apply.

Two groups have assessed colour vision in non-
ON eyes of patients with MS in the past.>’ Both
studies have shown significant deficits in RG
vision. These two studies did not separate their
participants according to the duration of the dis-
ease, which might explain the discrepancy between
their and our results.

We showed that 2 cpd BY colour discrimination
was abnormal in the early stages of MS in our
patient population whereas the RG axis was not
affected. The BY pathway has been reported in
most mammals and phylogenetically is an ancient
pathway.”” Therefore, it is a robust visual pathway
and early involvement of the high frequency BY
axis cannot be explained by merely the sensitivity
of this pathway. In order to perceive high SFs, the
visual detector i.e. photoreceptors in the retina,
must have a high density so that they can detect
high spatial resolution. However, it has been
shown that S cones are relatively sparse in the
retina and therefore the early involvement of the
BY axis in MS might be due to the sparsity of the
S cones. This phenomenon has been shown in the
studies in Parkinson’s disease (PD), where the
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longer distance between S cones may be the pre-
dominant reason for BY vision loss. The inter-
plexiform and amacrine cells are affected in PD
as well.'®**! These cells are involved in contrast
sensitivity and influence the centre/surround inhi-
bition across considerable distances
Previous studies that have evaluated changes in
the pattern of retinal thickness in patients with
MS showed that the largest differences between
the eyes of MS patients and controls were found
in the peripapillary retinal nerve fibre layer
(RNFL) and macular ganglion cell inner plexiform
layer (GCIPL). This is the area with the highest
concentration of BY receptors, which is compati-
ble with the results in our study.*

Our results also showed that achromatic vision
was not different in MS patients versus controls,
which indicates that the conventional contrast sen-
sitivity assessment that are routinely used in the
ophthalmology and neurology clinics, e.g. Pelli
Robson contrast sensitivity chart test, is not sensi-
tive to detect early visual changes in MS patients.

Our results suggest that detailed and accurate
testing of BY and RG pathways might have diagnos-
tic value in patients at different stages of MS where
comparing the function of BY and RG pathways
might be an indication of progression of the disease.
The nerve fibres in the retina are not myelinated so
different effects of MS on BY and RG colour vision
might be secondary to demyelination in the optic
nerve itself or beyond (e.g. chiasm, lateral geniculate
nucleus, optic radiation, or cortex). However, the RG
and BY pathways are only distinctly separated at the
level of the photoreceptors and the retina. Hence,
damage to the visual pathway at the retinal level can
best explain our result. Such damage can happen
either from a retrograde lesion of the retina after
demyelination of the optic nerve, which was not
the case in our MS patients given that none of
them had a history of ON. Therefore, a more reason-
able explanation for different BY versus RG colour
vision is a neurodegenerative process at the retinal
level that may indicate the overall cortical neurode-
generation. The findings of retinal structural studies
where they showed RNFL and GCIPL loss in MS
patients without ON supports the latter hypothesis.

The current interest in the development of
therapies for MS requires sensitive and accurate
markers of the demyelination as well as

as  well.
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neurodegeneration, and their responses to the
therapies. Psychophysical colour vision tests can
potentially become more accessible and user
friendly, like automated visual field tests, and
they can become useful tests for early diagnosis
and response to treatment in MS, particularly
the neurodegenerative process, in patients with
more complicated history and less definitive
MRI findings.

We acknowledge that although we performed
Ishihara colour tests in all participants, we did
not compare the psychophysical tests with other
conventional colour tests such as the FM 100
hue and HRR tests in our study. Further inves-
tigation in colour vision function along with
the structural studies of the retina, i.e. OCT
and MRI correlation and comparison of psy-
chophysical colour vision testing with older
quantitative colour vison testing are needed to
better understand colour dysfunction in MS. To
the best of our knowledge, we are the first
group who have evaluated quantitative colour
vision at two different stage of MS using
a quantitative psychophysical test.
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