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Abstract Multiple Sclerosis (MS) results in color vision
impairment regardless of optic neuritis (ON). The exact location
of injury remains undefined. The objective of this study is to
identify the region leading to dyschromatopsia in MS patients’
NON-eyes. We evaluated Spearman correlations between color
vision and measures of different regions in the afferent visual
pathway in 106 MS patients. Regions with significant correlations were included in logistic regression models to assess their
independent role in dyschromatopsia. We evaluated color
vision with Hardy–Rand–Rittler plates and retinal damage
using Optical Coherence Tomography. We ran SIENAX to
measure Normalized Brain Parenchymal Volume (NBPV),
FIRST for thalamus volume and Freesurfer for visual cortex
areas. We found moderate, significant correlations between
color vision and macular retinal nerve fiber layer (rho = 0.289,
p = 0.003), ganglion cell complex (GCC = GCIP)
(rho = 0.353, p \ 0.001), thalamus (rho = 0.361, p \ 0.001),
and lesion volume within the optic radiations (rho = –0.230,
p = 0.030). Only GCC thickness remained significant
(p = 0.023) in the logistic regression model. In the final model
including lesion load and NBPV as markers of diffuse neuroaxonal damage, GCC remained associated with dyschromatopsia [OR = 0.88 95 % CI (0.80–0.97) p = 0.016]. This
association remained significant when we also added sex, age,
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and disease duration as covariates in the regression model.
Dyschromatopsia in NON-eyes is due to damage of retinal
ganglion cells (RGC) in MS. Color vision can serve as a marker
of RGC damage in MS.
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pathway  Optical coherence tomography  Magnetic
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Introduction
The perception of color begins when cones, photoreceptor
cells sensitive to red, green, and blue light, detect incoming
light spectra and transmit this information to bipolar and
retinal ganglion cells (RGCs). These signals continue along
the color vision pathway until they ultimately reach parvocellular and koniocellular neurons in the lateral geniculate nucleus (LGN). Axons of the LGN neurons form optic
radiations (OR) and project to the primary visual cortex
(V1). After this, color signals are further propagated to
cortical areas beyond V1, specifically the secondary visual
cortex (V2) and associative visual cortex regions such as
fusiform and lingual gyrus (see Fig. 1) [1, 2].
Axonal loss in Multiple Sclerosis (MS) patients has been
reported in the retina, optic nerve, optic chiasm, optic tract,
LGN, optic radiations (OR), and both primary and associative
visual cortex regions. Taken together, these findings indicate
that MS can lead to damage along the entire color vision
pathway [3–5]. However, while dyschromatopsia is well
documented in MS patients, even in those without a history of
Acute Optic Neuritis (AON) [6, 7], the precise site of injury
producing color vision impairment remains unknown. The
strong correlation between quantitative color vision assessment scores and Optical Coherence Tomography (OCT)
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Fig. 1 The color vision pathway. The perception of color begins
when cones, photoreceptor cells sensitive to red, green, and blue light,
detect incoming light spectra. Cones are mainly present in the central
five degrees of the retina with an even distribution regarding each
color type (20 red, 40 green, one blue), but blue cones are more
peripherally distributed. Cones transmit this information to bipolar
and retinal ganglion cells (RGCs). RGCs axons form the optic nerve,

optic chiasm, and optic tract, and finally project to the parvocellular
(red-green) and koniocellular (blue-yellow) neurons in the lateral
geniculate nucleus (LGN). Axons of the LGN neurons form optic
radiations (OR) and project to the primary visual cortex (V1). After
this, color signals are further propagated to cortical areas beyond V1,
specifically the secondary visual cortex (V2) and associative visual
cortex regions such as fusiform and lingual gyrus

retinal measurements suggests that the primary process
underlying acquired dyschromatopsia in MS patients is
damage to the anterior visual pathway [8]. Nevertheless, no
studies have examined which other structures may have an
influence on color vision impairment, such as those in the
posterior or associative visual pathways. Thus, these results do
not exclude the possibility that damage to such regions also
contributes to color vision impairment in MS [8]. It is also
possible that this strong association actually reflects secondary
retinopathy due to retrograde axonal degeneration, such as in
cases of undiagnosed subclinical AON.
In this study, we sought to pinpoint the location of the
injury leading to dyschromatopsia in MS patients’ eyes
without a previous history of AON (MS-NON-eyes). Identification of the region leading to color vision impairment can
be used to improve bedside prognosis tools and can provide a
new end-point for clinical trials aimed at preventing disability
accumulation and advancing neuroprotection.

Barcelona (Spain). The Research Ethics Committee of the
Hospital Clinic of Barcelona approved the study and all
participants provided written informed consent prior to
enrollment. The design and methods of the MS-VisualPath
cohort have previously been described in detail [9]. We
included MS patients according to McDonalds Criteria
[Criteria 2005 and 2010] without any psychiatric, neurological, or ocular disorders that may interfere with the aims
of the study. As of April 2015, 120 patients were included
in the MS-VisualPath Cohort. Eight patients were excluded
for having prior history of AON in both eyes (no fellow eye
available for analysis), two patients were excluded for
congenital dyschromatopsia, three patients did not have
OCT segmentation performed, and one patient had not yet
undergone Magnetic Resonance Imaging (MRI) analysis at
the time this study began. Thus, 106 patients of the cohort
were included in this study.
Clinical evaluation

Methods
Study design
The MS-VisualPath cohort is an ongoing prospective study
of patients with MS conducted at the Hospital Clinic of
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We collected demographic (sex and age) and MS-related
variables (onset and diagnosis date, disease type and
duration, AON history, MS treatment, and clinical disability). The presence of prior AON was assessed in the
subject’s Electronical Medical Record, using the criteria
from the Optic Neuritis Treatment Trial [10] and confirmed

J Neurol (2015) 262:2491–2497

by careful ophthalmological assessment, MRI of the optic
nerve (T2 sequence), and/or by identifying significant
asymmetry in the retinal nerve fiber layer (RNFL) by OCT
and in the mean deviation of the visual field. A mean plus 1
standard deviation of the inter-ocular asymmetry of registered AON cases was set as the cutoff point for abnormality. We have previously used this approach to rule out
subclinical AON episodes that would have a large impact
on OCT and visual outcomes [11].
Color vision assessment
Color vision was tested in each eye independently using
Hardy, Rand, and Rittler (HRR) pseudoisochromatic
plates. The test includes three types of plates, beginning
with 4 (1–4) non-scored demonstration plates. There are 6
(5–10) scored screening plates with a total of 10 symbols
designed to classify eyes as either having normal color
vision or dyschromatopsia. The final 14 plates (11–24),
with a total of 26 symbols, are scored plates that serve as
type and severity assessment. For this study, color vision
outcome was measured quantitatively based on the number
of correctly identified symbols in the 20 scored HRR
plates, with a maximum of 36 symbols. Furthermore, color
vision was qualitatively estimated based on the number of
symbols correctly identified in the screening plates. As
previously described, we used two errors as cutoff points to
ensure a sensitivity of 1.0 [12]. Two or more errors in the
NON-eye served to classify the patient as having
dyschromatopsia. Further information about how HRR
pseudoisochromatic plates can be used to assess color
vision in MS has been described in detail [9].
Optical coherence tomography
We performed spectral domain retinal OCT (Spectralis;
Heidelberg Engineering, Carlsbad, CA) as previously
described [9]. Using the 6.0c version of the Spectralis
segmentation algorithm, we quantified layer thickness from
the macular acquisition of the macular RNFL, macular
ganglion cell complex (GCL ? IPL), macular inner nuclear
layer (INL), macular outer complex (OPL ? ONL), and
macular Photoreceptors (PHR), including inner and outer
segments of photoreceptors. Thicknesses were calculated as
the mean value of both eyes except for patients with a
history of AON, where only the fellow eye was included.
Magnetic resonance imaging
The MRIs were performed using a 3T scanner (Trim Trio;
Siemens, Malvem, PA, USA). For this study, we obtained a
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3-dimensional structural T1-weighted magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence.
T1 lesion masks were manually created from T1-MPRAGE
scans via ITK-SNAP software [13]. To avoid pixel misclassification after creation of the T1 lesion mask [14], we
applied lesion filling [FSL] and thereafter a fully automated
FIRST and SIENAX segmentation/registration tool to
quantify thalamus volume (FIRST) and Normalized Brain
Parenchymal (NBPV), Gray Matter (NGMV), and White
Matter Volume (NWMV). We used Freesurfer to evaluate
the volume of primary, secondary, and associative visual
cortical areas that have been connected to color vision
(Freesurfer). The Brodmann Area Maps (BA Maps) atlas
from Freesurfer was used for primary (V1 = BA17) and
secondary (V2 = BA18) visual cortex volume quantification [15]. We employed the Desikan-Killiany Atlas for
lingual and fusiform volume assessment [16]. Lingual and
fusiform areas have been previously identified as visual
color processing areas [17, 18]. The Jülich probabilistic
MRI atlas was used to obtain binary masks of the OR [19].
We calculated lesion load in the T1-MPRAGEs and lesion
volume within the OR by counting the number of lesion
voxels within the brain and OR masks, respectively.
Statistical analysis
We first performed descriptive statistics to characterize the
sample with absolute numbers and proportions for qualitative variables and means and standard deviations for
quantitative variables. HRR score does not have a normal
distribution (Kolmogorov–Smirnov test to compare HRR
distribution with a reference normal distribution test
p \ 0.001). Next, we evaluated associations between color
vision outcome by HRR and OCT and MRI measurements
of visual cortex regions using the Spearman Rank correlations. Parameters that reached statistical significance were
included as independent variables in a logistic regression
model to evaluate the independent role each plays in predicting color vision impairment. Two-tailed p-values\0.05
were considered statistically significant. All analyses were
performed with the Statistical Package IBM-SPSS (SPSS
Inc. Chicago, IL, USA) software version 20.0.

Results
Demographic and MS-related features of Study
population
We studied a cohort of 106 MS patients (Table 1), mainly
composed of relapsing-remitting MS (RRMS) mildly disabled patients (mean Annualized Rate of Relapse (ARR)
2 years prior to study of 0.35 and an average Expanded
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Table 1 Demographics and MS-Related features of Study Population
Study population
(n = 106)

Table 2 Spearman Rank Correlation coefficients between HRR score
and OCT outcomes
Rho Spearman
coefficient

p value

Female n (%)

75 (70.8)

Age (years)

41.85 ± 9.27

Macular RNFL thickness (lm)

0.289

0.003*

Disease duration (years)

8.68 ± 7.47

Macular GCC thickness (lm)

0.353

\0.001*

Relapsing MS n (%)

96 (90.6)

Macular INL thickness (lm)
Macular OCL thickness (lm)

-0.083
-0.043

0.400
0.663

None

25 (23.6)

Macular PHR thickness (lm)

-0.135

0.166

Interferon B 1b sc
Interferon B 1a sc

23 (21.7)
20 (18.9)

Interferon B 1a im

12 (11.3)

GCC is formed by the sum of the Ganglion Cell Layer plus Inner
Plexiform Layer. OCL is formed by the sum of the Outer Plexiform
Layer plus Outer Nuclear Layer. PHR includes inner segments and
outer segments of photoreceptors

Treatment n (%)

Glatiramer Acetate

16 (15.1)

Natalizumab

8 (7.5)

RNFL retinal nerve fiber layer, GCC ganglion cell complex, INL inner
nuclear layer, OCL outer complex layer, PHR photoreceptors

Fingolimod

1 (0.9)

* Statistically significant

Diazoxide

1 (0.9)

ARR (2 years before inclusion)

0.35 ± 0.41

EDSS mean [range]

1.86 [0–7]

HRR in NON-eyes [0–70]

35.36 ± 1.77

Dyschromatopsia in NON-eyes n (%)

17 (16)

Data represents the mean and standard deviation unless otherwise
indicated. Both eyes were considered to estimate HRR and dyschromatopsia in NON-eyes (mean value) except for patients with prior
AON, for whom only the fellow eye was considered
RRMS relapsing-remitting multiple sclerosis, ARR annualized relapserate, EDSS expanded disability status scale, HRR Hardy–Rand–Ritter
pseudoisochromatic plates, AON acute optic neuritis, NON-eyes
eyes without prior history of acute optic neuritis

Disability Status Scale (EDSS) lower than 2). The mean
disease duration from MS onset to study inclusion was
8.67 years. 17 (16 %) out of 106 patients suffered
dyschromatopsia in the NON-eye and the mean HRR score
of the population was 35.36 (range 24.5–36).
Correlations between color vision and retinal
thickness by OCT
We began by using OCT Raster scan measurements to
determine the correlation between HRR color vision scores
and retinal layer thickness in NON-eyes (Table 2). We
found a moderate yet significant positive correlation with
the macular RNFL (rho = 0.289, p = 0.003), and GCC
(rho = 0.353, p \ 0.001). There were no significant correlations between color vision impairment and the thickness of the INL, outer complex layer (OCL), or PHR.
Correlations between color vision and brain volumes
by MRI
After evaluating the association between color vision
impairment and retinal layer thickness, we used MRI to
assess the correlation between HRR scores and volumes of
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Table 3 Spearman Rank Correlation coefficients between HRR score
and MRI outcomes
Rho Spearman
coefficient
Thalamus volume (cm3)

0.361
3

Lesion volume within ORs (cm )

-0.230

p value
\0.001*
0.030*

Primary visual cortex volume (cm3)
Secondary visual cortex volume (cm3)

0.054
0.115

0.579
0.237

Fusiform volume (cm3)

0.170

0.079

Lingual volume (cm3)

0.118

0.222

OR optic radiations
* Statistically significant

the thalamus, primary and secondary visual cortex cortical
areas, and associative visual areas that have been shown to
play a role in color information processing such as the
fusiform and lingual gyrus. We found a positive correlation
with thalamus volume (rho = 0.361, p \ 0.001). We did
not find any correlations in the primary, secondary, and
associative visual areas. We found a negative correlation
between HRR score and lesion volume within ORs
(rho = -0.230 p = 0.030) (Table 3).
Risk of dyschromatopsia by retinal and brain
damage
We ran a logistic regression model to assess the independent role of retinal damage and brain damage in the
development of dyschromatopsia in NON-eyes with MS. In
this model including GCC thickness, thalamus volume, and
lesions within the ORs, only GCC thickness remained
statistically significant [OR = 0.89 95 % CI (0.81–0.98)
p = 0.023]. When we added disease duration, age, and sex
also as covariates to the previous model, the results were
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similar and only GCC thickness was statistically associated
with dyschromatopsia [OR = 0.89 95 % CI (0.81–0.99)
p = 0.049].
HRR scores have been linked to disease severity and
neuroaxonal damage [6]. Moreover, Saidha S and colleagues have recently described that retinal atrophy parallels brain atrophy [20]. Our results are in line with their
findings, the Pearson correlation coefficient between GCC
thickness and NBPV was r = 0.40 (p \ 0.001) and
r = 0.36 (p \ 0.001), when we adjusted for age, disease
duration and sex. We ran another model including GCC
thickness, global lesion load, and NBPV to assess the role
GCC thickness plays in the development of dyschromatopsia independently of these parameters, which generally serve as markers of diffuse neuroaxonal damage.
Both GCC thickness [b = -0.123 OR = 0.88 95 % CI
(0.80–0.97) p = 0.016] and NBPV [b = -0.008 OR =
0.99 95 % CI (0.98–1.00) p = 0.046] were independently
associated with a lower probability of dyschromatopsia.
When we included disease duration, age and sex also as
covariates to the previous model, only GCC thickness
remained significant [b = -0.121 OR = 0.88 95 % CI
(0.80–0.98) p = 0.022].
These models predict that a MS patient with a GCC one
micron thinner in a NON-eye has a 12 % [(1 - 0.88) 9
100 = 12] greater risk of dyschromatopsia than a MS
patient with a one micron thicker GCC. The odds ratio for
five microns thinner GCC was estimated as follows:
OR = e-0.123 9 5 = 0.54. Thus, a five microns GCC
thinning in NON-eyes of MS patients results in a 46 %
greater risk of color vision impairment.

Discussion
In this study, we found statistically significant correlations
between color vision outcome and macular RNFL and
GCC thicknesses, thalamus volume, and lesion load within
optic radiations in NON-eyes of MS patients. However,
when we controlled for brain volumes, only macular GCC
thickness was independently associated with a higher
probability of dyschromatopsia. This association remained
significant after including T1-MPRAGE lesion load and
NBPV as markers of diffuse neuroaxonal damage. We did
not find any associations between color vision outcomes
and the primary, secondary, and associative visual cortex.
These results suggest that damage of RGC in the macula
drives dyschromatopsia in MS NON-eyes.
The visual pathway is highly susceptible to damage in
MS. Thus, it is not surprising that visual dysfunction has
been ranked as the second leading cause of loss of quality
of life by MS patients [21]. However, commonly used
disability scales such as EDSS and Multiple Sclerosis
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Functional Composite do not adequately capture this key
dimension from the patient’s perspective. For this reason, it
is important to include a visual function test in clinical
practice. Color vision was assessed using HRR plates
because they are fast, easily administered at bedside, and
have been found to be a more sensitive and accurate tool
for color vision assessment, including the yellow and blue
axis, than standard tests such as the Ishihara pseudoisochromatic plates [12, 22].
Our results revealed a significant, positive correlation
between HRR color vision scores and macular RNFL [axons of RGC] and GCC [soma and dendrites of RGC] OCT
thickness measurements. Moreover, we found that macular
GCC thinning led to a risk of dyschromatopsia in MS.
These results suggest that the loss of RGC spurs color
vision impairment in MS and support previous findings that
RGC damage is a driving factor in MS visual loss pathogenesis in terms of high and low contrast visual acuity [23].
Furthermore, the lack of correlation between color vision
impairment and the thicknesses of the OCL and PHR layers, neither of which include RGC, supports this conclusion
as well as our previous finding that foveal measurement that
is characterized by the absence of ganglion cells is not
associated with color vision outcomes [8].
In order to exclude other possible explanations for color
impairment in MS NON-eyes, we performed MRI segmentation analysis to examine the relationship between
HRR score and the volumes of other regions involved in
the color vision pathway. We found a positive association
with thalamus volume (including the LGN) and a negative
association with lesion load within the ORs. However,
these correlations with dyschromatopsia did not remain
statistically significant in the logistic regression model. We
did not find any correlations with the primary, secondary,
or associative visual cortex. Some authors have suggested
that occipital–temporal regions, including the lingual and
fusiform regions, are involved in color vision processing
[17, 18, 24], whereas other results did not support this role
[25]. Nevertheless, these results confirm that damage to the
anterior visual pathway is responsible for dyschromatopsia
in MS NON-eyes and rule out injury to posterior or
accessory pathways as contributing factors.
Given that dyschromatopsia has been linked to disease
severity and markers of diffuse neuroaxonal damage [6],
we assessed the role of GCC thickness in dyschromatopsia
development in MS independently of NBPV and T1
MPRAGE lesion load. We found that preserving one
micron in GCC thickness was associated with a 12 % lower
probability of color vision impairment.
Our study presents some limitations. First, we did not
differentiate between red-green and blue-yellow color
deficiency and therefore cannot speak to potential differences in their acquisition. However, prior studies have not
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established a standard pattern of color vision impairment in
MS. Future studies should seek to better understand the
differences between these two deficiencies. Second, while
HRR plates can confidently be used to detect red-green and
blue-yellow color deficiency, they are designed as a
screening test and more precise evaluation of severity
requires further assessment via the D-15 and FM-100 tests
or anomaloscope analyses [12].
Ultimately, our results show that dyschromatopsia in
MS NON-eyes is specifically associated with RGC damage. These results suggest that color vision impairment can
serve as an accurate marker of retinal, normal-appearing
gray matter damage in MS [RGC]. It can also help evaluate
GCC damage in MS independently of AON. These findings
have clinical implications; while administering an OCT
requires a specialized technician and expensive machinery,
the HRR color vision assessment takes 5 min and can
easily be administered bedside. Furthermore, now that we
have pinpointed the cause of acquired dyschromatopsia in
MS, we can apply this information to monitor central
nervous system damage in MS patients and use color vision
as a clinical outcome in trials aimed at preserving retina
tissue and function.
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