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Abstract

Background Emphasis is often placed on the good recovery of vision following optic neuritis (ON). However, patients con-
tinue to perceive difficulties in performing everyday visual tasks and have reduced visual quality of life. This is in addition
to documented permanent loss of retinal volume.

Methods Seventy-five subjects following monocular ON (>3 months prior to assessment), were evaluated by the Rabin
cone contrast test (CCT). Red, green and blue cone contrast scores were extracted for the affected and fellow eyes. Retinal
nerve fiber layer (RNFL) and macular volume (MV) were assessed using optical coherence tomography.

Results Fifty-seven patients had multiple sclerosis and 17 had clinically isolated syndrome. Median time from ON to evalu-
ation was 47 months. Expanded Disability Status Scale (EDSS) ranged between 0 and 6.5 with average of 2 + 1.3. Cone
contrast scores for red, green and blue in the affected eyes were significantly lower than in the fellow eyes. RNFL thickness
and MV were reduced in the affected compared to the fellow eyes. Positive correlations between CCT and RNFL were found
in both eyes, but much stronger in the affected eyes (r=0.72, 0.74, 0.5 and 0.53, 0.58, 0.46 for red green and blue in each
eye, respectively). Positive correlations between CCT and MV were found in both eyes, but only modestly stronger in the
affected eyes.

Conclusions Impaired chromatic discrimination thresholds quantitatively document persistent functional complaints after
ON. There is evidence of dysfunction in both the affected eye and the fellow eye.

Keywords Optic neuritis - Multiple sclerosis - Color perception - Retinal nerve fiber layer - Macular volume - OCT

Background

Optic neuritis (ON) is characterized by visual impairment,
including loss of visual acuity accompanied by retrobulbar
pain worsened with eye movements. While the pain and acu-
ity deficits typically resolve over several weeks to months,
many patients continue to experience visual impairment and
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resultant reduction in quality of life [1]. These persistent
deficits can affect capacity to work especially with increas-
ing reliance on vision for computer-based work. Ongoing
subjective visual complaints are consistent with the known
permanent damage to the retina and visual pathways that is
seen after ON [2].

Many standard clinical color vision tests for patients with
acquired visual dysfunction are either non- or semi-quan-
titative, or are tremendously time consuming/challenging
to administer. In the era predating the availability of retinal
imaging for quantitative evaluation of retinal injury, color
perception was assessed as a secondary endpoint in a sub-
set of subjects enrolled in the Optic Neuritis Treatment Trial
(ONTT) [3]. Using the Farnsworth-Munsell 100-hue color
test (FM100), 33% of affected eyes and 23% of the fellow
eyes were reported as abnormal 5 years following the acute
event [4]. No standard color vision dysfunction was detected.
Moreover, the type of defect was not consistent within indi-
vidual patients as they recover [5, 6]. It has been unclear if
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this inconsistency was driven by the cognitive and attention
demands needed for performing this detailed color evaluation
technique [7].

More recently, pseudoisochromatic Hardy, Rand, and Rit-
tler (HRR) plates were used to assess color vision in mul-
tiple sclerosis (MS) patients [8—10]. Though color vision
was found to be commonly affected, no consistent pattern of
dyschromatopsia was detected, a result that could probably
be derived from each of the employed methods’ limitations
(limited dynamic range and lack of accurate scoring criteria).

The Rabin cone contrast test (CCT) uses a randomized
series of red, green, and blue letters detectable by a single
cone type (long, medium and short, respectively) in decreasing
steps of contrast to measure the threshold for letter recognition
[11]. Thus, this computerized test is easy and quick to admin-
ister and is used by the United State Air Force as a standard
test of color vision. It provides both quantitative evaluations
of color vision and identification of the type and severity of
color vision deficiency. Its sensitivity and specificity were
determined by a comparison of its scores to anomaloscope
and pseudoisochromatic plate results in ~ 1500 applicants for
pilot training. In agreement with the anomaloscope, the CCT
showed 100% sensitivity for detection and categorization of
color vision deficiency. CCT specificity for confirming nor-
mal color vision was 100% for L and M cone tests and 99.8%
for S cones. Furthermore, the CCT was recently evaluated in
the elderly (~ 180 normal phakic and pseudophakic eyes) and
reported to be valid up to the seventh decade of life even fol-
lowing a cataract surgery [12].

This study was intended to better assess color perception
both qualitatively and quantitatively following an optic neu-
ritis attack, and to document its associated retinal damage.
Assessments of visual system injury have become increasingly
important outcome measurements in assessment of standard
disease-modifying therapies as well as reparative and regen-
erative treatments [13—15]. Highly sensitive quantitative
measures that can easily be utilized in a clinical setting are
needed for multi-site clinical trials of new possible therapeutic
agents. CCT has advantages over other methods in terms of
both standardization and quantification. It could be employed
with limited technical training required and given automa-
tion and presentation method does not require the highly rigid
administration of other color vision tests (i.e., does not require
a special light box or very limited lighting conditions).

Methods

Standard protocol approval, registration,
and patient consent

The University of California, San Francisco Committee on
Human Research approved the experimental procedure.

Written informed consent was obtained from all subjects
before study inclusion.

Subjects

Patients that were evaluated at the Multiple Sclerosis Center
at the University of California, San Francisco (UCSF)
between 2012 and 2016 and had a history of optic neuritis
were invited to participate. From this cohort, seventy-five
patients, following a first ever, single monocular episode of
acute ON that occurred 3 months or more prior to assess-
ment were included in the current study. Evaluation of the
patients to define optic neuritis was done by a neuro-ophthal-
mologist. All patients presented with unilateral visual loss,
a relative afferent pupillary defect, and an otherwise normal
neuro-ophthalmological examination. Patients suffering
from bilateral optic neuritis or hereditary dyschromatopsia
were specifically excluded.

Disease duration was defined as the time from the first
clinically isolated syndrome (CIS) or first MS symptom.
Patients were defined as having either ON-CIS, relaps-
ing remitting MS (RRMS) or secondary progressive MS
(SPMS) at the time of their assessment (as defined by Lub-
lin—Reingold criteria) [16]. The Expanded Disability Status
Scale (EDSS) [17] was obtained by a certified examiner.

Procedure and data analysis

The affected (AE) and fellow eyes (FE) of each subject were
assessed separately for the following measures.

Visual acuity (VA) was measured by Snellen VA chart
wearing refractive correction and log-MAR equivalent was
calculated.

Spectral domain OCT was performed (SPECTRALIS,
Heidelberg Engineering, Heidelberg, Germany), includ-
ing high-resolution macular scans. The OSCAR-IB quality
criteria (based on recognition of obvious problems, poor
signal strength, centering of scan, algorithm failure, retinal
pathology other than MS related, illumination and beam
placement) were met [18]. Segmentation of retinal layers
to determine the retinal nerve fiber layer (RNFL) and the
macular volume (MV) was performed using automated soft-
ware algorithm (Heidelberg v1.8.6.0). Data on the pRNFL
were obtained using a 12° ring scan placed around the optic
nerve head. Data on the macular area were acquired using a
macular volume scan (20° X 20° field) centered on the fovea.
Laboratory quality control of segmentation was performed
to evaluate any algorithm failure before further processing
[19].

Color vision was measured by the CCT [11]. In short,
the computer-generated CCT presents a randomized series
of colored letters visible to a single cone type, red (long),
green (medium) and blue (short), in decreasing steps of cone
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contrast to determine the threshold for letter recognition. A
single letter appears briefly centered in the display and the
subject is required to report the letter aloud.

Progressing from most visible down to least visible, the
letter appears for a duration of 1.0-1.6 s (duration increases
as contrast decreases), followed by an inter-trial interval
(gray field) of equal duration. During this time, the subject
is required to read the letter aloud, answers are recorded
by a technician, and the program then advances to the next
trial. The log contrast sensitivity scores are normalized to
an intuitive 100-point scale such that each letter that is read
correctly counts as five points, making the maximum score
100 and the minimum score 0. The CCT duration is 3 min
per eye.

Statistics

Mean values of the different contrast sensitivity scores,
RNFL thickness and total macular volume were compared
between the affected and the fellow eyes through two-tailed
paired f test.

Pearson’s correlation and linear regression analysis were
used to examine relationships between time from acute
event, EDSS, retinal measurements and contrast sensitiv-
ity scores. Subjects with missing information were removed
from this stage of analysis. For all regression analyses,
assumption of normality of residual was validated using the
Kolmogorov—Smirnov Test.

Results
Demographic and retinal measurements

Seventy-five patients (81.3% women) aged 12-71 years
[40.3 +12.3 mean + SD; only two patients were below 18 (12
and 15)] were included in the study. Fifty-seven had MS (1
SPMS, all others RRMS), 17 had CIS-ON, and 1 did not fin-
ish his work-up at the time of evaluation. Half of the patients
(n=138) suffered from right ON and the other from left ON.

Time from episode to evaluation ranged between 3 and
685 months with average of 83 + 115 months (mean + SD)
and median of 47 months. It should be noted that five
patients experienced their attack more than 200 months prior
to evaluation; therefore given their outlier status sensitivity,
the analysis was performed including these individuals in
the analysis as well as excluding them to ensure that late
progressive injury was not driving our observations.

EDSS ranged between 0 and 6.5 with average of 2+ 1.3
(mean + SD) and median of 2.

Visual acuity was 20/30 or below only in five affected
and three fellow eyes. Yet, averaged log-MAR visual acuity
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was slightly but significantly higher in the affected (—0.029)
versus the fellow eyes (—0.081) (p=0.02).

RNFL thickness and MV were reduced in the affected
compared to the fellow eyes (78.6 um=+16.5 pm and
2.9 mm*+0.14 mm? versus 91.2 um+ 15.1 pym and
3.0 mm*+0.17 mm?;, p=3.6E7% and p=1.8E~°
correspondingly).

Cone contrast performance was impaired
in the affected eyes (Fig. 1)

The mean red, green and blue contrast scores in the
affected eyes were lower than in the fellow eyes (72.7 + 32,
68 +36.1, and 69.1 +36.7 versus 88.8 +15.6, 86.2+20.6,
and 89.8 +17.3 for red, green and blue, means +SD in the
affected and in the fellow eye; correspondingly, p =3.2E~%,;
8E7; 2.2E7%).

Strong correlations were found between the three color
contrast scores (> 0.9; Fig. 1b).

To help explore whether demographic and structural
measures were associated with CCT performance, the inde-
pendence of these color vision metrics, and the contribution
of other factors to color vision performance, a number of
models were constructed and evaluated as detailed below
and in the following sections.

A regression model, which included demographic factors
(i.e., gender, age, history of MS, right or left eye involve-
ment, EDSS and time from acute event) significantly pre-
dicted mean AE color perceptual abilities (Fg ¢6,=7.4,
p=4.4E7%). Factors that contributed significantly to the
model were gender (r=2.1, p <0.05; females showed better
color perceptual abilities), history of MS (r=2.5, p <0.05;
patients with previous MS showed better color perceptual
abilities) and time from acute event (t=—2.96, p <0.005;
patients with longer time from acute event showed worse
color perceptual abilities). Similar results were found for
each color independently as well.

Color contrast sensitivity abilities correlate
with retinal thickness, in the affected but also in the
fellow eyes (Fig. 2)

In the affected eyes, strong positive correlations were found
between each color score and the RNFL. The Pearson cor-
relation for the red CCT was r=0.72, p= 7.4E~13: for the
green CCT was, r=0.74, p=6.9E~'%; and for the blue CCT
was r=0.75 p=1.1E714,

In the fellow eyes, we found a similar pattern: posi-
tive correlations were found between each color score and
RNFL thickness. Nevertheless, the strength of these cor-
relations was less pronounced. In the fellow eye, for the red
CCT, r=0.53, p=1.2E7%,; the green CCT was r=0.58,
p=8.4E%; and the blue CCT was r=0.46, p=4.2E%.
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Fig. 1 a CCT scores from the
affected eyes are plotted against
corresponding scores from the
fellow eyes for the red (upper
graph) green (middle graph)
and blue (lower graph) scores.
Right bar graphs stand for
corresponding averaged scores.
Solid fill for affected and check-
erboard fill for the fellow eyes.
Error bars represent standard

Red to Green

R=0.94

deviations. b Affected eyes’ red
scores are plotted against green
scores (upper graph), red scores
are plotted against blue scores
(middle graph) and green scores -
are plotted against blue scores
(lower graph)

Fellow eye CCT score

Affected eye CCT score

Furthermore, supporting the findings from RNFL, signifi-
cant correlations were also found between each color score
and MV. Here the correlations were only modestly stronger
in the affected eye when compared to the fellow eye. For the
affected eyes, the red CCT score, r=0.57, p= 2E7; green
CCT score, r=0.63, p= 3.2E™%; and blue CCT score r=0.6,
p= 1.9E78. For the fellow eyes, the red CCT score, r=0.52,
p= 3E96; green score, r=0.56, p= 2.4E7%7: and blue score
r=0.44, p=9.4E%,

Adding the RNFL thickness and MV (of both eyes) to the
previous demographically based regression models signifi-
cantly contributed to the predicted color perceptual abilities
in each eye :F(10, 59)=20.07, p=1.66E~15, for the affected;
and F(10, 59)=6.98, p =4.22E7 for the fellow eye.

Factors that significantly contributed to the prediction
of color vision scores in the affected eye included gen-
der (r=3.44, p <0.005; females showed better color per-
ceptual abilities), the existence of MS (r=2.74, p<0.01;
patients with previous MS showed better color perceptual
abilities), age at visit (t=—2.11, p <0.05; the older the
patient is the worse the color perceptual abilities are ) and

o 25 50 75 100

Red to Blue
100 R=0.9
75
50

25

0 25 50 75 100

Green to Blue

R=0.91

o 25 50 75 100

time from acute attack (r=—2.93, p <0.005; the longer
the time from the attack is the worse the color perceptual
abilities are ). However, the strongest association was for
RNFL thickness in the affected eye (r=3.53, p <0.001;
the thicker the RNFL is the better the color perceptual
abilities are).

In the fellow eye, only age at visit (t=—2.00, p <0.05; the
older the patient is the worse the color perceptual abilities
are) and MV contributed to the prediction of color vision
scores (t=2.86, p <0.006; the larger the MV is the better
the color perceptual abilities are).

To better understand the relative contributions of RNFL
thickness and MV on CCT color perceptual performance
in each eye individually, a model was constructed with
only these two variables as predictors. For the affected
eye, all predictive values came from the RNFL thickness
(p<9.07E™%, F(2,67)=51.66, p=2.67""%, 1=5.99), while
the MV contribution was not significant (p =0.1). For the
fellow eye, both factors significantly contributed to the
model (F(2, 67)=31.722, p=2.03E~'°, RNFL thickness
p=0.0004, r=3.71; MV p=0.001, t=3.43).
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Fig.2 CCT scores are plotted against corresponding RNFL thick-
ness measurements for the red (upper graph) green (middle graph)
and blue (lower graph) scores. Solid fill markers for the affected and
checkerboard fill markers for the fellow eyes

Cone contrast performance as a function of time
from acute event (Fig. 3)

In the affected eyes, inverse correlations were found
between each color score and the time from the acute ON
episode. For the red CCT score, r=-0.5, p= 5.5E7%; for
the green CCT score, r=—0.47, p =2.3E7; and for the
blue CCT score r=—0.47, p=1.5E7.

In the fellow eyes, inverse correlations were also found.
However, the strength of these correlations was much
lower. For the red score, r=—0.36, p=0.001; for the
green score, r=—0.37, p=0.0008; and for the blue score
r=-0.36, p=0.001.

However, these correlations appeared to be driven
by the extreme cases, i.e., those who experienced their
attack more than 200 months prior to evaluation (n =5).
Without those patients, no significant correlations were
found between color contrast and time from event. Fur-
thermore, sensitivity analyses repeating the primary analy-
ses detailed above regarding the correlation between cone
contrast vision and OCT measures and other demographic
factors revealed that inclusion and exclusion of these sub-
jects did not significantly change our results (not shown).

A regression model which included all the averaged
color scores could not predict the time from the event
either.
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Time from ON (m)

Fig.3 Affected eyes’ CCT scores are plotted against corresponding
time from acute event, measured in months, for the red (upper graph)
green (middle graph) and blue (lower graph) scores. Gray inset cir-
cles five patients who experienced their attack more than 200 months
prior to evaluation

Cone contrast performance correlates
with disability as reflected in the EDSS

Modest inverse correlations were found between the EDSS
scores and the different color contrast sensitivity scores: For
the affected eye: red score, r=—0.28, p=0.01; green score,
r=—0.36, p=0.001; and blue score r=—0.38, p=0.0007
and for the fellow eye: red score, r=—0.38, p=0.0008;
green score, r=—0.33, p=0.003; and blue score r=—0.39,
p=0.0005.

Discussion

Though color perception is known to be impaired both
during and after optic neuritis, a simple straightforward,
quantitative method for assessing this impairment has been
lacking, thus limiting the capacity to use color vision assess-
ments as an outcome in clinical trials. The current study
provides conclusive evidence that patients exhibit persis-
tent deficits in color perception using a highly quantitative
and easy-to-administer color vision test that could easily be
employed broadly. Furthermore, this study provides further
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evidence (in addition to work already done in low contrast
[20] and motion perception [21] that persistent functional
impairment can be found in patients after ON—an observa-
tion that aligns with patients’ clinical complaints.

Consistent with previous reports [5, 6, 8—10], no specific
color impairment was found across the cohort, suggesting
that color vision impairment in this population is variable
and perhaps stochastic. Furthermore, the color deficits
detected seem to relate to permanent structural changes in
the anterior visual pathway. Significant correlations were
evident between each color score and retinal thickness. Inter-
estingly, RNFL explained color vision performance better
than any other structural measurements in eyes after ON.
Cone contrast performance was not dependent on the time
from acute event except for the extreme cases in which the
acute event happened decades ago suggesting that a signifi-
cant proportion of the functional deficit is established early.
Color perception was modestly associated with EDSS and
may reflect disability not captured by this well-utilized but
flawed measure.

Color processing begins at a very early level in the visual
system. Trichromacy arises at the level of the receptors with
cone populations tuned to colors of different wavelengths for
their optimal response. Opponent color processing arises
in the inner nuclear layer via horizontal and bipolar cells
and continues at the level of retinal ganglion cells. From
there, color information is sent to the brain via the optic
nerves through the chiasm and tracts to synapse at spatially
separated layers of the lateral geniculate nucleus (parvocel-
lular layers of LGN). Color information, as well as other
static elements of visual perception, is carried through the
parvocellular fibers that are located in the central region of
the optic nerve.

Diseases of the optic nerve have been proven to affect
color vision in the presence of good visual acuity more
profoundly than other eye diseases (macular disease,
media opacity, or amblyopia) [22]. Additionally, an
increased vulnerability of the parvocellular, compared
with the magnocellular, system has been documented [23,
24].This relatively selective injury has been suggested to
be related to the parvocellular fibers’ smaller diameter,
which may make them either more susceptible to demy-
elinating injury or less capable of repair. Histopathologi-
cal evaluation of the visual pathway in MS has revealed
rarefaction of ganglion cells in the macular region, again
suggesting involvement of smaller axons [25]. Consistent
with the hypothesis of high vulnerability of small axons, it
is not surprising that a parvocellular-specific modality like
color perception represents a useful tool for the diagnosis
and follow-up for axonal loss in MS with the added advan-
tage of its functional relevance. Since the impairment is
related to failure of conduction of retinally derived action
potentials, there is no substantial difference between all

wavelengths and they are similarly affected. The strong
correlation between each color score and the thickness
of the retinal fiber layer should highlight the functional
relevance of the fibers’ atrophy.

Thinning of the RNFL following ON is a well-known
phenomenon that has been considered to reflect retrograde
degeneration (dying back) of the optic nerve [26] and is
found to be correlated with visual acuity, low-contrast let-
ter acuity, visual field as well as previous assessment of
color vision (for review [2]).

Furthermore, retinal thinning was also reported in CIS
patients’ eyes that were not clinically affected by ON. Par-
ticularly, significant thinning of the ganglion cell layer
(GCL) was reported, indicating that retinal neuronal dam-
age can accompany MS independent of a prior history of
ON [27]. Two theories were suggested to explain this phe-
nomenon. The first is related to the dying back theory, which
can take place both after ON but also following general brain
inflammation without specific involvement of the optic nerve
[26]. The second suggests that retinal pathology can occurs
independently of optic nerve pathology. This theory is based
on findings in patients exhibiting substantial reduction of
MV despite normal RNFL values [28].

Our findings of the notable correlations between color
scores and the retinal thickness emphasize again, from a dif-
ferent viewpoint the clinical relevance of retinal thickness.
Furthermore, the differential influence of the different lay-
ers in the affected compared to the fellow eye may indicate
different pathological mechanisms in the two eyes. While
retrograde axonal atrophy can explain color perception
impairment in the affected eye, a primary neuronal damage
may explain this impairment in the fellow eye.

Similar results were reported recently by Lampert et al.
[8]. Using HRR, GCL thickness was found to be associ-
ated with dyschromatopsia in MS patients’ non-ON eyes.

This study is limited by the variability in the age range of
the patients, in the time lapse from the acute episode and in
the different disease courses and due to the lack of informa-
tion regarding patients’ disease-modifying treatment history.
However despite this heterogeneity, previous optic neuritis
episodes still leave their mark in the patient’s visual system.

As has been previously suggested, the unique accessi-
bility and structure—function correlations provided by the
afferent visual system in MS, make vision a useful single
functional system to test new MS therapies [29]. This study
provides compelling evidence that the CCT is a sensitive
visual function test and provides a potentially valuable sum-
mary assessment of acquired color vision deficiency in ON
and may help us understand the relationship between func-
tional impairment and structural injury in MS.
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