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Abstract
Neurologists have long recognized the importance of the visual system in the diagnosis and
monitoring of neurologic disorders. This is particularly true because approximately 50% of the
brain’s pathways subserve afferent and efferent aspects of vision. During the past 30 years,
researchers and clinicians have further refined this concept to include investigation of the visual
system for patients with specific neurologic diagnoses, including multiple sclerosis (MS), con-
cussion, Parkinson disease (PD), and conditions along the spectrum of Alzheimer disease (AD,
mild cognitive impairment, and subjective cognitive decline). This review highlights the visual
“toolbox” that has been developed over the past 3 decades and beyond to capture both structural
and functional aspects of vision in neurologic disease. Although the efforts to accelerate the
emphasis on structure-function relationships in neurologic disorders began with MS during the
early 2000s, such investigations have broadened to recognize the need for outcomes of visual
pathway structure, function, and quality of life for clinical trials of therapies across the spectrum of
neurologic disorders. This review begins with a patient case study highlighting the importance
using the most modern technologies for visual pathway assessment, including optical coherence
tomography.We emphasize that both structural and functional tools for vision testing can be used
in parallel to detect what might otherwise be subclinical events or markers of visual and, perhaps,
more global neurologic decline. Such measures will be critical because clinical trials and therapies
become more available across the neurologic disease spectrum.
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Approximately 50% of the brain’s pathways subserve visual
function, and numerous neurologic conditions initially pre-
sent with visual symptoms.1,2 Many neurologic diseases have
manifestations that localize to the pathways for afferent and
efferent visual function. At the same time, tools to capture
visual pathway structure and function have only recently be-
come incorporated into therapeutic trials, research and clini-
cal assessment for patients with neurologic conditions.1,3

As such, the past 30 years have represented a time of great interest
in vision as an important window into neurologic function. A
rapidly growing literature has aimed to better characterize visual
manifestations in multiple sclerosis (MS), concussion, Parkinson
disease (PD), and cognitive conditions along the spectrum of
Alzheimer disease (AD), such as mild cognitive impairment
(MCI). TheOpticNeuritis TreatmentTrial (ONTT) introduced
both neurologists and ophthalmologists to the concept that high-
contrast visual acuity (black letters on a white background) may
not adequately capture visual symptoms and dysfunction in pa-
tients with neurologic disease.4,5 This needs to expand the visual
“toolbox” to include contrast sensitivity (recognized as early as the
1970s as being abnormal in patients with PD, low-contrast letter
acuity, optical coherence tomography (OCT, a measure of visual
pathway structure) is well-illustrated by the case presentation that
follows.7 Anchoring of the more recently developed structural,
functional, and performancemeasures (such as rapid automatized
naming [RAN] tasks) to vision-specific quality-of-life scales has
brought to the forefront the role of the visual pathway as a model
for investigating structure-function relationships in the central
nervous system.8-10 This model has most recently been used for
the study of remyelinating therapies and agents with the potential
to provide neuroprotection, particularly in the case of acuteON.11

Case Presentation
A 30-year-old woman was referred to neuro-ophthalmology for
right eye pain. The patient had an established diagnosis of re-
lapsingMS and had presented 10 years prior with acuteON in the
right eye. Surveillance MRI scans of the brain had demonstrated
stable white matter lesions that were typical for MS. The patient
reported compliance with intramuscular interferon β-1a. One day
before evaluation by neuro-ophthalmology, the patient developed
pain onmovement of the right eye; she described this pain as “the
same” as the pain she had experienced 10 years earlier during the

initial acuteONepisode. The painwas exacerbated by pressure on
the globe, such when applying eye makeup. The patient did not
note symptoms of visual acuity loss or color desaturation.

Neuro-ophthalmologic examination revealed high-contrast
Snellen visual acuities of 20/15-2 in both eyes at distance. The
pupils measured 4 mm in dim illumination and were briskly
reactive to light and near without an afferent defect. Visual fields
were full. She perceived 10/10 Ishihara color plates correctly and
briskly with each eye; there was no red desaturation. Color fundus
photographs of the posterior poles (Figure 1A) suggested subtle
elevation of the superior optic nerve head in the right eye. This
was confirmed by OCT scanning for which peripapillary retinal
nerve fiber layer (RNFL) average thickness was elevated in the
right eye to 115 μm. This was compared with an RNFL thick-
ness of 108 μm (normal range) in the asymptomatic left eye
(Figure 1B). MRI of the brain and orbits with gadolinium dem-
onstrated enhancement of the right intraorbital optic nerve. She
was treated with intravenous methylprednisolone at a dose of 1
gramdaily for 3 days; there was complete resolution of symptoms.
At a 3-month follow-up visit, OCT scans demonstrated normal
RNFL and macular ganglion cell layer/inner plexiform layer
(GCIPL) thickness values without intereye asymmetry.

This patient’s story not only highlights the role of structural tools
such as OCT in the confirmation and early diagnosis of acute
ON but also emphasizes how modern and more sensitive
techniques can complement functional visual outcomes in cases
for which clinical findings are subtle. Our patient did not un-
dergo low-contrast letter acuity testing; this may have also
revealed an asymmetry not shown by high-contrast visual acuity,
pupillary, and color testing. Taken together, the findings of this
patient emphasize that acute ON in MS may occur more often
than clinically recognized and that there are likely to be “inter-
ictal” events between obviousMS visual exacerbations that result
in RNFL and GCIPL thinning over time. Such events can result
in intereye differences that could, in fact, represent a marker of
optic nerve demyelination and could validate lesions for dis-
semination in space or time.12

MS
The pathophysiology of MS includes inflammation, de-
myelination, and axonal degeneration that may affect both the

Glossary
AD = Alzheimer disease; EDSS = Expanded Disability Status Scale; ETDRS = Early Treatment Diabetic Retinopathy Study; FA =
Friedrich ataxia; GCIPL = ganglion cell layer/inner plexiform layer; GEE = generalized estimating equation; ICCs = intraclass
correlation coefficients; ISI= intersaccadic interval;KD=King-Devick;MCI=mild cognitive impairment;MICK=Mobile Integrated
Cognitive Kit;MS =multiple sclerosis;MSFC =MSFunctional Composite;ON = optic neuritis;mTBI =mild traumatic brain injury;
MULES = Mobile Universal Lexicon Evaluation System; NEI-VFQ-25 = 25-Item National Eye Institute Visual Functioning
Questionnaire; OCT = optical coherence tomography; ONTT = Optic Neuritis Treatment Trial; PASAT = Paced Serial Auditory
Addition Task; PD = Parkinson disease; RAN = rapid automatized naming; RNFL = retinal nerve fiber layer; SCD = subjective
cognitive decline; SUN = Staggered Uneven Number; VOG = video-oculography.
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afferent and efferent visual systems. ON is often the first clinical
manifestation of MS, yet the most recent McDonald criteria do
not include the optic nerve as a CNS region by imaging or other
paraclinical test to qualify for dissemination in space.3 In the
ONTT, patients with acute ON characteristically presented with
unilateral, subacute painful vision loss that worsened over the
course of 1 week.13 Fifty percent of patients enrolled in the
ONTT were ultimately diagnosed with clinically definite MS,
defined as occurrence of a second clinical demyelinating event,
over the next 15 years.14 This trial was important in establishing
the relation between acuteON andMS and in demonstrating the
potential utility of corticosteroids for treatment. Although in-
travenous high-dose methylprednisolone treatment was not as-
sociated with long-term differences in high-contrast visual acuity
outcomes, it was shown that this therapy may hasten visual re-
covery by several weeks and also could delay the occurrence of a
second clinical demyelinating event.15 Today, the optic nerve is
still not a CNS region that is used to determine radiologic

dissemination in space by theMcDonald criteria forMSdiagnosis
as of 2017.3 This is particularly problematic in high-risk patients
with acute ON (particularly those with ON who have additional
brain or spinal cord lesions) who are at substantial risk for a new
clinical attack or MRI lesion.16-18 Delays in treatment initiation
may be associated with increased T2 lesion burden, increased
volume of gadolinium-enhancing lesions, and increased brain
atrophy.16-18 Although vision loss is common and can be de-
bilitating in demyelinating disease, clinical trials did not ade-
quately assess visual outcome measures beyond the level of
high-contrast visual acuity until the early 2000s.11

Low-Contrast Letter Acuity
After the use of contrast sensitivity in the ONTT, low-contrast
letter acuity testing (gray letters on a white or retroilluminated
background) was subsequently found to distinguish patients
from normal controls based on subtle visual symptoms that
may otherwise have been subclinical and not captured by high-

Figure 1 Color Fundus Photos and OCT Output for Right and Left Eyes

OCT = optical coherence tomography.
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Figure 2 Kaplan-Meier Plots of the Time to SustainedWorsening of Vision Scores From Baseline Among Patients Receiving
Natalizumab Compared With Placebo for AFFIRM

(A) High-contrast visual acuity (similar to Snellen acuity, the
measure traditionally used in multiple sclerosis clinical trials)
did not demonstrate substantial degrees of sustained wors-
ening from baseline. Low-contrast letter acuity at the 2.5% (B)
and 1.25% contrast levels (C) showed that natalizumab re-
duced the risk of sustained clinically significant worsening of
vision (worsening by two or more lines [10 letters], sustained
over 12 weeks). Significant differences in cumulative proba-
bilities of sustainedworseningof visionwerenotedatboth the
2.5% and 1.25% contrast levels.
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contrast (black and white) visual acuity testing.14 Low-contrast
Sloan letter charts have a format that is similar to the Early
Treatment Diabetic Retinopathy Study charts that have
remained a standard for high-contrast visual acuity testing;
these charts have 5 Sloan letters per line and proportional
spacing between lines.19 Investigations by Balcer et al.5 dem-
onstrated that low-contrast letter acuity, compared with high-
contrast visual acuity, contrast sensitivity and color vision
testing, best distinguished patients with MS vs controls. Asso-
ciations were established between worse low-contrast acuity
scores and worse scores for the following measures that capture
other dimensions of neurologic function in MS: Expanded
Disability Status Scale (EDSS); MS Functional Composite
components of timed 25-foot walk, 9-hole peg test, and Paced
Serial Auditory Addition Task; peripapillary RNFL thickness
andGCIPL thickness byOCT; brainMRI lesion burden; visual
evoked potential changes; electroretinography findings; and
pupillary function. A 7-letter change in low-contrast acuity
scores was found to be clinically meaningful based on the above
associations and based on the fact that a difference of 7 letters
represents 2 standard deviations on the mean interrater dif-
ference from reliability studies.20 In parallel with the above
studies, low-contrast letter acuity was incorporated as an ex-
ploratory outcome measure for the phase-3 trials of natalizu-
mab forMS. Natalizumab is a humanizedmonoclonal antibody
against the cell adhesion molecule alpha-4 integrin (Figure 2,
Balcer et al.).21 Although high-contrast visual acuity in these
trials was not able to demonstrate treatment effects, low-
contrast acuity scores at 2.5% and 1.25% contrast captured
treatment benefit for natalizumab regarding reductions in
sustained visual loss and for sustained visual improvements
over time. Unrecognized visual disability was also detected in
up to a quarter of patients in these cohorts by vision-specific
quality-of-life scales (Figure 3).19,22

Recent investigations have also highlighted the importance not
only of monitoring the visual pathway integrity of patients with

MS but also of examining the effects of earlyMS treatment with
disease-modifying therapies.23 In a recent study of the MSBase
Registry, among 935 patients presenting with acute ON, early
MS treatment was associated with reduced risk and a delayed
conversion to clinically definite MS (HR = 0.70, p < 0.001).
Treatment was also associated with reduced risk of sustained
EDSS worsening (HR = 0.46, p < 0.0001) and with reduced
sustained worsening of visual function. It has been shown
consistently that initiation of disease-modifying therapies,
particularly early in disease, may delay onset and reduce risk of
conversion to clinically definiteMS, defined as a second clinical
demyelinating event.23

OCT
OCT was first developed as a method to monitor retinal ar-
chitecture and disease progression in glaucoma but was sub-
sequently applied to study the optic nerve in neurologic
conditions and to measure the anterior visual pathway struc-
ture.24 The most involved layers after optic nerve injury are the
peripapillary RNFL and the macular GCIPL. The RNFL is the
only part of the visual sensory system for which unmyelinated
axons can be visualized noninvasively.25 Work by Frisen and
Hoyt in the 1970s demonstrated the presence of insidious
atrophy of retinal nerve fibers in MS by ophthalmoscopy.26

Other important studies demonstrated that, in patients with a
clinical history of acute ON, approximately 75% had a 20%
degree of peripapillary RNFL thinning compared with the
fellow unaffected or control eyes; furthermore, this loss oc-
curred early in the disease course.27

OCT has revolutionized the ability to monitor the structural
aspects of visual pathway integrity in a real time, in vivo, and
noninvasively. OCT imaging is quick, effective, and readily
available in most neuro-ophthalmic clinics. The first studies of
OCT technology in MS included 14 patients with a previous
event of acute ON; the results of this study showed that peri-
papillary RNFL thickness was reduced by 46% in MS eyes

Figure 3 Proportions of Patients With Worsening Vision by EDSS Progression Status Over 2 Years

Using the 7-letter criterion for clinically meaningful visual
change, a significantly greater number of patients with EDSS
progression had worsening in HCVA compared with those with
no EDSS progression. Notably, there were no significant differ-
ences in LCVA worsening between patients with and without
EDSS progression. p values are from theMcNemar test. EDSS =
Expanded Disability Status Scale; HCVA = high-contrast visual
acuity; LCVA = low-contrast visual acuity; VFT = visual function
testing.
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affected by ON vs eyes of healthy control participants. In addi-
tion, there was a 28% reduction of RNFL thickness in affected
eyes compared with unaffected fellow eyes of the same patients.8

Fisher et al. demonstrated that RNFL thickness was significantly
reduced among all eyes of patients withMS in aggregate (average
92 μm) vs eyes of disease-free controls (average 105 μm). Eyes
with a clinical history of acute ON among people with MS had
even greater degrees of thinning (average 85 μm). These dif-
ferences were statistically significant when accounting for age and
for within patient intereye correlations using generalized esti-
mating equation regression models (Figure 4, Fisher et al.). In
addition, reduced average thicknesses in peripapillary RNFL
were associated with lower visual function scores; each line of

decrease in low-contrast letter acuity corresponded to a peri-
papillary RNFL decrease of 4 μm28. Costello et al.29 demon-
strated that approximately 75% of patients withMS and a history
of acuteONwill have a 10-20-μmRNFL loss within 3–6months
(out of a usual control RNFL thickness of ;100 μm by early
OCT methods of time-domain imaging). By contrast, most
healthy individuals will lose only 0.017% of their peripapillary
RNFL per year by similar imaging methods (10–20 μm over 60
years).30Many subsequent studies have examined associations of
RNFL thinning and visual loss.31-33 These measurements of the
RNFL can now aid in the diagnosis and differential diagnosis of
ON and may be used to measure the effects of treatment both
in the setting of acute ON and in MS in general.20,34 In 2012,
Walter et al.35 demonstrated that GCIPL thinning in eyes of
people with MS was significantly associated with reduced visual
function (low-contrast letter acuity) and with vision-specific
quality-of-life impairment by the 25-Item National Eye Institute
Visual Functioning Questionnaire (NEI-VFQ-25) and the 10-
Item Neuro-Ophthalmic Supplement (Figure 5, Walter et al.).
OCT measurements are also able to identify mild, and even
clinically undetectable, optic disc edema in the setting of acute
ON, as illustrated by our case presentation. Given the changes in
RNFL and GCIPL thickness that follow ON episodes and the
fact that many patients may be disadvantaged by delays in the
diagnosis and treatment of MS, there is an increasing need for
the addition of the optic nerve to the McDonald criteria as a
lesion site in space and time for the diagnosis of MS by imaging
modalities.12 OCT can be used to monitor treatment outcomes
with MS immunotherapy and lends further importance to in-
cluding the optic nerve as a lesion site for revised diagnostic
criteria of MS.36 As a more global measure, spectral domain
OCT findings of peripapillary RNFL and GCIPL thinning have
been found to be associated with the presence and degree of
brain atrophy in MS.9

RAN Tasks and the Mobile Universal Lexicon
Evaluation System in MS
RAN tasks have been used for greater than 80 years as a
method to assess aspects of vision, cognition, and language.

Figure 5 Scatter Plot and Fitted Linear Regression Line Showing Relation of Ganglion Cell Layer Plus Inner Plexiform Layer
(GCL + IPL) Thickness to 25-Item National Eye Institute Visual Functioning Questionnaire (NEI-VFQ-25) Composite
Scores and Low-Contrast Acuity at the 2.5% Level

The regression lines represent fitted val-
ues formeanGCL+ IPL thickness foreach
value of NEI-VFQ-25 or low-contrast acu-
ity; the gray shaded areas show the 95%
confidence intervals from the standard
errors of the predictions for the fitted
lines. This graph for all multiple sclerosis
eyes illustrates that there are very few
outliers with respect to quality of life
(QOL) or low-contrast acuity. Linear cor-
relations were significant. Accounting for
age and adjusting for within-patient,
intereye correlations, the relation of QOL
and low-contrast acuity to GCL + IPL
thickness was significant (p < 0.001, gen-
eralized estimating equation models).

Figure 4 Mean Values for Overall Average RNFL Thickness
(360° Around the Optic Disc) and for RNFL Thick-
ness in Temporal, Superior, Nasal, and Inferior
Quadrants for Patients With Multiple Sclerosis (MS;
n = 90 [180 Eyes]) andDisease-Free Controls (n = 36
[72 Eyes])

*Average overall RNFL thickness values were significantly lower for patients
with MS vs controls (p < 0.001, generalized estimating equation [GEE] models
accounting for age and adjusting for within-patient intereye correlations).
†Mean RNFL thickness values varied significantly across retinal quadrants
(p < 0.0001), with mean thickness greater in the superior and inferior quad-
rants. Themean thicknesswas greater for controls than for patientswithMS in
all quadrants, and the difference between patient groups was of the same
magnitude in each quadrant (p = 0.34 for interaction terms, GEEmodels). GEE
= generalizedestimating equation;MS=multiple sclerosis; RNFL= generalized
estimating equation.
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To perform RAN tasks, participants are asked to rapidly name
numbers or objects while minimizing errors in naming. In
2016, the Mobile Universal Lexicon Evaluation System
(MULES) was introduced to assess functioning of brain
pathways that are perhaps not entirely captured by rapid
number naming or other naming tasks.37 These pathways
include those underlying object recognition, color detection,
and semantic categorization. MULES testing involves the
rapid naming of photographs in the context of fruits, common
objects, and animals.37 Compared with other alpha-numeric
RAN tasks (number naming), the MULES requires color
perception, semantic articulation, phonology, and object
recognition. Neuroanatomically, MULES is believed to in-
volve the bilateral fusiform gyri and lateral occipital lobe
during rapid object naming, whereas the King-Devick (K-D)
and Staggered Uneven Number (SUN) tests of rapid number
naming primarily engage the primary left inferior temporal
lobe, the left motor cortex, the left superior parietal gyrus, and
the medial supplementary motor area cortex.38-41 Seay et al.
studied 24 patients with MS compared with 22 disease-free
controls using the MULES test. In this study, accounting for
age, MS vs control status was a predictor of MULES test time
(patients with MS had slower testing times, p = 0.01). Faster
testing times, indicating better performance, were noted
among patients with MS who had better scores for binocular
low-contrast letter acuity at 2.5% contrast (p < 0.001). Thus,
the MULES test may be of additional utility for detecting and
assessing visual deficits in patients with MS and to measure
outcomes in clinical trials. Such tests may be particularly
helpful when used in combination with more sophisticated
measurements of eye movements, such as high-resolution
video-oculography (VOG).38

Assessment of Vision-Specific Quality-of-Life
and Other Vision-Specific Modalities
Several related questionnaires exist to monitor patients with
MS and other neurologic disorders for the more qualitative
aspects related to vision. The most widely used and validated
assessments include the NEI-VFQ-25 and the 10-Item Neuro-
Ophthalmic Supplement to the NEI-VFQ-25. Although the
NEI-VFQ-25 is a more generic measure that particularly cap-
tures aspects of afferent vision, the 10-Item Supplement was
designed to assess information specifically in patients with MS
and other neuro-ophthalmologic disorders.43 Both scales cap-
ture granular information related to activities of daily living and
other symptoms that relate to scores for high-contrast visual
acuity, low-contrast letter acuity and contrast sensitivity, visual
field abnormalities, reduced color vision, and diplopia.44

Motion perception deficits may also persist in patients withON
who have recovered their high-contrast letter acuity. The as-
sociation of motion perception deficits and VEP findings sug-
gests that slow conduction through the optic nerve may disrupt
the rapid transmission of visual input required for motion
perception.45 In the phase-2 trial of opicinumab in patients with
acute ON, there was a correlation of object form and number
form motion with RGC/IPL loss. Nonetheless, low-contrast

letter acuity loss was most strongly associated with changes in
the GCIPL thickness in this study, emphasizing its importance
as an outcome measure in patients with an ON history.46

Traumatic Brain Injury
and Concussion
Patients with mild traumatic brain injury (mTBI), or concus-
sion (the mildest form of mTBI), often note visual symptoms
and vestibular dysfunction.47 With about half of the brain’s
circuits dedicated to vision and the control of eye movements,
concussion often leads to symptomatic dysfunction referable to
the visual pathways. Recent work from our group and others
has demonstrated the utility of RAN tasks in the identification
of athletes with sports-related concussion and with mTBI from
other etiologies.

One vision-based assessment tool that has been investigated in-
depth is the K-D test of rapid number naming.48 This RAN task
consists of 3 cards with numbers arranged in rows with variable
spacing horizontally and vertically. Participants read numbers
on each of the 3 cards as quickly as possible; scores are pri-
marily determined based on time to completion. Performance
on the KD test in outpatients who had visual symptoms after
concussion was predictive of the numbers of subspeciality re-
ferrals and total numbers of clinic visits with moderate to high
reliability.10 In a meta-analysis of raw data from 15 studies that
were focused on the utility of sideline KD testing, this tool
demonstrated a high sensitivity (86%) and high specificity
(90%) for distinguishing concussed athletes from controls.48

Similarly, the Mobile Lexicon Evaluation System (MULES),
suggested by several decades of previous literature and also by
recognized authorities in the field, involves picture naming and
testing times that are longer (worse) after concussion.49 Addi-
tional image-based RAN tests include the modified versions of
the Snodgrass and Vanderwart image bank, examined 58 par-
ticipants of ages 10–22 years, 32 of whom suffered a concussion.
This study demonstrated that concussed participants performed
more slowly on object-naming tasks.

RAN tasks are functionally distinct and may have niche appli-
cations that depend on the disease process involved. However,
eye movement data using eye tracking systems collected in the
VOG laboratory enable more precise data on eye movements,
gaze position, pupil position, and pupil size. Such data can be
used to calculate fundamental parameters of eye movements
including saccadic latency, saccadic velocity, amplitude, dura-
tion, accuracy of saccades, and directional errors.50 Specific eye
movement abnormalities have been shown to correlate with
impaired performance on the K-D test, such as increased
intersaccadic intervals (ISIs); ISIs have been shown to be
prolonged by oculography during KD test performance in
patients with a history of concussion.e1 By contrast, formal eye
movement recordings in chronically concussed patients per-
forming the MULES test showed increased numbers of
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saccades during the naming of each picture, suggesting that
individual RAN tasks may capture different aspects of visual
dysfunction. Devices for tracking smooth pursuit eye move-
ments have been able to track changes corresponding to frac-
tional anisotropy on diffuse tensor imaging, an MRI marker of
axonal injury.e2

RAN tasks offer ease of administration and accessibility for
sideline assessment of athletic injuries, as well as the prospect
monitoring patients through telemedicine and in office settings
for other neurologic conditions, includingMS, Parkinson disease
(PD), and conditions along the spectrum of AD, such as MCI.
The Mobile Integrated Cognitive Kit (MICK) app has been
newly developed for research and presents the MULES and
SUN tests on a tablet or computer device (Figures 6 and 7). This
app calculates testing times and has capacity for voice recording
and is designed and intended to be financially and logistically
accessible for a broad range of ages and populations. A first study
of the MICK application in office volunteers and in women’s
professional hockey players at preseason baseline demonstrated
excellent agreement of time scores for MICK app–based
MULES and SUN with paper/pencil versions of these tests.
There were no significant differences observed for comparisons
of mean best scores (p = 0.45 for MULES, p = 0.50 for SUN)
and high intraclass correlation coefficients (ICCs) of 0.92 for
MULES (95% CI 0.86, 0.95) and 0.94 (95% CI 0.89, 0.96) for
SUN. These ICC values indicate excellent levels of interplatform
agreement for the test versions, allowing accessibility and scal-
ability for assessment of neurologic diseases and sports-related
concussion.e3 When a concussion is suspected by athletic train-
ers, coaches, or parents, the MICK can be readily available to
administer digitized versions of the MULES and SUN with the
goal of supporting clinical impressions of a concussion diagnosis.
Recent evidence has demonstrated that the time scores from the
paper/pencil version of MULES and SUN have high levels of
agreement with those obtained using theMICK app, rendering it
valuable for clinical and athletic sideline settings. RAN tasks rely
on precise coordination of saccadic eye movements, which re-
quiremultiple cortical regions and neurologic tracts including the
frontal eye fields, dorsolateral prefrontal cortex, supplementary
motor area, posterior parietal cortex, middle temporal area, and
the striate cortex.48 App-based tests can be used remotely and
can be helpful in time-sensitive circumstances, such as athletic
injury. Given the increasing role of telemedicine, remote practice
physicians may be able to use these tools to accurately track
treatment response to medications in MS or associated condi-
tions. Tele-neurology will allow patients increased access to re-
liable, low-cost health care with objective outcomemeasures that
are easily performed during a video visit.e4

Neurodegenerative Diseases
Visual outcomes are becoming increasingly relevant in the in-
vestigation and clinical care of individuals with neurodegener-
ative conditions, including AD, and PD. In a study of 115,240
participants, of whom 1,438 (1.25%) were diagnosed with PD,

there was an increased odds ratio in favor of having im-
paired vision among those with PD (OR: 2.67, 95%:
1.91–3.72).e5 Deficits in visual acuity, color vision, and vi-
sual fields have been suggested to be premotor symptoms
for PD development, and visual impairment has been
considered a consequence of PD progression.e6 Visual im-
pairment has also been associated with negative PD-related
outcomes, including incident hip fracture, depression,
anxiety, dementia, and death.e7

Relation of Low-Contrast Letter Acuity to
MULES Scores
Patients with MCI, AD, and PD have demonstrated worse
scores on the MULES and low-contrast acuity testing.e8 In a
study of 14 participants with MCI, Wu et al. demonstrated that
these patients had worse binocular low-contrast letter acuity at
1.25% contrast compared with controls (p = 0.009). Patients
also demonstrated worse MULES test times (p = 0.006), with

Figure 6 Examples of Application Interface for Mobile In-
tegrated Cognitive Kit (MICK) App for Mobile
Universal Lexicon Evaluation System (MULES)

Figure 7 Examples of Application Interface for Mobile In-
tegrated Cognitive Kit (MICK) App for Staggered
Uneven Number (SUN) Testing
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more errors in naming images (p = 0.0009), compared with
controls. Thus, rapid picture naming and LCLA testing may
distinguish MCI because of AD from normal aging.e8 These
scores also reflected vision-specific quality of life by the NEI-
VFQ-25 in this cohort. Studies are underway to use visual
outcome measures as exploratory in forthcoming clinical trials
for primary neurodegenerative conditions.

Low-contrast letter acuity testing has been examined in a co-
hort of patients with Friedrich ataxia (FA); these patients had
lower scores compared with similar-aged controls. In a manner
similar to studies of MS, high-contrast visual acuity was not
significantly different between FA and control participants.e9

LCLA impairment has also been demonstrated in Parkinson
disease; these patients had lower scores for both low-contrast
and high-contrast acuity scores compared with controls.e10

OCT and OCT Angiography in
Neurodegenerative Disease
A growing literature is investigating roles for OCT and OCT
angiography measurements as potential markers for AD and PD
progression.7 Measures investigated include RNFL and GCIPL
thickness as well as foveal and parafoveal macular thickness, with
comparisons with control groups. However, the results remain
mixed across studies, and there is a lack of consistency of find-
ings, potentially explained by a naturally occurring wide range of
thinning in patients.e11 Barrett-Young introduced OCT mea-
surements of RNFL and GCL thickness as markers for declining
cognitive performance.e12 In a study of 865 patients, thinner
RNFL was indicative of a decline in processing speed between
childhood and adulthood.62 GCIPL thickness was demonstrated
to be best correlatedwithmemory, global cognitive performance,
clinical dementia rating, and hippocampal atrophy. At a cutoff
score of 75 μm, GCIPL thickness was useful in discriminating
cognitive performance status and was used to identify MCI and
Alzheimer disease and related disorders.e13

Conclusions and Future Directions
We have summarized the methodologies that are currently in use
and under investigation to measure vision-related outcomes for a
variety of neurologic conditions. To date, the literature supports
using noninvasive tools such as OCT for capturing data on
structural integrity of the afferent visual pathway. Low-contrast
letter acuity and rapid picture (MULES) and number naming
(SUN) represent potentially effective visual outcomes across a
spectrum of neurologic disorders, including MS, MCI, PD, and
concussion. Neurodegenerative conditions within the AD spec-
trum also require further investigation, but evidence thus far
supports LCLA andMULES as having worse scores inMCI with
successful differentiation from those with normal aging. Recent
evidence supports the use of mobile applications to make RAN
tools such as MULES more accessible and available from the
office to telemedicine and the athletic sideline. We are currently
investigating the use of digitally accessible tools, such as theMICK
app, to gather preseason baseline data for youth or collegiate

athletes and to enable office-based or telemedicine-based
assessments. As we enter the era of therapies that aim to alter
the trajectory of disease progression in primary neurode-
generative disease, visual outcome measures, such as RAN
tasks, OCT, and LCLA, will offer crucial insights into efficacy
of such approaches.
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