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« MIfVEP amplitude is more highly correlated with GCIPL than RNFL thickness in ON.
o GCIPL is a strong structural biomarker for optic nerve degeneration in RRMS.
« MIfVEP is more sensitive than OCT in detecting subclinical defects in non-ON.
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ABSTRACT

Objective: To examine the relationship between optical coherence tomography (OCT) macular ganglion
cell-inner plexiform layer thickness (GCIPLT), peripapillary retinal nerve fiber layer thickness (RNFLT)
and visual function in relapsing-remitting multiple sclerosis (RRMS).
Methods: Cirrus OCT, VERIS 60-sector multifocal visual evoked potential (mfVEP) and Pelli-Robson con-
trast sensitivity (CS) were obtained for 53 eyes with last optic neuritis (ON) > 6 months and 105 non-ON
eyes in 90 patients. One eye (43 ON, 73 non-ON) was used for correlations when both had the same his-
tory. Global (G, 60 sectors) and central 5.6° (C, 24 sectors) mfVEP amplitude and latency were calculated
as mean logSNR and median latency.
Results: Eyes showing abnormal mfVEP (amplitude or latency) vs OCT (GCIPLT or RNFLT) was 77% vs 69%
(p=0.33) in ON, 45% vs 22% (p < 0.0005) in non-ON. In ON and non-ON, mfVEP measures and CS corre-
lated with GCIPLT and RNFLT (r=—0.24 to 0.78, p = 0.03-0.0001). In ON, mfVEP amplitude (C,G) corre-
lated better with GCIPLT (r = 0.78, 0.76) than RNFLT (r = 0.43, 0.58; p < 0.001, 0.01).
Conclusions: MfVEP measures and CS correlated well with GCIPLT and RNFLT in ON and non-ON. MfVEP
amplitudes were more highly correlated with GCIPLT than RNFLT in ON. MfVEP detected significantly
more defects than OCT in non-ON.
Significance: GCIPLT, mfVEP and CS provide useful measures of optic nerve integrity in RRMS.

© 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights

reserved.

1. Introduction (Pisa et al., 2017, Toosy et al., 2017). It is well known that within

the first 3-6 months following acute optic neuritis (ON), significant

Neurodegeneration is an important component of the patholog-
ical process in multiple sclerosis (MS), a chronic disease of the cen-
tral nervous system (CNS). The anterior visual pathway, a small
compartment within the CNS, is a prominent site of demyelination
and neurodegenerative damage and serves as a good model in MS
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axonal and neuronal loss occurs (Costello et al., 2008, Syc et al.,
2012), resulting in permanent visual dysfunction. MS eyes, even
without a history of optic neuritis (non-ON eyes) can have signifi-
cant abnormalities in structure (Green et al., 2010, Narayanan
et al, 2014) and in visual function (Brusa et al., 1999, Laron
et al., 2009, Wang et al., 2012). Furthermore significant changes
in both structural and functional measures occur over time in
‘clinically-silent’ MS eyes with or without a history of ON
(Narayanan et al., 2014, Narayanan et al., 2015a).
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Spectral-domain optical coherence tomography (OCT) has
emerged as a sensitive technique to assess thickness changes from
discrete retinal layers in MS eyes (Petzold et al., 2017). Recent
studies suggest that compared to peripapillary retinal nerve fiber
layer (RNFL) thickness (RNFLT), macular ganglion cell-inner
plexiform layer (GCIPL) thickness (GCIPLT) can be more selective
in quantifying and tracking neurodegeneration in MS as it is less
confounded by gliosis and edema found in the RNFL (Green et al.,
2010, Saidha et al., 2011, Ratchford et al., 2013, Gonzalez-Lopez
et al., 2014, Narayanan et al, 2014, Kupersmith et al., 2016,
Britze et al., 2017, Pietroboni et al., 2017).

The multifocal visual evoked potential (mfVEP) is a non-
invasive test that provides topographic measures of visual function
from focal regions (Hood and Greenstein, 2003). MfVEP response
amplitude and latency informs about axonal and myelin integrity
respectively (Graham and Klistorner, 2017). MfVEP has high sensi-
tivity in detecting visual deficits (Ruseckaite et al., 2005, Grover
et al., 2008, Laron et al., 2010), can detect more abnormalities than
traditional pattern-reversal VEP in MS/ON eyes (Klistorner et al.,
2008b, Pihl-Jensen et al., 2017), and can be reliably used to track
visual function changes over time in MS eyes (Yang et al., 2007,
Narayanan et al., 2015b).

Recent studies have highlighted the need for novel neuropro-
tective and remyelinating therapies to limit or halt neurodegener-
ative processes in MS (Maghzi et al., 2013). Since structural and
functional measures from OCT and mfVEP can offer complemen-
tary information on the integrity of the visual pathway (Laron
et al., 2010), both could potentially be used to assess therapeutic
effects of new treatment strategies. Previous findings on the
structure-function relationship in MS are not always consistent,
with better correlation of visual function with GCIPLT than with
RNFLT reported by some (Saidha et al., 2011, Seigo et al., 2012,
Walter et al., 2012) but not others (Sriram et al., 2014).

To our knowledge, currently the only publication that investi-
gated the relationship between mfVEP responses and GCIPLT was
limited to MS non-ON eyes (Sriram et al., 2014, Pihl-Jensen et al.,
2017). In the current study, we evaluated the relationship between
structural measurements (GCIPLT and RNFLT) and functional tests
including mfVEP amplitude and latency, Pelli-Robson contrast sen-
sitivity (CS), and Humphrey visual field (HVF) in eyes with or with-
out a history of ON from relapsing-remitting MS (RRMS) patients.
Some of the findings in this study have been reported in abstract
form (Narayanan D, et al. Invest Ophthalmol Vis Sci 2014; 55: E-
Abstract 5777, Narayanan D, et al, Int | MS Care 2014; Volume 16,
Supplement 3).

2. Methods
2.1. Subjects

All RRMS patients were recruited from the University of Hous-
ton MS Eye CARE clinic and underwent comprehensive eye exams
by an experienced neuro-ophthalmologist. Patients with systemic
abnormalities such as diabetes or other ocular abnormalities such
as glaucoma, retinal diseases, refractive errors greater than 6 D or
MS eyes with an ON attack within 6 months (acute ON) of the
exam date were excluded. OCT, mfVEP, and Pelli-Robson CS were
obtained from 90 RRMS patients (mean age 40.5 + 10.5 years, mean
MS duration since diagnosis 6.5 + 7.4 years). All patients were fully
ambulatory. Included for analysis were 105 MS eyes with no previ-
ous history of ON (non-ON eyes) and 53 ON eyes with last
ON > 6 months (mean time elapsed from last ON 3.8 £ 5.0 years)
(Table 1). A total of 22 eyes were excluded (18 eyes with acute
ON < 6 months, 3 eyes with OCT signal strength < 7, and 1 eye with
poor centration on OCT imaging). Among those included, 44 ON

Table 1
Demographic and clinical characteristics.

Age (years, mean * SD) 40.5+10.5
F:M 5.9:1

MS duration since diagnosis 6.5+7.4
(years, mean * SD)
ON (n=53) Non-ON (n =105)
Eyes with acuity 20/20 or better (%) 40 (75%) 100 (95%)
Time since last ON (years, mean + SD) 3.8+5.0 N/A

and 88 non-ON eyes also had reliable HVF 24-2 or 30-2 tests
(see criterion below).

All procedures adhered to the tenets of Declaration of Helsinki.
The protocol was approved by the University of Houston Commit-
tee for the Protection of Human Subjects. Informed consent was
obtained from all subjects.

2.2. Optical coherence tomography (OCT)

OCT was performed using Cirrus-HD OCT 4000 version 6.5 (Carl
Zeiss Meditec, Inc., Dublin, CA). Macular GCIPLT was obtained
using the Macular Cube 512 x 128 A-scan protocol that images a
6 x 6 mm area centered at the fovea. The GCIPLT was derived auto-
matically by the machine software over an elliptical annulus
(2.4 x 2.0 mm horizontal and vertical radius) excluding the central
foveal region (0.6 x 0.5 mm radius). Peripapillary RNFLT was mea-
sured using the Optic Disc Cube 200 x 200 A-scan protocol that
images the disc in a 6 x 6 mm region. Only images with signal
strength >7, good centration and no erroneous segmentation upon
visual inspection were included. Average GCIPLT, average RNFLT
and temporal quadrant RNFLT (the quadrant receiving most of
the macular fibers) were included for analysis.

2.3. Pelli-Robson contrast sensitivity (CS)

Monocular CS was assessed using the Pelli-Robson CS chart at
1 m. The chart comprises 16 triplets of letters each subtending
2.8°. Letters within a triplet have the same contrast and successive
triplets decrease in contrast from 0 to 2.25 log units in 0.15 steps.
Each letter read correctly was counted as 0.05 log unit and the test
was terminated when a subject missed 2 letters in a triplet. Our lab
established normative value was 1.6 £ 0.1 out of a theoretically
possible score of 2.40 (Narayanan et al., 2015b). Please note that
all log values in this paper denote log;o.

2.4. Multifocal visual evoked potential (mfVEP)

MIFVEP was recorded and analyzed using methods established
by Hood and Greenstein (2003), Fortune et al. (2004), Hood et al.
(2004a,b) and has been described in detail in our prior studies
(Laron et al., 2009, Narayanan et al., 2015a). Briefly, the stimulus
(VERIS 5.1) was a 60 sector cortically-scaled dartboard pattern
(mean luminance 66 cd/m?, contrast 95%) (Fig. 1a). Each sector
contained 16 checks (8 white and 8 black) that reversed in contrast
following a pseudorandom m-sequence (frame rate 75 Hz, 13.3 ms
per m-step, m = 2'3-1). Three channels were recorded with the fol-
lowing electrode placement (approximate locations by Interna-
tional 10-10 system also given) (American Clinical
Neurophysiology Society, 2006): a ground on the forehead (Fpz),
a reference on the inion, 3 active electrodes with one placed
4 cm above the inion (near Oz), and two placed 1 cm above and
4 cm on either side of the inion (near 09 and 010). Two 7-
minute recordings from each eye were obtained and averaged after
the first slice of the second-order kernel from each channel was
exported from VERIS. This averaging and all analyses were
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Fig. 1. (a) The mfVEP stimulus contains 60 sectors of black and white checks (one sector shown in red). (b) The mfVEP responses from the right eye (blue) and the left eye
(red) of a normal subject are essentially identical. (c) The mfVEP responses from an MS subject show prolonged latencies in the right eye (blue) compared to those from the
left eye (red). (d) The interocular latency probability plot shows a cluster of prolonged latencies in the right eye (dark blue for p < 0.01, light blue for p < 0.05) compared to the
left eye of an MS patient who had an ON attack in the right eye two years prior and no history of ON in the left eye. Black symbols denote no significant differences compared
to the Portland normative database, small gray symbols for responses too small for comparisons (Hood and Greenstein, 2003, Fortune et al., 2004, Hood et al., 2004b).

performed using a customized MATLAB (Mathworks Inc, MA.) soft-
ware from Hood and colleagues. The software mathematically
derived responses from three additional channels and all responses
went through a low-pass filter with a sharp cut-off of 35 Hz (a
Fourier transform technique). For each stimulus sector, the
response amplitude from each channel was measured by the signal
to-noise ratio (SNR) calculated as the root-mean-square (RMS)
amplitude of the sector’s response in the signal window (45-
150 ms) divided by the mean RMS from the noise windows
(325-430 ms) of all 60 sectors. The largest SNR from the 6 channels
was selected for each sector to compose the 60 “best channel”
responses for that eye (Fig. 1b, c), which were used for further anal-
ysis as shown below. The response latency for a sector was mea-
sured as the temporal shift (in milliseconds) producing the best
cross-correlation between the sector’s waveform and a corre-
sponding normative template previously established from 100 nor-
mal subjects (Fortune et al., 2004, Hood et al.,, 2004a). In the
current study, mfVEP response amplitude and latency were calcu-
lated as mean logSNR and median latency from all 60 sectors for
global and central 24 sectors for 5.6° region. The central 5.6° radius
of mfVEP stimulus (7.3° horizontal and 6.0° vertical, when scaled
for retinal ganglion cell displacement (Drasdo et al., 2007) corre-
sponds quite well to the GCIPLT region measured by Cirrus OCT
(8° horizontal and 6.7° vertical radius).

For each eye, the software also displays four 60-sector probabil-
ity plots (monocular amplitude, interocular amplitude, monocular
latency, interocular latency) that are analogous to the HVF total
deviation plots. On each probability plot, responses from individual
sectors were compared to the Portland normative data from 100

eyes (Fortune et al., 2004), and marked as normal (black dots) or
abnormal (colored dots with saturated colors for p<0.01 and
unsaturated colors for p<0.05) (Hood and Greenstein, 2003,
Fortune et al., 2004, Hood et al., 2004a,b). To define whether an
eye had abnormal mfVEP amplitude or latency, we examined
monocular and interocular probability plots for the presence of
abnormal clusters (adjacent abnormal sectors, Fig. 1d) that met
our previously established cluster criteria with 95% specificity
(Laron et al., 2009).

2.5. Humphrey visual fields (HVF)

Visual fields were tested using the Humphrey visual field ana-
lyzer 750 (Carl Zeiss Meditec, Inc.) with 24-2 or 30-2 SITA (Swedish
interactive threshold algorithm) protocols and additionally 10-2 in
some patients. A HVF test was considered unreliable and not
included for analysis if fixation loss, false positives or false nega-
tives were >33%. For each eye, the mean deviation (MD) was
recorded in dB. In addition, for each eye, individual deviations from
the total deviation plot (HVF 24-2, 30-2 or 10-2) were unlogged
and averaged to calculate relative visual sensitivity (RVS) (Cheng
et al., 2007).

2.6. Statistics (Stata 14)

Group means were compared using two sample t test (no
change in results when Generalized Estimating Equation was used
to account for age and intra-subject inter-eye correlation).
Effect size between the means of ON or non-ON and normal was
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measured by Cohen’s d. McNemar's test was used for comparing
two correlated proportions. Correlation between structural and
functional measures was assessed using Pearson’s correlation for
ON and non-ON eyes separately. For each group (ON or non-ON),
only one eye from each subject was included for correlation anal-
yses to ensure independent samples. Stata cortesti was used for
comparing correlation coefficients (accessed the website on
1/3/2018 http://fmwww.bc.edu/RePEc/bocode/c/cortesti.html).
Additionally, multiple linear regression was used to control age,
disease duration, and other covariates for assessing partial correla-
tion between various structural-functional parameters. For multi-
ple comparisons, Bonferroni correction was used to adjust the p
values and control family-wise error. Two-tailed p values were
reported with p < 0.05 considered as significant.

3. Results

The group means of OCT, mfVEP and CS measurements in 53
ON and 105 non-ON eyes from 90 RRMS patients are summarized
in Table 2, mean MD of those with reliable HVF 24-2/30-2 (44
ON, 88 non-On eyes) was also included. All mean values (GCIPLT,
RNFLT, mfVEP amplitude, latency, CS, HVF MD) were worse in ON
than non-ON or normal eyes (p = 0.02 for HVF MD ON vs non-ON,
p<0.0001 for all others). Mean values in non-ON were worse
than their respective normative values for GCIPLT, HVF MD
(p<0.0001 for both), mfVEP amplitude (p=0.02) and latency
(p<0.001) (Laron et al., 2009, Mwanza et al., 2011a, Wall et al,,
2013, Narayanan et al., 2015b). Cohen’s d shows the standardized
difference between the means of ON or non-ON and normal
groups. Area under the curve (AUC) for the receiver operating
characteristic (ROC) using mfVEP amplitude, latency and CS was
0.84, 0.75, 0.79 respectively in ON; 0.61, 0.61, 0.51 in non-ON.

As shown in Table 3, the percentage of MS eyes showing abnor-
mal (below 5% of the machine-norm) GCIPLT, RNFL or temporal
RNFLT was 60%, 52%, 44% respectively in ON, 19%, 11%, 13% in
non-ON; among them GCIPLT vs temporal RNFLT (60% vs 44%) in
ON, GCIPLT vs RNFLT (19% vs 11%) in non-ON showed a trend
toward statistical significance (two-tailed p =0.06 for both). For
mfVEP, cluster analysis (95% specificity) of the probability plots
(see Methods and Fig. 1d) revealed abnormal amplitude and
latency in 60% and 57% of ON eyes respectively, 24% and 30% of
non-ON eyes. In ON, 77% vs 69% (p = 0.33) eyes showed abnormal-
ity in mfVEP (amplitude or latency) vs OCT (GCIPLT or RNFLT), with
a total of 89% eyes showing defects in either mfVEP or OCT. In non-
ON, more eyes showed abnormality for mfVEP (45%) than OCT
(22%, p < 0.0005), and a total of 54% showed either defect. For CS,
40% ON and 9% non-ON had CS below 5% of the normative values.

Relationships between structural measures (GCIPLT, RNFLT)
and various measures of visual function (CS, HVF RVS, mfVEP

amplitude, latency) were assessed using Pearson’s correlation.
For this analysis, only one eye was chosen when both eyes had
the same history to ensure independence resulting in a total of
43 ON, 73 non-ON eyes for OCT, mfVEP and CS; 36 ON and 66
non-ON eyes for HVF 24-2 or 30-2, 15 ON and 10 non-ON eyes
for HVF 10-2. In addition to global mean values, mfVEP responses
from the central 5.6° stimulus were specifically used for correlation
with GCIPLT in order to match the GCIPLT region (after considera-
tion of RGC displacement) scanned by OCT (see Methods). Tempo-
ral quadrant RNFLT was used for correlation with mfVEP central
5.6° responses.

Pearson’s correlation and p values are summarized in Table 4.
Representative scatter plots are shown in Figs. 2 and 3. In ON eyes,
all functional measures correlated significantly with GCIPLT
(r=-0.40-0.78, p = 0.03-0.0001) while CS, mfVEP amplitude and
latency (r=-0.33-0.61, p = 0.03-0.0001) but not HVF RVS corre-
lated significantly with RNFLT. In non-ON eyes, all functional mea-
sures except HVF RVS showed significant correlation with GCIPLT
and RNFLT (r = —0.24-0.51, p = 0.04-0.0001).

In ON eyes, mfVEP amplitude showed stronger correlation
with GCIPLT (r = 0.78, 0.76 for central and global amplitude) than
RNFLT (r=0.43, 0.58; p<0.001, 0.01 after Bonferroni correction
for central and global amplitude). When multiple linear regres-
sion was used to control for age, disease duration and RNFLT,
the following parameters retained their significant correlation
with GCIPLT: mfVEP amplitude in ON and non-ON eyes (partial
r=0.78, 0.51 for central and global amplitude in ON, partial
r=0.43, 0.39 for central and global in non-ON; p <0.001 for all),
mfVEP central latency (partial r=-0.42), CS (partial r=0.51)
and 24-2/30-2 RVS (partial r=0.42) in ON eyes (p=0.02 for
all); however, when age, disease duration and GCIPLT were
controlled, none of the functional measurements correlated with
RNFLT (p > 0.05 for all).

Compared to latency, global/central mfVEP amplitude in ON
and central amplitude in non-ON correlated more strongly with
GCIPLT (p < 0.05 for all), however, such statistical significance did
not hold after Bonferroni correction was applied. When multiple
linear regression was used to control covariates (age, MS duration,
mfVEP amplitude or latency), mfVEP amplitude retained significant
correlation with GCIPLT (partial r = 0.68 central, 0.72 global in ON;
partial r=0.46 central, 0.48 global in non-ON, p <0.0001 for all)
and RNFLT (partial r=0.54 in ON, p = 0.0005) whereas latency no
longer correlated with GCIPLT or RNFLT.

4. Discussion

Recent OCT studies of acute ON have suggested that GCIPLT
may be a better biomarker for structural damage than peripapillary
RNFLT (Kupersmith et al., 2016). Our study concurs with this idea

Table 2
Group mean (+SE) and Cohen’s d (95% confidence interval) for difference between ON or non-ON and normal for various measurements.
Normal ON Cohen’s d Non-ON Cohen'’s d

GCIPLT (pm) 82.1 (0.4) 68.8 (1.7)** -1.8(-2.3,-14) 78.3 (0.7)* —0.60 (-0.8, —0.4)
RNFLT (pum) 92.8 (0.6)" 78.6 (2.0)** -14(-1.7, -1.0) 90.9 (1.0) -0.2 (04, 0.02)
MIfVEP amp 0.61 (0.02)f 0.40 (0.02)** -1.4(-1.8, -0.9) 0.56 (0.01)* -0.4 (-0.8, —0.03)
Latency (ms) 0.7 (0.5) 9.5 (1.5)** 1.1 (0.6, 1.5) 3.9 (0.7)* 0.5 (0.1, 0.9)
CS (log unit) 1.61 (0.01)" 1.38 (0.04)** -1.1(-1.6, -0.6) 1.61 (0.01) 0(-04,04)
HVF MD (dB) —0.02 (0.14)8 -2.9 (0.5 -1.1(-1.6, -0.6) -1.6 (0.2)* -0.9 (-1.4, -0.5)

GCIPLT: ganglion cell-inner plexiform layer thickness, RNFLT: retinal nerve fiber layer thickness, MfVEP amp: multifocal visual evoked potential amplitude measured as log
signal-noise ratio, CS: contrast sensitivity, HVF: Humphrey visual field 24-2/30-2, MD: mean deviation.
Normative values from those with similar ages (mean ages all within 10 years of our MS patients’) were based on ' our lab controls (Laron et al., 2009, Narayanan et al.,

2015b), ¥ Wall et al. (2013), " Mwanza et al. (2011a).

" Statistically different from normal or non-ON (p < 0.0001 for all except p = 0.02 for HVF MD ON vs non-ON).
" Statistically different from normal (p < 0.0001 for GCIPLT, HVF MD; p = 0.02 for MfVEP amp, 0.0003 for Latency).

Cohen’s d shows the standardized difference in the mean from that of normal.
Log denotes to logo.
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Table 3
Percentage of eyes defined as abnormal.
GCIPLT? RNFLT? TRNFLT? GCIPLT/RNFLT Amp' Lat’ Amp/Lat cs”
ON 60% 52% 44% 60% 57% 77% 40%
Non-ON 19% 11% 13% 24% 30% 45% 9%

GCIPLT: ganglion cell-inner plexiform layer thickness, RNFLT: retinal nerve fiber layer thickness, TRNFLT: temporal RNFLT, Amp: multifocal visual evoked potential amplitude,

Lat: multifocal visual evoked potential latency, CS: contrast sensitivity.

" In non-ON, more eyes showed abnormality on mfVEP (45%) than OCT (22%, p < 0.0005).

" Based on < 5% of our lab normal (Narayanan et al., 2015b).
§ Abnormal when <5% of the age-matched machine-norm.

 Abnormal based on our previously established ‘cluster criteria’ for the probability plots (95% specificity) (Laron et al., 2009).

Table 4
Pearson correlation (p value) between structural and functional tests.
ON eyes Non-ON eyes
GCIPLT RNFLT? GCIPLT RNFLT?
MJfVEP Amplitude
Central 5.6° 0.78" (<0.0001) 0.43 (0.004) 0.50 (<0.0001) 0.36 (0.002)
Global 0.76" (<0.0001) 0.58  (<0.0001) 0.51 (<0.0001) 0.35 (0.003)
MJVEP Latency
Central 5.6° —0.49 (0.003) —0.34 (0.04) —0.24 (0.04) —0.32 (0.006)
Global —0.40 (0.01) —0.33 (0.04) —-0.29 (0.01) —0.31 (0.007)
Pelli-Robson CS 0.70 (<0.0001) 0.61 (<0.0001) 0.34 (0.004) 0.47 (<0.0001)
24-2/30-2 RVS 0.45 (0.006) 0.27 (0.11) 0.03 (0.83) 0.10 (0.45)
10-2 RVS 0.59 (0.03) 0.14 (0.63) 0.05 (0.88) 0.18 (0.62)

MIVEP: multifocal visual evoked potential, CS: contrast sensitivity, RVS: Humphrey visual field relative visual sensitivity, GCIPLT: ganglion cell-inner plexiform layer

thickness, RNFLT: retinal nerve fiber layer thickness.

! Statistically different from the corresponding correlation with RNFLT in the same group (p < 0.001 for central, 0.01 for global after Bonferroni correction).
§ Temporal RNFLT used for correlation with mfVEP central 5.6° and 10-2 RVS, average RNFLT used for others.
" Statistically different (p < 0.05) from the corresponding correlation with MfVEP Latency only before Bonferroni correction.

both in MS eyes past the acute stage of ON (>6 months) and those
without a history of ON. Compared to RNFLT, GCIPLT measure-
ments are less confounded by acute inflammation and edema.
Studies tracking GCIPLT and RNFLT changes following an acute
ON with OCT showed earlier thinning in GCIPLT (one month) than
RNFLT (three months) (Huang-Link et al., 2015, Kupersmith et al.,
2016). Kupersmith et al. (2016) reported that within one to two
months of ON onset, 50% and 10% of their study eyes showed thin-
ner than normal (below the 5th percentile of normal controls)
GCIPLT and RNFLT, respectively; which increased to 57% and 50%,
respectively, at 3 months. In some eyes, RNFL edema may take
much longer to completely resolve (Huang-Link et al., 2015). In
the current study, abnormal GCIPLT occurred more frequently than
abnormal RNFLT: 8% more in ON > 6 months (p = 0.33), 7% more in
non-ON (p = 0.06). Despite not reaching statistical significance, this
difference agrees with our previous finding in a larger population
of RRMS patients that significantly more eyes had abnormal
GCIPLT than RNFLT (82% vs 72% in 97 eyes with ON > 6 months,
p=0.007; 27% vs 16% in 149 non-ON eyes, p = 0.004) (Narayanan
et al., 2014). Similarly Gonzalez-Lopez et al reported the rate of
abnormal GCIPLT vs RNFLT as 69.4% vs 55.6% in ON > 6 months,
38.5% vs 27.9% in non-ON (Gonzalez-Lopez et al., 2014).

The relationship between structural and functional deficits in
RRMS is complicated by the presence of clinical or subclinical
inflammation, demyelination, remyelination, neuronal and/or axo-
nal degeneration, potential neuronal-compensatory mechanisms
as well as the sensitivity/reliability of tests used. In the Kupersmith
study (Kupersmith et al., 2016), visual acuity and perimetric mean
deviation were not correlated with GCIPL and RNFL thickness or
thinning at 6 months after ON onset; which they attributed to
the need for more sensitive measurements of visual function or
to redundant neural network in the macula. The current study
revealed significant structure-function correlation in ON and
non-ON eyes using two sensitive functional measurements: mfVEP

(amplitude particularly, and latency) and CS. HVF RVS also showed
a moderate correlation with GCIPLT in ON eyes, which were not
observed for RNFLT. Notably, mfVEP amplitude showed stronger
correlation with GCIPLT than RNFLT in ON eyes. Previous studies
that included both ON (30-40%) and non-ON MS eyes also reported
visual function (high and low contrast visual acuities) correlating
more strongly with GCIPLT than RNFLT (Saidha et al., 2011, Seigo
et al., 2012). However, this was not observed by Sriram et al.
(2014) who included only non-ON eyes, and studied correlations
between mfVEP amplitude/latency and GCIPLT/RNFLT. Interest-
ingly, in our non-ON group, structure-function correlations also
were not different for GCIPLT and RNFLT.

The strength of structure-function correlation is affected by
many factors such as sample size, data range (disease severity),
topographic mapping, and measurement variability. When com-
paring correlations in the same group of subjects as in the current
study, measurement variability plays an important role. Peripapil-
lary RNFLT was reported to show larger inter-subject variability
due to anatomical variation of optic nerve head morphology, blood
vessels, glia tissues (Hood et al.,, 2010) as well as worse repro-
ducibility compared to GCIPLT (Mwanza et al., 2010, Mwanza
et al., 2011b). Comparative studies of GCIPLT and RNFLT in glau-
coma patients have demonstrated that macular visual sensitivity
is better correlated with GCIPLT (Na et al., 2012, Shin et al,
2013). In MS eyes, RNFLT measurements are further complicated
by subclinical edema and gliosis (Green et al., 2010). As suggested
by delayed mfVEP or tVEP latencies, subclinical demyelination may
occur in about one-third of MS eyes without a history of ON (Laron
et al., 2009, Naismith et al., 2009).

A previous mfVEP study in post-acute ON reported a correlation
of 0.90 between RNFLT and amplitude, —0.66 between RNFLT and
latency (Klistorner et al., 2008a). It is generally believed that pro-
longed VEP latency reflects demyelination, as suggested in a rat
model of lysolecithin-induced optic nerve demyelination (You
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Fig. 2. Scatter plots illustrating correlations between ganglion cell-inner plexiform layer thickness (GCIPLT) and functional measurements in ON (filled triangles) and non-ON
eyes (open circles). (a) GCIPLT vs central mfVEP amplitude (IogSNR), (b) GCILPT vs central mfVEP latency, (¢) GCIPLT vs CS (log units), (d) GCILPT vs 10-2 RVS. The solid and
dashed lines are fitted linear regression lines for ON and non-ON eyes, respectively. The tick marks on the X and Y axis indicate previously established normative values (see
Table 2). In ON eyes, mfVEP amplitude showed stronger correlation with GCIPLT (r = 0.78, 0.76 for central and global amplitude) than RNFLT (r = 0.43, 0.58 in Fig. 3; p < 0.001,

0.01 after Bonferroni correction for central and global amplitude).

et al., 2011) whereas reduced amplitude reflects retinal ganglion
cell/axonal loss. However, amplitude, latency and structural
changes are intricately related. Greater demyelination (longer
latency) may lead to more axonal degeneration due to lack of
metabolic and trophic support. On the other hand, latency recovery
(remyelination) and subclinical demyelination could compromise
the correlation between latency and structural measures. In the
current study, latency correlated with OCT measurements, how-
ever, such correlation was no longer significant after controlling
for the effect of mfVEP amplitude.

It is well established that CS and low-contrast letter chart are
more sensitive than high contrast acuity in detecting visual deficits
in MS/ON and both correlate strongly with RNFLT (Fisher et al.,
2006, Longbrake et al., 2016, Balcer et al., 2017). The Pelli-Robson
CS chart uses large letters with a fixed size (2.8° at 1 meter) but

descending contrasts, allowing CS to be measured in eyes with
impaired vision. A recent study reported that 98% of MS eyes with
residual visual deficits from ON could read at least two triplets of
letters on the Pelli-Robson chart but more than half of them could
not read any letters on the 2.5% low contrast letter chart (floor
effect) (Longbrake et al., 2016). The good correlation observed
between CS and structural measures (GCIPLT and RNFLT) in the
current study further supports the clinical utility of Pelli-Robson
chart in MS/ON eyes.

One limitation of the current study was the lack in MS EyeCARE
clinic charts of Expanded Disability Status Scale (EDSS) scores
which were shown by some studies to inversely correlate with
OCT measurements in MS patients (Petzold et al., 2010, Britze
et al., 2017). However, all of our patients (RRMS) were fully ambu-
latory without obvious disability noted during the exam. For the 11
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Fig. 3. Scatter plots illustrating correlations between retinal nerve fiber layer thickness (RNFLT) and functional measurements in ON (filled triangles) and non-ON eyes (open
circles). (a) RNFLT vs mfVEP global amplitude (logSNR), (b) RNFLT vs mfVEP global latency, (c) RNFLT vs CS (log units), (d) RNFLT vs 24-2/30-2 RVS. The solid and dashed lines
are fitted linear regression lines for ON and non-ON eyes, respectively. The tick marks on the X and Y axis indicate previously established normative values (see Table 2).

patients who had EDSS scores in the charts, all were less than 3.
Given these observations, we estimate that most of our RRMS
patients had an EDSS below 3-3.5. The statistical outcome for mea-
surement differences between ON, non-ON and normal eyes as
shown in Table 2 did not change when analyses were limited to
the 28 patients who had ON in one eye and non-ON in the other
eye.
Ali et al. (2014) studied 72 RRMS (mean EDSS score 3.53 + 1.04
SD) and 13 progressive MS (mean EDSS 5.90 £ 1.43) subjects, and
reported better performance of multifocal objective pupil perime-
try in detecting abnormal pupillary functions in those with more
severe MS: AUC 0.75 for patients with average EDSS score of 3.5,
0.92 for those with EDSS > 5. We previously performed detailed
analysis of diagnostic performances of mfVEP (74 RRMS and 50
normal subjects) in detecting ON and established cluster criteria
that yielded a 95% specificity and 91% sensitivity (AUC 0.96)
(Laron et al., 2009). Subsequently in a group of MS patients (67
RRMS, two secondary progressive MS) who underwent both mfVEP

and Stratus OCT, we found that mfVEP and RNFLT detected 89% vs
62% of ON eyes as abnormal (Laron et al., 2010). In the current
study, 77% vs 52% of ON eyes were found abnormal by mfVEP vs
RNFLT. We do not know whether the 10% reduction in both sensi-
tivities was related to severity of the disease, however, the current
average RNFLT is slightly thicker (by 4 um in ON and 3 pm in non-
ON) than those in our previous study after converting stratus to
Cirrus OCT values (Chiselita et al., 2016). OCT performance in the
current study is clearly improved by the addition of GCIPLT:
GCIPLT alone detected 60% and combining GCIPLT/RNFLT detected
69% of ON as abnormal.

In the present study non-ON eyes, mfVEP performed signifi-
cantly better than OCT, detecting abnormality in 23% more eyes.
The mfVEP signals as we recorded using the fast pattern-reversal
stimuli are considered to largely originate from the primary visual
cortex (Slotnick et al., 1999, Fortune and Hood, 2003) thus could
reveal demyelination in regions beyond the optic nerve including
optic radiations that may not have led to structural defects at the
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retinal level (Graham and Klistorner, 2017). Additionally, the diag-
nostic performance and recording time of mfVEP could be poten-
tially improved by using sparse multifocal stimuli (Ruseckaite
et al., 2005, Fortune et al., 2009, Maddess and Lueck, 2017).

5. Conclusions

In the current study, mfVEP amplitude, latency and CS showed
good correlation with structural measurements in ON and non-ON
eyes. MfVEP amplitude correlated more strongly with GCIPLT than
RNFLT in ON eyes. Taken together with previous reports of earlier
measurable thinning of GCIPLT than RNFLT in acute ON, our study
supports the use of GCIPLT as a structural biomarker, mfVEP and CS
as functional readouts to reflect optic nerve integrity in RRMS.
MIVEP revealed more defects in non-ON eyes than OCT, demon-
strating its unique value in RRMS.
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