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Abstract

Background—Multifocal visual evoked potentials (mfVVEP) provide topographic measure of
visual response amplitude and latency.

Objective—To evaluate the sensitivity and specificity of mfVVEP technique in detecting visual
abnormalities in multiple sclerosis (MS) patients.

Methods—mfVEPs were recorded from 74 MS patients with history of optic neuritis (MS-ON,
n=74 eyes) or without (MS-no-ON, n=71 eyes), and 50 normal subjects (controls, n=100 eyes) using
a 60-sector pattern reversal dartboard stimuli (VERIS). Amplitude and latency for each sector were
compared to normative data and assigned probabilities. Size and location of clusters of adjacent
abnormal sectors (p < 5%) were examined.

Results—Mean response amplitudes were 0.39+0.02SE, 0.53+0.02, and 0.60+0.01 for MS-ON,
MS-no-ON and control groups, respectively, with significant differences between all groups
(p<0.0001). Mean latencies (ms; relative to normative data) were 12.7+1.3SE (MS-ON), 4.3+1.1
(MS-no-ON), and 0.3+0.4 (controls); group differences again significant (p<0.0001). Half the MS-
ON eyes had clusters larger than 5 sectors compared to 13% in MS-no-ON and 2% in controls.
Abnormal sectors were diffusely distributed, although the largest cluster was smaller than 15 sectors
in two thirds of MS-ON eyes. Cluster criteria combining amplitude and latency showed an area of
0.96 under the receiver operating characteristic curve yielding a criterion with 91% sensitivity and
95% specificity.

Conclusions—The mfVEP provides high sensitivity and specificity in detecting abnormalities in
visual function in MS patients.
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Introduction

Methods
Subjects

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous
system. Demyelinating optic neuritis (ON) occurs in more than 50% of MS patients at some
point during the disease course and it is the initial manifestation of MS in 38% of patients
[1]. After an acute attack of ON, visual acuity and light sensitivity, as measured in automated
visual field testing, typically recover to near normal levels despite residual visual complaints
from these patients [2]. The visual evoked potential (VEP), on the other hand, has been found
to reveal optic nerve conduction delays in patients with recovered acuities and fields, and even
in some MS patients without a history of clinical signs or symptoms of ON [3-8]. The ability
of the VEP to detect subclinical demyelination could be important for the diagnosis of MS and
subsequent monitoring of treatment and disease progression. However, the traditional VEP
(tVEP) measures responses summed over a large area of the visual field (typically at least 15
deg in diameter). Therefore responses are a mixture with contributions from both abnormal
and normal regions of the visual field, and are dominated by regions producing the largest
responses [6,9]. Local defects can be missed. Responses may even cancel due to regional
variations in waveform.

To measure more local VEP responses, recent research has focused on the development of the
multifocal VEP (mfVEP) approach, initially developed by Sutter and colleagues [10,11]. Using
the mfVEP, a single recording session can generate many (typically 60) local VEP responses
simultaneously from a 22 deg radius of the visual field. The clinical utility of the mfVVEP has
been greatly enhanced by recent refinements in the technique including the use of cortically-
scaled stimuli, multi-channel recordings, monocular and interocular analyses, signal-to-noise
amplitude measurements, as well as strategies for automating measurements of latency, and
probability plots (analogous to the total deviation plots in the Humphrey visual field test)
[12-14]. Several recent studies have demonstrated the sensitivity of the mfVEP technique in
identifying defects following recovery from an episode of ON [15-18]. Compared to previous
mfVEP studies of ON, the current study involved a larger population of MS patients, and
analyzed eyes from patients both with, and without a history of ON. From the perspective of
clinical diagnosis and management of MS, it is probably more important to provide evidence
of subclinical lesions than to document clear ON events [19].

The primary purpose of this study was to evaluate the sensitivity and specificity of the mf\VEP
in detecting abnormalities in the visual pathway in MS patients. We recorded monocular
mfVEPs for each eye of 74 MS patients, in whom about half of the eyes had a clear history of
ON (MS-ON eyes), half did not (MS-no-ON eyes). We compared records from eyes of MS
patients to records from 100 eyes of 50 normal control subjects in our lab, and we have
compared results from all subjects to norms from 100 subjects in a previously developed
analysis package from another lab using similar recording techniques [20-22]. A criterion for
defining an abnormal mfVVEP was determined using receiver operating characteristic (ROC)
curves. The topography of abnormal sectors across the visual field was reported for MS eyes
with or without a history of ON. We found that the mfVVEP provides high sensitivity and
specificity in detecting abnormalities in visual function in MS patients. A report on some of
the results in this study appeared previously in abstract form (Cheng et al., Invest. Ophthalmol.
Vis. Sci. 2007: E-Abstract 3765).

Seventy four clinical definite MS patients, all at relapsing remitting stage (RRMS: age: 21-60
yrs with a mean of 40 + 9.6 yrs; M:F = 1:3.5) and 50 healthy subjects (age: 21-58 yrs with a
mean of 31 + 11, M:F = 1:1.1) participated in the study. Informed consent was given by all
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participants. All procedures adhered to the tenets of Declaration of Helsinki, and the protocol
was approved by the University of Houston Committee for the Protection of Human Subjects.

MS patients—An experienced ophthalmologist (R. Tang or J. Schiffman) performed a
comprehensive eye exam on all MS patients and identified the eyes with ON based on clinical
signs and symptoms [23,24]. Time from MS diagnosis ranged from patients who were just
diagnosed to those diagnosed as long as 35 years before in one case (mean + SD: 6.3 + 6.5
years). Patients had no known ocular or systemic diseases, other than ON/MS, that could affect
the visual system. A total of 145 MS eyes were included, and divided into “MS-ON” (n = 74)
and “MS-no-ON” (n = 71) groups based on a positive or negative history of ON. Three eyes
were excluded: two due to unclear history regarding ON, and another due to a total loss of
vision. The visual acuity (VA) in the MS-ON group ranged from 20/15 to 20/100, with a median
of 20/20. Seven eyes in the MS-ON group had VA between 20/40 — 20/100. All eyes in the
MS-no-ON group had VA 20/20 or better except one that had VA of 20/40. In the MS-ON
group, the average number of ON attacks was 1.4 + 0.6 SD. Twenty-three eyes had experienced
more than one attack of ON and five of them had more than three ON events. The time elapsed
from the last ON attack was 4.4 + 6.3 SD years on average. In addition, 19 MS patients (38
eyes) had bilateral ON and 16 MS patients (32 eyes) had no ON in either eye. In the remaining
39 MS patients, 36 eyes had unilateral ON, 39 eyes had no-ON, and 3 eyes were excluded (see
above).

Normal Subjects—All normal subjects underwent a comprehensive eye examination prior
to the study, and had no ocular diseases or systemic conditions that could affect the visual
system. All eyes (n = 100) had best corrected visual acuity 20/25 or better and were included
as a “Control” group.

MfVEP procedures and analysis

Stimulus (VERIS 5.1, mfVEP paradigm)—A 60 sector cortically scaled dartboard pattern
was presented on a 20” CRT monitor with a frame rate of 75 Hz (Figure 1a). Each sector had
16 checks (8 black and 8 white), and followed a pseudorandom sequence of contrast reversal
(m-sequence with 215-1 steps) [25]. Photopic luminance (cd/m?) of the stimulus was calibrated
using a spot photometer (model LS-100, Minolta Camera Co., Ltd., Japan). Mean luminance
of the pattern was 66 cd/m?2 and the Michelson contrast was calculated to be 95%. The display
was positioned 35.5 cm from the subject, covering a 44 degree diameter of the visual field.
Subjects viewed through their natural pupils with appropriate refractive corrections in place,
and were instructed to maintain fixation at the stimulus center (marked as an “x”). During
recording, the eye position was monitored constantly by the examiner via the camera display
provided in the VERIS hardware.

Electrode placement and recordings—Three channels were recorded simultaneously
and 3 additional channels were derived mathematically using the customized software as
described by Hood and colleagues [13,26]. The first channel electrode was placed 4 cm above
the inion, second and third channel electrodes 1 cm above and 4 cm to the left and right of the
inion, the reference electrode at the inion, and the ground electrode on the forehead. Two 7-
minute recordings from each eye were averaged for offline analysis [13,21,22].

Data Analysis—After exporting the first slice of the second-order kernel responses from the
VERIS 5.1 system (Electro-diagnostic Imaging, San Mateo, CA), all data analyses were
performed with the customized software based on the ‘best channel” responses described by
Dr. Hood and his colleagues [13,21,22]. In brief, the software calculates monocular and
interocular response amplitudes and latencies for each sector as the following. The monocular
amplitude (MAMP) defined as the signal to noise ratio (SNR) was calculated as the root mean
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square (RMS) of the sector’s waveform in the signal window (45-150 ms) divided by the mean
RMS from the noise windows (325-430 ms) of all 60 sectors [13]. The interocular amplitude
(IAMP) was ratio of the RMS of the signal window in the right eye to that in the left eye
[13]. The monocular latency (MLAT) was calculated using cross correlation between the
waveform and a template derived from the Portland 100 normal controls (Devers Eye Institute,
Portland, OR) [21], and is the shift in milliseconds (ms) needed to achieve the best cross
correlation determined by the “xcorr’ function in MATLAB (The MathWorks Inc. Natick,
MA\). Thus, the monocular latency derived based on this template method is a ‘relative latency’
measure. The interocular latency (ILAT) was also calculated using ‘xcorr’ and represents the
shift in milliseconds to achieve the best cross correlation between a subject’s responses from
the two eyes.

Probability Plots—For each eye, the software also constructs 4 probability plots (MAMP,
IAMP, MLAT and ILAT), each analogous to the total deviation plot of the Humphrey visual
field, by comparing a sector’s amplitude and latency with the Portland normative database
[13,21,22]. Specifically, the amplitude or latency at each location was compared to the mean
and standard deviation of the normative data at the corresponding location, and assigned a
probability value. The resultant plot (Figure 2) is a topographical map comprised of 60 points
representing the 60 mfVVEP sectors, each marked as ‘hormal’ (p>0.05) or “abnormal’ (p<0.05
or p<0.01). A black point indicates responses within normal limits. Colored points denote
abnormal responses (desaturated colors for p<0.05, and saturated colors for p<0.01). The color
refers to whether the left (red) or right (blue) eye mfVVEP was abnormal in a given sector. The
gray symbols indicate sectors with invalid measurements. Specifically, for IAMP, sectors with
SNRs < 0.23 log unit in both eyes were invalid for inter-ocular comparison whereas for latency
calculations (MLAT or ILAT), responses with SNR < 0.23 log unit or with cross-correlation
values < 0 were invalid and excluded from analysis [13,22]. For each probability plot, the
percent of abnormal points was calculated as the number of colored points divided by the total
number of measurable points [13,22]. In Figure 2, there were 9% abnormal points in the ILAT
plot corresponding to the 5 points colored in red divided by a total of 54 valid (measurable)
points.

Each probability plot was examined for the presence of clusters of adjacent abnormal (i.e.,
colored) points and the clusters were represented by the p values of each included sector. For
example, the cluster outlined in red (Figure 2) was denoted as 15551 where ‘1’ and ‘5’
represented abnormal sectors with p < 0.01 and p < 0.05, respectively. The cluster size was
defined as the number of abnormal sectors in the cluster, and the depth as a probability level
of *5” or “1’. A cluster criterion was used to determine whether a probability plot was abnormal.
A probability plot with a cluster equal to (size and depth) or more severe than the criterion was
considered to meet the criterion (i.e., to be abnormal). For example, a cluster criterion of 15
would classify probability plots with cluster of minimally 15 but also with 11, 155, 115, 111,
etc as abnormal. Cluster criteria as defined above were used in the construction of ROC curves
to distinguish normal from abnormal mfVVEPs. When describing the size of clusters (Fig. 4) or
the spatial distribution of abnormal sectors (Fig. 5) in MS eyes, all sectors with probability p
< 0.05 were counted.

Statistical analysis

To represent the mean response amplitude from an eye, the mean of the log SNR from all

measurable points in that eye was calculated. Log SNR was used here instead of SNR because
previous studies [13,20,22] and our current data showed that the distribution of the SNR on a
logarithmic scale closely followed a normal distribution (see Fig. 22 in Hood and Greenstein,
2003). ANOVA and Tukey post-hoc analysis (Minitab, Inc. State College, PA) were performed
to test the statistical differences between measurements from the MS-ON, MS-no-ON and the
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control groups. Student’s t-test was used to compare the mean log SNR and latencies in two

subgroups of MS-no-ON eyes (Discussion). ROC curves were constructed for the 74 eyes of
MS patients with a clear history of ON (MS-ON group) to assess true positive rates, and for

the 100 eyes of our own lab controls (Control group) to assess false positive rates.

Effect of recovery time since the last episode of ON on the mfVEP amplitude and latency

The MS-ON group in our study included 74 eyes whose time from the last ON event ranged
from less than 1 month to 35 years. Previous longitudinal studies have shown both short-term
and long-term recovery of VEP amplitude and latency in ON eyes after an acute episode [4,
18,27-31]. To examine the effect of recovery time on mfVVEPs in our cross-sectional data
sample, we plotted the mean monocular amplitude (log SNR) (Fig. 3a) and mean monocular
latency (please note that the latency is a ‘relative latency’ measure as described in Methods)
(Fig. 3b) of individual eyes as a function of the recovery time from the last ON attack.
Regression analysis on either linear or logarithmic scale did not indicate a significant change
of response amplitude (linear: slope = -0.0004, p = 0.19; log: slope =-0.01, p = 0.20) or latency
(linear: slope = 0.0086, p = 0.78; log: slope =-0.19, p = 0.76) over time. For the ten eyes whose
recovery time was less than 1 month, although the episode was recent, vision was minimally
impaired. All eyes had visual acuity better than 20/25. Only two eyes had mean deviation (MD)
of the Humphrey visual field (24-2) worse than -3 dB (-3.83 dB and -9.04 dB). The mfVEP in
all ten eyes was recordable with log SNR ranging between 0.25 and 0.63 (mean 0.43). Since
in our sample the mfVEP amplitude and latency did not change significantly over time, we
have reported all eyes with history of ON as one group, the MS-ON, except for specific
additional analyses related to recovery time (see Table 1).

MfVEP amplitude and latency for control, MS-ON, and MS-no-ON groups

Fig. 4 shows the range, mean and median of the monocular response amplitude (log SNR) and
latency for the normal control, the MS-ON, and the MS-no-ON eyes. Based on the Anderson-
Darling normality test, the distribution of log SNR (p = 0.405) or latency (p = 0.917) in our
control group was not statistically different from normal. The range and mean of the log SNR
(Fig. 4a) and latency (Fig. 4b) of our control group are in good agreement with those from the
Portland normal controls that were recorded and analyzed in similar ways as this study (Devers
Eye Institute, Portland, OR) [20,21]. The mean log SNR for MS-ON eyes was 0.39 (+ 0.02
SE). It was significantly reduced compared to 0.53 (£ 0.02 SE) in MS-no-ON eyes, and the
mean log SNR for both MS-ON and MS-no-ON groups was significantly reduced compared
t0 0.6 (x 0.01 SE) in our control group (p < 0.0001, ANOVA, Tukey post-hoc). The mean
latency of MS-ON eyes was 12.7 ms (= 1.3 SE), significantly longer than 4.3 ms (£ 1.1 SE) in
MS-no-ON eyes, and the mean latency in both MS-ON and MS-no-ON groups was
significantly longer than 0.3 ms (x 0.4 SE) in our normal control eyes (p < 0.0001, ANOVA,
Tukey post-hoc).

Characteristics of probability plots

The topographic information of the mf\VEP amplitude and latency is best described by
probability plots. These plots are analogous to the Humphrey visual field (HVF) total deviation
plots. Previous studies of HVF and mfVEP have shown that defining a defect in terms of a
cluster of contiguous abnormal points reduces the false positive rate [12,13,22,32-34]. Fig. 5
shows the different sizes of clusters observed on each probability plot for eyes from individual
study groups. For an eye with more than one cluster, only the largest cluster was shown in this
plot (see Discussion). Adding across the percent of eyes in the plots, about half the MS-ON-
eyes (57%, 43%, 63% and 41% on MAMP, IAMP, MLAT and ILAT plots, respectively) had
clusters larger than 5 compared to an average of 13% in MS-no-ON eyes and 2% in normal
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eyes. Linear regression analysis did not show an effect of time from last ON episode on the
size of clusters (slope = 0.004, p = 0.75).

To illustrate the spatial distribution (the location) of abnormal sectors for MS eyes across the
visual field, the percent of eyes that had abnormal amplitude (Fig. 6, left plots) or latency (Fig.
6, right plots) was plotted for each sector. A sector from an eye was considered to be abnormal
in amplitude when that sector reached p < 0.05 on either MAMP or IAMP plot. Data from the
left eyes were reflected along the vertical meridian and treated as right eyes. Abnormal latency
for a sector was determined the same way. Overall, as the figure shows, all field locations
(central or periphery) were affected, and there was a tendency for the central 10 degree field
(rings 1-4) to be more affected than the periphery (rings 5-6) on the amplitude plot of MS-ON
eyes (Fig. 6a, left). Abnormal latency was more diffusely distributed than abnormal amplitude.

and cluster criteria

ROC curves (Fig. 7) were constructed by plotting the percent of MS-ON eyes (n = 74) classified
as abnormal (true positive rate or “sensitivity”) against the percent of our normal control eyes
(n = 100) classified as abnormal (false positive rate or “1-specificity”). Four different sets of
criteria were used to define an eye as abnormal based on the probability plots: A) cluster
criterion for amplitude, B) cluster criterion for latency, C) combined cluster criterion for
amplitude and latency, and D) percent of abnormal points. For the criteria A-C, the ROC curve
was constructed by varying the cluster size and depth from 5to 11111. For example, a cluster
criterion of 15 indicates that all probability plots that had a cluster of 15 or worse such as 15,
11, 155, 115, 111, etc. were considered abnormal. For criterion A or B, an eye was defined as
having abnormal amplitude when MAMP or IAMP probability plot met the criterion and
abnormal latency when MLAT or ILAT met the criterion. For criterion C, an eye was abnormal
if any of the 4 plots (MAMP, IAMP, MLAT or ILAT) met a criterion, and the criterion for
amplitude plots can be different from the criterion for latency plots. For ‘% of abnormal points’
criterion, the ROC curve was constructed by varying the percent of abnormal points from 5%
to 90% and an eye was considered to be abnormal if one of the 4 probability plots met the
criterion.

The area under the ROC curves (AUC, Fig. 7, legend) ranged from 0.87 to 0.96 with the
criterion C (combined cluster criterion) performing the best (0.96). As expected, criterion C
performed better than A and B because some eyes had either abnormal amplitude or latency
but not both.

Based on the ROC curve C, the cluster criterion that yielded the highest specificity (95%) and
sensitivity (91%) for our data was 55555 for MAMP and IAMP plots, and 1111 or a cluster
size >7 for MLAT and ILAT plots. In other words, 91% of MS-ON eyes were detected as being
abnormal using the cluster criteria defined above. The percent of eyes found to be abnormal
was similar (Table 1, last column) when the MS-ON group was further divided based on the
time elapsed from the last ON event to 6 months or more (MS-ON > 6 mo), or less than 6
months (MS-ON < 6 mo). In addition, 31% of MS-no-ON group was found to be abnormal
(Table 1).

Discussion

This study evaluated mfVVEP characteristics in a group of 74 MS patients having eyes with or
without a history of ON, and also compared the mfVVEP of our own normal control group to
the existing Portland norms used in the data analysis software as described by Hood and his
colleagues. Our mfVEPs were recorded under similar conditions to those of the Portland normal
controls except for a use of a slightly lower mean luminance (66 cd/m? vs 100 cd/m? in Fortune
et al. which is about 0.2 log units), because of differences in monitor characteristics. The
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response amplitude (measured as log SNR) and latency in our control group had ranges and
means similar to the Portland norms [20,21]. The prevalence of abnormal clusters (adjacent
sectors with p < 0.05) of various sizes in our normal control group was similar to the Portland
norms on all probability plots except that in our MLAT plots we had more eyes with relatively
large clusters [21]. Specifically, five of our normal controls had cluster sizes of 7 (4 eyes) or
larger (one eye with a cluster size of 9 and another with 14) on the MLAT plots. Interestingly,
the contralateral eye in each individual also had relatively large clusters at similar field locations
(see an example in Fig. 8), and none of these subjects had a large cluster on the ILAT plots (all
clusters on ILAT were of 2 or less). The homologous ‘abnormality’ seen in the MLAT plots
of these subjects is likely due to different visual cortex folding and/or position in relation to
the electrode placement in these subjects. The lower mean luminance used in our study
compared to that used for the Portland’s normative database was unlikely to be a contributing
factor. In control experiments in five normal subjects we recorded the mfVVEP when the mean
luminance was reduced even more with neutral density (ND) filters, and clusters of abnormal
sectors did not emerge until the ND filter was at least 0.6 log units. This observation is also
supported by previous studies using tVEP [35,36]. Similarities and differences in control
groups such as documented here show the need for each lab, even though using similar
approaches, to establish a local normal control database.

In this study, the mfVVEP (based on combined amplitude and latency findings) detected 91%
(67/74 eyes) of the ON eyes using a set of cluster criterion with 95% specificity. Several
previous studies reported the sensitivity and specificity of the mf\VEP in MS/ON. Fraser et al.
[15] reported the mfVEP sensitivity and specificity of 100% in detecting amplitude and latency
abnormalities in 27 eyes of MS-ON patients. The same lab, in a separate study, reported a
sensitivity of 89% in 26 unilateral ON eyes [37]. Grover et al. (2008) reported that for a
specificity of 90%, the sensitivity of cluster analysis for the mfVVEP latency plots (MLAT or
ILAT) was 94.7% (18/19 eyes), and Pakrou et al. [17] identified 96% (24/25) of ON eyes as
abnormal. Direct comparison of sensitivity/specificity among different groups is difficult due
to different study populations and the criteria used to define abnormality. Several reasons may
contribute to the less than ideal (100%) sensitivity in our study. First, there was a relatively
large number of bilateral ON in our MS-ON group (51% of eyes). In cases of bilateral ON, the
interocular probability plots become less sensitive in detecting defects in either eye. In fact
four out of the seven eyes missed by all established criteria in this study were those patients
with bilateral ON. Additionally, the time elapsed from the last ON event to the mfVEP
recording was 6 years on average, and should have lead to recovery in some eyes [4,18,
27-31]. Although we did not see a clear trend of change in the mean log SNR and latency in
our study population (Fig. 3), we did observe some recovery in amplitude and latency when
cluster criteria were used. Compared to the eyes recorded within 6 months of the last ON event
(ON < 6mo), fewer eyes recorded after 6 months (ON > 6 mo) were found to have abnormal
amplitude or latency (Table 1, columns 2 and 3). The percent of eyes that were abnormal either
in amplitude or latency (Table 1, column 4) was similar in the ON < 6 mo and ON > 6 mo
subgroups because more eyes in the ON < 6 mo subgroup were abnormal in both amplitude
and latency. Future longitudinal study will allow us to directly evaluate recovery after an
episode of ON. Another possibility is that we used the same cluster criterion for the MLAT
and ILAT plots although only MLAT plots required a relatively stringent cluster criterion
(Discussion above). However, using less stringent cluster criteria for the ILAT plots did not
change the sensitivity of detecting abnormality in the visual pathway in MS-ON eyes.

A unique benefit of the VEP is its ability to expose a subclinical lesion in the clinically
unaffected eye [6]. In this study, 31% of eyes without ON history were identified as abnormal
agreeing with previous reports of subclinical lesions [4,38]. In particular, 25% of our MS-no-
ON eyes showed abnormal latencies indicating the presence of demyelination. To examine
whether such abnormality is associated with an ON history in the contralateral eye, we divided

Mult Scler. Author manuscript; available in PMC 2010 September 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Laron et al.

Page 8

the MS-no-ON eyes into those with a history of ON in the fellow eyes (39 eyes) and those
without (32 eyes). Mean log SNR (p = 0.72, t-test) and latency (p = 0.16, t-test) were not
significantly different between the two subgroups.

Use of the mfVEP provided a unique opportunity to examine the spatial extent (the size) of
functional defects of ON/MS lesions. Although many (23 of 74 eyes) of our MS-ON eyes had
more than one ON attack, the largest cluster size in any probability plot was smaller than 15
in about two thirds of the MS-ON eyes and over 90% of the MS-no-ON eyes. Only 21% of all
probability plots from the MS-ON eyes had more than one cluster, and the second largest cluster
size was in the range of 2 to 10 sectors with only 30% larger than 3 sectors. Our results indicate
that a large proportion of abnormal regions (either in amplitude or latency) observed was
moderate in size, which suggests that the mfVVEP may be a sensitive tool for monitoring clinical
or subclinical MS lesions. However, more studies are needed to evaluate the test-retest
repeatability of the mfVEP cluster sizes/locations in diseased eyes, and the short and long term
variability of the mfVEP in the normal population [39,40].

As noted in the Introduction, the mfVVEP has theoretical advantages over the tVEP in detecting
MS/ON defects. Two aspects of our data support the advantage of mfVEP. First, as discussed
in the last paragraph, in many eyes, the size of the abnormality was moderate or small (less
than 15 sectors). Second, the location of the affected areas was not limited to the central field.
As the tVEP is dominated by the central 10 degree of the field [6], defects in the periphery are
likely to be missed by the tVEP. Based on our Fig. 6, an average of 26% of the MS-ON eyes
showed abnormal amplitude (Fig. 6a), and 41% showed abnormal latency (Fig. 6b) in sectors
located in the two outmost rings (i.e., between 10 to 22 degrees of eccentricity). These
peripheral abnormalities could be missed by the tVEP if the central field was not involved as
well. Klistorner et al. [37] directly compared the mfVEP and tVEP in 26 unilateral ON eyes,
and found that sensitivity was improved from 73% (tVEP) to 89% (mfVEP). They stated that
the gain was mostly from the mf\VEP detecting more amplitude abnormality and stated that the
misses by tVEP “mainly occurred when the affected areas was well localized and situated away
from the center of the visual field”. In a separate study by Grover et al. [41], the latency
performance of the mfVEP and tVEP was compared in 19 ON eyes and only 2 additional eyes
were detected by the mfVVEP. However, it is important to note that the abnormality in the
Grover’s study was relatively wide spread as a median of 51% of the locations were
significantly delayed on the interocular latency plot. Also, in Klistorner’s study, the time
elapsed from ON diagnosis to the mfVEP/tVEP recording was on average 5.5 months, much
shorter than the current study (6 years). It is possible that the advantage of the mfVEP over the
tVEP is more demonstrable for mild abnormalities. As of now, the mfVVEP test is significantly
more time consuming than the tVEP. Improvements in the mf\VEP technique that are being
developed and reported, such as use of a sparse stimulus paradigm [42,43] will shorten the
mfVEP recording time and make it more readily applicable in the clinic. Finally, the
topographic information provided by the mf\VEP can be used to compare, location by location
with other topographic measurements, e.g. HVF or optical coherence tomography (OCT). HVF
and OCT findings on some subjects in this study were published previously [44], and a
manuscript describing direct comparisons among the mfVEP, HVF and OCT tests for most of
the same subjects is currently being prepared.

Conclusions

The mfVEP technique provides high sensitivity and specificity in detecting visual pathway
abnormalities in MS/ON patients, and is useful in detecting subclinical lesions. The moderate
spatial extent of the abnormality found in many MS/ON patients and the involvement of areas
outside the central 10 deg of the visual field support the benefit that mf\VEP provides for
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revealing local or mild defects, and its potential utility for monitoring recovery or progression

of

the disease over time.
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Figure 1.

(a) The mfVEP dartboard stimulus with one of the sectors marked in red. (b) MfVEP responses
from the two eyes of an MS patient with a history of ON in the right eye. The dashed and solid
circles illustrate six concentric rings of increasing retinal eccentricity from 1° for the most
central ring (ring 1), to 22.2° for the most peripheral ring (ring 6). The position of each of the
60 waveforms has been adjusted to enable better visualization. The inset shows the responses
from one location on an expanded scale.
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Figure 2.

Probability plots for an MS patient. Black squares (amplitude plots: MAMP and IAMP) and
circles (latency plots: MLAT and ILAT) indicate no significant differences compared to the
“Portland” normative database (monocular plots), or between the two eyes (interocular plots).
Colored symbols indicate significantly smaller amplitude or longer latency in OD (blue) or OS
(red), p<0.01 (saturated) or p<0.05 (desaturated). Gray symbols denote responses that were
too small for comparisons to be made (using criteria described in Hood and Greenstein [13];
Hood et al. [20]). Outlined in red is a cluster of adjacent points with p<0.05.
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Log SNR (a) and relative latency (b) versus time from last episode of ON for all eyes with a
history of optic neuritis (n = 74 eyes). In (b), the signs of the relative latency indicate whether
an eye’s response lags (+) or lead (-) the template. The abscissa was plotted on a logarithmic
scale for a better visualization of the performance of eyes within the first year after an ON
event. The gray horizontal solid and dashed lines represent the mean +2 standard deviations
from our control subjects. Linear regression analysis of the data using the logarithmic X axes
shown in the plots yielded: A. slope =-0.01 and p =0.20 B. slope =-0.19 and p = 0.76. Findings
were similar when regression analysis was performed using linear X axes.
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Figure 4.

Summary of overall (60 sector mean) log SNR (a) and relative latency (b) for the MS-ON, MS-
no-ON, and Controls groups. In each box the solid and dashed horizontal lines represent the
median and mean respectively. The lower and upper boundaries of each box are the 25th and
75th percentiles, the whiskers (error bars) indicate the 10t and 90t percentiles, and the filled
circles indicate the 5" and 95t percentiles.
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Figure 5.

Distribution of the largest cluster size from each eye for monocular amplitude (MAMP) or
interocular amplitude (IAMP) probability plots (a), and monocular latency (MLAT) or
interocular latency (ILAT) plots (b) for the MS patients and control subjects.
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Figure 6.

Spatial distribution of abnormal points in MS-ON eyes (a) and MS-no-ON eyes (b). A sector
from an eye was considered to be abnormal when that sector reached p < .05 on either the
monocular or the interocular probability plot. Data from the left eyes were reflected along the
vertical meridian and treated as right eyes. For each sector, the gray scale indicates the
percentage of eyes with abnormal amplitude (left) or latency (right).
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Figure 7.

ROC curves were constructed by plotting the percent of MS-ON eyes (n = 74) classified as
being abnormal (true positive rate or “sensitivity”) against the percent of our own control eyes
(n=100) classified as abnormal (false positive rate or “1-specificity”). The four curves are (A)
cluster criterion for amplitude — filled squares (area under the curve (AUC) = 0.91), (B) cluster
criterion for latency — open triangles (AUC =0.87), (C) combined cluster criterion — filled
diamonds (AUC = 0.96), and (D) percent of abnormal points — open circles (AUC = 0.94).
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Monocular Interocular

Figure 8.

Monocular and interocular latency probability plots from a control subject. Black circles
indicate no significant differences compared to a normative database (monocular plots), or
between the two eyes (interocular plot). Colored symbols indicate significantly longer latency
in OD (blue) or OS (red) with p<0.01 (saturated) or p<0.05 (desaturated). Gray symbols denote
responses that were determined to be too small to measure latency (using criteria described in
Hood et al. [20]; Hood et al. [21]).
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Table 1
Abnormality in the visual pathway found for different MS groups

Amplitude Latency Amplitude or Latency

MS-ON (n=74 eyes) 74% 73% 91%
ON < 6 mo (n=21 eyes) 86% 80% 90%
ON > 6 mo (n=53 eyes) 70% 70% 91%

MS-no-ON (n=71 eyes) 17% 25% 31%

Controls (n=100 eyes) 3% 2% 5%
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