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Abstract

Background—Multifocal visual evoked potentials (mf\VEP) measure local response amplitude and
latency in the field of vision

Objective—To compare the sensitivity of mfVEP, Humphrey visual field (HVF) and optical
coherence tomography (OCT) in detecting visual abnormality in multiple sclerosis (MS) patients.

Methods—MTfVEP, HVF, and OCT (retinal nerve fiber layer [RNFL]) were performed in 47 MS-
ON eyes (last optic neuritis (ON) attack > 6 months prior) and 65 MS-no-ON eyes without ON
history. Criteria to define an eye as abnormal were: mfVEP 1) amplitude/latency: either amplitude
or latency probability plots meeting cluster criteria with 95% specificity 2) amplitude or latency alone
(specificity: 97% and 98%, respectively); HVF and OCT, mean deviation and RNFL thickness
meeting p < 0.05, respectively.

Results—MfVEP (amplitude/latency) identified more abnormality in MS-ON eyes (89%) than
HVF (72%), OCT (62%), mfVEP amplitude (66%) or latency (67%) alone. 18% of MS-no-ON eyes
were abnormal for both mfVVEP (amplitude/latency) and HVF compared to 8% with OCT. Agreement
between tests ranged from 60% to 79%. MfVEP (amplitude/latency) categorized an additional 15%
of MS-ON eyes as abnormal compared to HVF and OCT combined.

Conclusions—MTfVEP, which detects both demyelination (increased latency) and neural
degeneration (reduced amplitude) revealed more abnormality than HVF or OCT in MS patients.

Keywords

multiple sclerosis; optic neuritis; multifocal visual evoked potentials; optical coherence tomography;
subclinical; standard automated perimetry

Introduction

Multiple sclerosis (MS) isa chronic demyelinating and neurodegenerative disease of the central
nervous system. About 85% of patients experience a relapsing-remitting disease course
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initially. Current immunomodulatory treatments reduce the number of relapses and may delay
conversion to clinically definite MS if treatment is initiated when symptoms are first suggestive
of MS (i.e., in patients diagnosed with clinically isolated syndrome) [1-4]. However, such
treatments may have limited effect in preventing neurodegeneration and the resultant
disabilities [5]. Extensive research on the immunology, neurobiology and genetics of MS have
led to a better understanding of the disease mechanisms and have set the stage for developing
new therapeutic and protective strategies [6,7]. Sensitive tests are needed for early detection
of the disease as well as for evaluating the efficacy of current and new treatments.

Pathology affecting the anterior visual pathway, in particular optic neuritis (ON), is prevalent
in MS patients, and is often the initial manifestation of the disease [8-10]. The retinal nerve
fiber layer (RNFL) which consists of unmyelinated axons of retinal ganglion cells that become
myelinated past the lamina cribrosa and form the optic nerve, can be visualized using retinal
imaging techniques. The RNFL will show retrograde degeneration following damage to the
optic nerve or the optic tract in the brain. The eye therefore provides a window for assessing
quantitatively, axonal damage associated with ON.

Both structural and functional tests can be used to assess damage to the axons of the optic
nerve. For structural evaluation, optical coherence tomography (OCT) is a relatively recent
optical imaging technique that measures cross-sectional RNFL thickness with high resolution
(8-10 microns for Stratus OCT 3000 used in this study) and good reproducibility [11,12]. OCT
is easy to perform, time-efficient, and is less costly than magnetic resonance imaging (MRI),
astandard evaluative approach in MS patients. OCT has shown promise as a potential surrogate
measure of axonal loss and neuro-protection in MS [13-20].

Functional testing can be subjective or objective. Standard automated perimetry (SAP), such
as the Humphrey visual field (HVF) test, provides a subjective measure of visual function that
is considered to be a clinical “gold standard” for documenting loss of sensitivity. The visual
loss documented by the HVF test in various optic nerve diseases is correlated, to a greater or
lesser extent depending upon the study and patient population being assessed, with results from
imaging approaches such as OCT [17,21-23].

The multifocal visual evoked potential (mfVEP) is a relatively new objective approach for
assessing early visual pathway integrity. This noninvasive electrodiagnostic technique records
many (typically 60) local visual evoked responses simultaneously from over 40 degree field
of vision. In addition to providing response amplitudes, the mfVVEP also provides information
about nerve conduction velocity (latency) which is useful for assessing the extent of
demyelination. The mfVEP has been shown to have good repeatability, even slightly better
than that of the HVF in some cases [24-27], and it detects local defects which would not be
possible to find using the traditional VEP which tests global function over a large central region
of the visual field [28,29]. For example, one study reported that the mfVEP detected 20% more
local abnormalities in the visual field than the HVF in patients with ON [30]. Another advantage
of the mfVEP is its potential to detect subclinical demyelination, indicated by prolonged
latencies in local areas. Prolonged latencies could indicate increased risk of clinically definite
MS in a patient with clinically isolated syndrome who has presented only with ON [31,32].
Klistorner et al (2009) recently compared results from OCT and mfVEP in patients with
unilateral ON and found that the mfVVEP detected more abnormality than the OCT RNFL
thickness in both affected eyes and fellow eyes [33].

The main purpose of this study was to compare the sensitivity of the mfVEP in detecting
abnormalities in the visual pathway of MS patients with that provided by standard automated
perimetry, using HVF testing, and/or imaging of the nerve fiber layer, using OCT. Test results
were compared for eyes of 69 MS patients with and without a history of ON. Qualitative,
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quantitative, and topographic comparisons among the three tests were performed to determine
how well the tests agreed, and whether the mfVVEP detected pathological changes in visual
pathways in MS patients that were missed by the other tests. We used both amplitude (amp)
and latency (lat) information for assessment of the mf\VVEP’s overall performance in detecting
any nerve (axonal and/or myelin) pathology. In addition, we analyzed the mfVVEP using
amplitude or latency alone for revealing axonal damage or demyelination, respectively. Some
of the findings in this study appeared previously in abstract form (Laron, Invest. Ophthalmol.
Vis. Sci. 2007: E-Abstract 3761; Cheng, Invest. Ophthalmol. Vis. Sci. 2007: E-Abstract 3765).

Sixty nine patients with clinical definite MS (67 with relapsing-remitting MS and 2 with
secondary progressive MS) participated in the study [34,35]. Data from thirty four of the
patients were included in a previous study that looked only at the relation between results of
SAP and the RNFL thickness [21]. The mfVVEP data from all patients were reported as a part
of a study confined to looking at the sensitivity of the multifocal VEP in detecting abnormality
in the visual pathway [36]. Patients ranged in age from 21 to 57 years (mean 39 £ 9.6 SD, M:F
=1:3.7). The time from MS diagnosis ranged from just diagnosed to 21 years (mean + SD: 6.1
+5.6). Patients underwent a thorough eye examination by experienced ophthalmologists at the
MS Eye CARE clinic, University of Houston. Patients with any ocular conditions (such as
glaucoma, cataract or macular diseases) or systemic conditions (such as diabetes) other than
ON/MS that could affect the visual system were excluded. A history of ON was determined
based on clinical signs and symptoms [37,38]. There were two study groups. The first group,
referred to as the MS-ON group, included 47 eyes that had a history of ON. In each case, the
last attack of ON was at least six months prior to data collection. The waiting period of six
months ensured adequate time for complete retrograde axonal degeneration to occur in the
RFNL after an ON event [13,39]. The second group, referred to as the MS-no-ON group,
included 65 eyes with no history of ON. Fifteen eyes with acute ON, 7 eyes with unreliable
HVF results (over 33% fixation losses/false positives/false negatives) 2 eyes with unclear
history regarding ON, and two eyes with severe loss of vision from ON (unable to perform
visual fields), were excluded from the study. In the MS-ON group, the average number of ON
attacks was 1.3 + 0.6 SD. Thirteen eyes had experienced more than one episode of ON and
four, more than two. The average time elapsed from the last ON attack was 5.9 + 6.7 SD years.

For all eyes, the best-corrected distance visual acuity (VA) was measured using high contrast
Snellen acuity chart. In 26 MS-ON eyes and 33 MS-no-ON eyes, we also measured monocular
contrast sensitivity (CS) using a Pelli-Robson chart at 1 meter. The Pelli-Robson chart contains
16 triplets of Sloan letters each subtending 2.8 degrees. The three letters within each triplet
have the same contrast, and each successive triplet declines in contrast from 0 to 2.25 log units
in 0.15 log unit steps. The test was terminated when two out of the triplet letters were named
incorrectly, and each letter read correctly was counted as 0.05 log unit [40].

Informed consent was obtained from all patients. 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.

Multifocal visual evoked potential

Recording—The mfVEP was recorded monocularly for each eye of every patient with
VERIS 5.1 (Electro-Diagnostic Imaging Inc. San Mateo, CA). The stimulus was a 60 sector,
44 degree diameter cortically scaled dartboard pattern (Figure 1A) with a mean luminance of
66 cd/m? and Michelson contrast of 95%. Each sector had 16 checks (8 black and 8 white).
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The black and white checks in each sector were reversed in contrast using a pseudorandom
sequence of reversal (m-sequence) at a frame rate of 75 Hz [41]. Subjects were instructed to
fixate at the center of the dartboard pattern (marked with an “X”) with their best refractive
correction in place, and the eye position was monitored continuously by the examiner via the
cameradisplay provided in the VERIS package. Three channels were recorded simultaneously.
Active electrodes, all referenced to inion, were placed 4 cm above inion, and 1 cm above and
4 cm lateral to the inion on either side of the midline. Three additional channels were derived
offline [42,43]. Two 7-minute recordings from each eye were obtained, and the averaged
responses (the first slice of the second-order kernel) were used.

Response analysis—All data analyses were based on “best channel’ responses using
customized software written in MATLAB (The MathWorks Inc. Natick, MA) [42,44,45]. For
each sector, the following parameters were calculated. The monocular amplitude (MAMP)
represented by the signal to noise ratio (SNR) was calculated as the root mean 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 [42]. The log SNR has been reported in this
study because previous publications, as well as our own normative database, showed that
responses with log transformation follow a normal distribution [36,42]. The interocular
amplitude (IAMP) was ratio of the RMS of the signal window in the right eye to that in the
left eye [42]. The monocular latency (MLAT) was calculated using cross correlation (i.e.,
‘xcorr’ function from MATLAB 7.1) between the waveform and a template derived from the
Portland 100 normal controls (Devers Eye Institute, Portland, OR) [44], and is reported as the
shift in milliseconds (ms) needed to achieve the best cross correlation. The interocular latency
(ILAT) was also calculated using the “xcorr’ function and represents the shift in milliseconds
to achieve the best cross correlation between a subject’s responses from his/her two eyes
[45]. An example of the array of mfVEP waveforms from monocular stimulation of the right
eye (blue) and left eye (red) is shown in Figure 1B for an MS patient with history of ON in the
right eye.

mfVEP probability plots and cluster criteria—For each subject, the customized
software calculated probability plots that were analogous to the total deviation plot of the
Humphrey visual field. The four types of probability plot, MAMP, IAMP, MLAT and ILAT,
were calculated by comparing the amplitude or latency of the mfVVEP from a particular sector
of the stimulus array to the mean and standard deviation of the Portland normative data for the
corresponding location, and assigning a probability value [42,44,45]. As illustrated in Figure
1C (MAMP) and D (MLAT), the probability map is comprised of 60 points representing the
60 mfVVEP sectors, each marked as ‘normal’ (p>0.05) or “abnormal’ (p<0.05 or p<0.01; 1.96
or 2.58 standard deviations below mean values respectively). Black points indicate responses
within normal limits. Colored points denote abnormal responses (desaturated colors for p<0.05,
and saturated colors for p<0.01). The gray symbols indicate sectors with invalid measurements
due to low signal to noise ratios [42,45]. To assess the overall performance of the mfVEP, we
used the mfVEP (amp/lat) criterion, which defined an eye as abnormal if one of the four
probability plots met the following criteria: at least five adjacent points with p<0.05 for MAMP
and IAMP plots, and at least four adjacent points with p<0.01 or cluster size larger than 7 for
MLAT and ILAT plots. These cluster criteria were found to provide a specificity of 95% (or
false positive rate of 5%) in a previous study based on 100 eyes from control subjects recorded
in our lab (see details in ref [36]). In addition, the mfVVEP (amp) criterion (which defined an
eye as abnormal when either MAMP or IAMP plot met the cluster criterion described above)
had a specificity of 97% and was used for comparison of the mfVVEP and OCT in detecting
axonal damage; the mfVEP (lat) criterion (which defined an eye as abnormal when either
MLAT or ILAT plot met the cluster criterion described above) had a specificity of 98%, and
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was used for comparison of mfVEP and HVF to assess the correspondence between
demyelination and sensitivity loss.

Standard automated perimetry

Visual fields were tested with the Humphrey field analyzer 750 (Carl Zeiss Meditec, Inc.) using
the SITA (Swedish interactive threshold algorithm) 24-2 (18 patients) or 30-2 (51 patients)
protocols. For the 30-2 protocol, only test locations that overlapped with the 24-2 map were
used for analysis. The stimulus was a Goldman size 111 (0.43 deg) with a background luminance
of 31.5 Apostilb in all cases. The visual field was defined as being abnormal if the mean
deviation of the total deviation plot had p<0.05 (false positive rate of 5%).

Optical coherence tomography

Stratus OCT 3000 (Carl Zeiss Meditec, Inc., Dublin, CA) was used to acquire RNFL thickness
measurements. The average of three 3.4 mm diameter circular scans centered on the optic disc
was calculated (fast RNFL thickness protocol). OCT measurements were taken with a dilated
pupil. The OCT result was defined as being abnormal if the overall RNFL thickness was
significantly different (i.e. thinner) than norms provided with the instrument p<0.05 (false
positive rate of 5%). An additional quadrant criterion was examined to assess abnormality
revealed by OCT. Specifically, the ‘OCT >1 quadrant’ criterion defines an eye as abnormal
when any OCT quadrant is classified by the instrument as abnormal (either p < 0.05 or p <
0.01). A drawback of using the quadrant criterion to classify a whole eye as abnormal is the
unknown false positive rate (we used machine norms only). Statistically, the false positive rate
should fall between 1% to 4% for ‘OCT > 1 (p < 0.01)’ criterion, and 5% to 20% for ‘OCT >
1 (p <0.05)’ criterion. Therefore, to ensure a specificity of 95% for all tests, we selected overall
RNFL thickness (p < 0.05) as the OCT criterion to compare different test sensitivity and assess
test agreement.

Topographic mapping of mfVEP, HVF, and OCT

The topographic relationship between the HVF and OCT was based on a previous study by
Garway-Heath et al. [46] that mapped each test location of the HVF to the entry location of
the axons of local retinal ganglion cells, in degrees, to the optic nerve head. The HVF and OCT
were divided into four quadrants corresponding to the four quadrant output of the OCT [21].
The mfVVEP output array was also divided into four quadrants, in this study using the
interpolation of the HVF 24-2 test locations to the mfVVEP sectors described by Hood et al.
[47] Figure 2 illustrates the corresponding quadrants for the three tests. In this study,
topographic analysis has been confined to the three sectors, superior, inferior, and temporal
for which there was substantial overlap for the three tests. The nasal sector was excluded from
topographic comparisons among the three tests due to limited representation by the HVF and
mfVEP tests. The two mfVVEP sectors adjacent to the optic nerve head on the temporal side
also were excluded from analysis because responses were unreliable in that region.

Criteria used to define abnormal quadrants for each technique

OCT: A gquadrant was defined as being abnormal if the RFNL thickness was significantly
thinner than the norms, p<0.05.

HVFE: A quadrant was defined as being abnormal using one of the following cluster criteria:
at least two adjacent test points in a sector depressed by p<0.01, or at least three adjacent points
depressed by p<0.05 with one of the points depressed by p<0.01. HVF inferior and superior
sector clusters could not include more than one peripheral rim test location. These criteria were
used previously by other investigators for fields of glaucoma patients, and were shown to
reduce the false positive rate [48,49]. Good agreement between the HVF and the OCT was also
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shown topographically in MS patients using the above criteria in a previous study in our lab
in which 34 of patients in the current study were described [21].

MfVEP: A quadrant was defined as being abnormal if either MAMP or IAMP met the
following cluster criteria: at least two adjacent test points in a sector depressed by p<0.01, or
at least three adjacent points depressed by p<0.05. The cluster criteria described above provides
a specificity of 95% based on our own normal controls (100 eyes). Only mfVEP amplitude
was used for analysis in this section because the purpose of topographic analysis was to reveal
the structure-function relationship for retinal ganglion cell axons, and the latency was presumed
to be a measure of demyelination rather than axonal loss.

Statistical analysis

Results

To compare results from the MS-ON and MS-no-ON groups the Student’s t-test statistic was
used. The chi-square test was used for comparisons between samples with categorical
outcomes, i.e. normal or abnormal. An agreement coefficient AC1 was used to adjust for chance
agreement in 2x2 agreement tables among the OCT, HVF, and mfVEP [50]. Compared to a
commonly used Kappa statistic, AC1 is less dependent on the prevalence of a trait [50].
Calculation of ACL1 statistic was described in detail in Cheng et al. [21] for our findings, and
details of the test can be found in [ref. 50]. Linear regression analysis was performed between
several parameters to assess relationships among test results.

Snellen visual acuity (VA), contrast sensitivity and its relationship with other tests

The median VA was 20/20 in both MS-ON and MS-no-ON groups. All eyes (n = 47) in the
MS-ON group had visual acuities of 20/30 or better except for five eyes with VA between
20/40 - 20/60, while in the MS-no-ON group all eyes (n = 65) had VA of 20/25 or better except
two eyes with VA of 20/40. Contrast sensitivity (CS) was measured with Pelli-Robson chart
for 26 MS-ON and 33 MS-no-ON eyes. Mean log CS (+ SE) for MS-ON eyes was 1.63 + 0.05,
about one line lower than 1.77 +/— 0.03 for MS-no-ON eyes (Student’s t test, p < 0.05). Linear
regression analysis (Fig. 3) showed significant (p < 0.0001) correlation between log CS and
HVF mean deviation (MD) (R? = 0.55), OCT overall RNFL thickness (R2 = 0.24), and mfVEP
response amp (R2 = 0.31). Similar results were obtained if only one eye from a patient was
used for regression analysis (R2=0.60, 0.31, 0.32 for MD, overall RNFL thickness, and mfVEP
amp, respectively; p < 0.0001 for all). The relationship between log CS and latency was weak
or not significant: RZ = 0.10 (p = 0.014) when both MS-ON (n = 26) and MS-no-ON (n = 33)
eyes were included; R = 0.04 (p = 0.31) when only MS-ON eyes (n = 26) were used for linear
regression.

Global measurements of OCT, HVF, and mfVEP for the MS-ON and MS-no-ON groups

The averaged retinal nerve fiber layer (RNFL) thickness measured by OCT, MD measured by
HVF, and response amplitude (calculated as log SNR) and latency measured by mfVEP are
shown for the MS-ON (n = 47) and MS-no-ON (n = 65) groups in Table 1. For all parameters
there were statistically significant differences between the MS-ON group and the MS-no-ON
group with p <0.0001 for RNFL thickness, p = 0.0005 for MD, p < 0.0001 for mfVEP response
amplitude, and p = 0.0002 for mfVVEP latency (Student’s t-test).

Abnormality detected by the OCT, HVF and mfVEP in the MS-ON and MS-no-ON groups

To document the performance of the OCT, HVF, and mfVEP in detecting abnormality in the
visual pathway for the MS-ON and MS-no-ON groups, the percent of eyes defined as abnormal
by each of the three tests, is reported in Table 2A. Eyes with abnormal OCT varied from 51%
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to 79% depending on the criterion used. To compare the relative sensitivity for each test, we
chose criteria that had a specificity of 95% (see Methods), and for OCT, the overall thickness
(p <0.05) criterion was used. In the MS-ON group, using the mfVEP (amp/lat) criterion, which
defined an eye as abnormal when either the amplitude or latency was abnormal, the mfVEP
detected substantially more abnormality (89% of eyes) than either HVF (72%) (p = 0.036, Chi
square) or OCT (62%) (p = 0.002, Chi square). The abnormality detected by mfVVEP amplitude
(66%) or latency (67%) alone was less than that revealed by HVF (p = 0.002, Chi square), but
similar to that of OCT (p = 0.07, Chi square).

Inthe MS-no-ON group, more eyes were found to be abnormal based on HVF (38%), or mfVEP
(amp/lat: 29%, amp: 15%, lat: 25%), than OCT (8%). In 18% of the eyes in the MS-no-ON
group, abnormality was found by both HVF and mfVVEP (amp/Iat) tests. This suggests that 20—
40 % of MS patients’ eyes with no clinical history of ON are likely to have had a subclinical
event somewhere along the visual pathway. To test whether clinical history of ON in the fellow
eye had an effect on the status of visual responses driven by the MS-no-ON eye, we separately
analyzed the data from the MS-no-ON subgroup with no clinical history of ON in either eye
(n =31, Table 2A). No apparent differences were found compared to the entire MS-no-ON

group.

Agreement between the mfVEP, HVF, and OCT in the MS-ON group

Agreement between the mfVEP and the HVF—The mfVEP (amp/lat) results defined
89% (42/47) of eyes as abnormal compared to 72% (34/47) found by the HVF (Table 3). The
agreement between the two tests was 79% (AC1 = 0.69). For 19% of MS-ON eyes, the mfVEP
(amp/lat) was abnormal while the HVF was normal, compared to only 2% the other way. When
the mfVEP (amp) was used, the agreement between the two tests was 77% (AC1 = 0.59) with
slightly more (6%) abnormality identified by HVF than mfVEP (amp). When HVF was
compared to mfVEP (lat), the agreement was not as strong, 64% (AC1 = 0.35).

Agreement between the OCT and the HVF or mfVEP—RNFL thickness was found to
be abnormal in 62% (29/47) of MS-ON eyes using the overall thickness (p < 0.05) as a criterion
(Table 4). OCT and HVF agreement was 68% (AC1 = 0.43) in classifying eyes as normal or

abnormal. The agreement between the OCT results and the mfVEP was 60% (AC1 = 0.36) for
mfVEP (amp/lat) and 66% (AC1 = 0.37) for mfVEP (amp).

Agreement between structural (OCT) and functional (HVF and mfVEP) tests—
Table 5 illustrates the relationship between the structural (OCT) and functional (HVF and
mfVEP) tests in a subgroup of MS-ON eyes (n = 37) in which the HVF and mfVEP tests agreed
(i.e. for each eye both the mfVVEP and HVF were found to be either normal or abnormal). The
agreement between the OCT results and the combined (and agreed) functional test results was
around 70% (AC1 = 0.53). Using mfVVEP amplitude alone, functional tests detected slightly
more abnormality (6%) than the OCT. When mfVEP amplitude and latency were both
considered, the two functional tests detected 16% more abnormality than OCT.

Added contribution of the mfVEP in detecting abnormality—For the MS-ON group,
the percent of eyes found to have visual pathway abnormality by either HVF or OCT (i.e. either
both or only one of the two test results was abnormal) was 83%. When the mfVVEP (amp/lat)
was added as a third test, 98% of MS-ON eyes were found to be abnormal (Table 2B). The
mfVEP (amp/lat) detected abnormality for an additional 15% of MS-ON eyes compared to
findings based on HVF and OCT together.
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Topographical relationships between the OCT, mfVEP, and HVF for the MS-ON group

A total of 141 quadrants were analyzed (47 eyes, 3 quadrants per eye, i.e. superior, inferior
and temporal). As noted in the methods section, the nasal sector was not well represented in
HVF and mfVEP and was therefore excluded from topographic comparison. The mfVEP
amplitude alone was used here to examine the structure-function relationship with respect to
retinal ganglion cell axonal loss. As shown in Table 6, agreement for the quadrants between
the two functional tests was 64% (AC1 = 0.28), which was weaker than the whole field
agreement shown in Table 3 (77%, AC1 = 0.59). Agreement for the quadrants for each pairing
of the three tests was similar, in the range of 60% to 64% (AC1 0.20 to 0.28).

Table 7 illustrates the percent of quadrants identified as being abnormal by each test.
Interestingly, the total number of abnormal quadrants was similar for all three tests. While the
temporal sector, T, was the most affected for the mfVEP test, it was the least affected for the
HVF test.

Quantitative comparisons between the OCT, mfVEP, and HVF in the MS-ON group

In addition to qualitative analysis, the relationships among the OCT RNFL thickness, mfVEP
response amplitude (log SNR), and HVF unlogged visual sensitivity measurements were
studied quantitatively using linear regression analysis. For this comparison, visual sensitivity
in dB at each test point was divided by 10 and unlogged. This value in 1/Lambert (1/L) was
then averaged across the field (dB = 10*log (1/L))[51]. The HVF unlogged sensitivity (1/L)
showed moderate correlation with the mfVEP log SNR (R? = 0.59, Figure 4A). The correlation
between the OCT RNFL thickness and the functional measurements was weaker: R? = 0.36
for the mfVEP log SNR (Figure 4B), and R? = 0.29 for the HVF unlogged sensitivity (1/L)
(Figure 4C). To eliminate any potential contamination from intrasubject correlation, we also
performed linear regression analysis using only one eye from each patient (n = 33, the right
eye was used for patients with bilateral ON). The coefficient of determination (R?) in this case
was R2 = 0.60 for the mfVEP and HVF, but lower for the structure function relationships:
R?=0.38 for the mfVEP and OCT, and R?= 0.38 for the HVF and OCT.

Discussion

This study evaluated the relationship between a structural measure, the RNFL thickness
measured by OCT, and visual function measured subjectively by HVF and objectively by
mfVEP in MS patients. For the group of eyes with a history of ON, the MS-ON group, the
mfVEP (amp/lat) was more sensitive in detecting abnormality (89% of eyes) than the HVF
(72%) and OCT (62%). The mfVEP (amp/lat) found an additional 15% of the MS-ON eyes to
be abnormal when compared to the combined results of HVF and OCT. For the eyes without
a history of ON, the MS-no-ON group, both the mfVEP (amp/lat) and HVF were more sensitive
and detected abnormality in about 20-40% of eyes compared to only 8% detected by OCT.
Generally, the agreement between the two functional tests (HVF and mfVEP) was stronger
than the agreement between the structural and individual functional tests. For the subgroup of
MS-ON eyes, in which the mfVEP (amp/lat) and the HVF agreed, the OCT did not detect
abnormality, using our criteria, in 24% of eyes classified as abnormal by both functional tests.
Our results indicated that the mfVVEP performed better than the OCT or HVF mainly due to its
ability to detect demyelination (latency abnormality). The performance of the mfVEP based
on response amplitude alone was similar to OCT and worse than HVF in MS-ON eyes.
Although it was not the main purpose of this study, we also measured contrast sensitivity in
about half of the study population, and found significant correlations between contrast
sensitivity and OCT, HVF and mfVEP measurements.
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Relating structure (OCT) and function (HVF and mfVEP) in MS

In agreement with the previous reports [33,52,53], we found that functional tests (mfVEP and
HVF) detected more abnormality in MS patients than the structural test. Such a result is
expected because (1) as noted above, the mfVVEP or VEP, by virtue of the latency measurements
detects demyelination while the OCT does not; (2) the OCT measurement is limited to the
anterior visual pathway assessed at the retinal level whereas the functional tests measure
integrity of both anterior and posterior visual pathways. According to the Optic Neuritis
Treatment Trial, optic neuritis is retrobulbar in approximately two thirds of patients [54]. The
OCT will not detect or underestimate the defects when retrograde axonal degeneration is partial
or not significant, and is not expected to detect lesions beyond the lateral geniculate nucleus
because these are unlikely to lead to retrograde axonal degeneration in the adult retina. The
OCT may also not detect subclinical events which mainly involve demyelination and are
associated with subtle or no axonal injury (Table 2, MS-no-ON group). In accordance, our
quantitative analysis of the structure-function measurements revealed relatively weak
correlation as well (Fig. 4B and C).

A well established model to study the relationship between the retinal ganglion cell’s structure
and function is glaucoma, a disease affecting optic nerve only. In general, concordance between
structural and functional tests is observed in glaucoma, although the exact quantitative
relationship between retinal ganglion cell or RNFL thickness and visual sensitivity is under
debate [22,55,56].

Studies of structural and functional relationships are limited by many factors, and one of them
is the variability of each test. HVF is a subjective test which may be more variable for ON eyes
[42,57]. OCT also has its limitations [56]; it measures the entire retinal nerve fiber layer
thickness which includes blood vessels [58,59] and glial tissue. There is evidence suggesting
that a linear increase in the glial tissue component with age compensates to some extent for
the age-related loss in the neuronal component of the RNFL measure. Should glial tissue also
replace dead ganglion cell axons resulting from ON, erroneously higher RNFL thickness
measurements could occur [60,61].

Another technique commonly used to measure RNFL thickness is scanning laser polarimetry
(GDx). The GDx calculates the RNFL thickness from the phase retardation induced by RNFL
birefringence, a property that depends on the integrity of axons’ internal structures such as
microtubules and neurofilaments [62,63]. In theory, the GDx can detect structural destruction
of axons before thinning [62] and should not be as affected by blood vessels and glial tissues
as the OCT and therefore may yield better structural-functional agreement. A recent
development in the OCT technology is the spectral domain (SD) OCT which is shown to have
higher resolution, and better reproducibility than the time domain (TD) OCT (used in this study)
due to automated optic nerve centering and faster scan time. The high resolution of the SD-
OCT allows segmental analysis of different retinal layers in the macular region, for example,
those involving the retinal ganglion cells, whereas the TD-OCT only measures the entire retinal
thickness. More studies are needed to investigate whether the SD-OCT improves the diagnostic
performance as well as the accuracy of structure-function correlations in glaucoma or ON or
other diseases of the optic nerve compared to the TD-OCT [64,65].

Criteria for defining an eye as abnormal

In this study, the criteria chosen for each test to define an eye, and the visual responses that it
drives, as abnormal had a specificity of 95% or better. For the HVF, we used mean deviation
with p < 0.05 as our criterion because no significant media opacities were present in any of
our patients. Previous studies using standard automated perimetry have shown that defining
an eye as abnormal based on cluster criteria (i.e., the presence of adjacent abnormal points on
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the total deviation plot) improves test specificity and is sensitive in detecting local abnormality
[48,49]. To examine the effect of choosing one criterion over the other, we also evaluated the
performance of the HVF using cluster criteria on the total deviation plots as described by Cheng
et al. [21]. For the MS-ON group, the HVF detected abnormality in 74% of eyes when using
cluster criteria compared to 72% when using mean deviation with p < 5% as a criterion. The
agreement between HVF and the other two tests was similar regardless of the criterion used.

As shown in Results, the percent of MS-ON eyes defined as abnormal by OCT varied with
criterion. More abnormality was detected using the ‘>1 quadrant (p < 0.05)” criterion.
Unfortunately, we did not have normal controls to determine the specificity of the ‘OCT>1
quadrant (p < 0.05)’ criterion, which should fall between 80% and 95% of the machine norms
statistically and previous studies have reported a specificity of 76% [65] or 95% [67]. Future
studies should use the same normal controls for both mfVEP and OCT in order to do a fairer
comparison of the sensitivity and specificity of the two tests in detecting RNFL axonal loss.

Topographic comparisons among the three tests

In this study we also evaluated the relationship between the OCT, mfVEP and HVF
topographically. For the temporal quadrant, both the OCT and mfVVEP were abnormal for about
two thirds of the ON eyes while the HVF was abnormal in only one third (Table 7, left column).
This discrepancy is likely due to the fact that only five test locations were measured in the HVF
24-2 corresponding to the OCT’s temporal sector, even though the region has a high cell
density. In comparison, the mfVEP has 23 test locations (sectors) and the OCT measures 64
pixels in this region, yielding much higher sampling than for the HVF. It is our clinical
impression that a HVF 10-2 test detects more abnormality in the central field thus its use should
be considered in MS/ON patients. The relatively weak topographical agreement (~60%)
observed among the three tests compared to those of whole eye is partially due to the use of
cluster criteria to define an abnormal quadrant in both the mfVEP and HVF. A previous study
from our lab found that the spatial distribution of visual field defects in ON is relatively diffuse,
meaning that defects tend to cross the boundaries defined by the OCT quadrants [21].
Specifically, in 22 out of the 23 ON eyes that showed abnormal clusters in the HVF 24-2 test,
the clusters crossed the boundaries of at least 2 quadrants of the field [21]. In the present study,
mfVEP clusters crossed the boundaries of at least 2 sectors in 110 out of 113 probability plots
that had abnormal clusters. When using cluster criteria to define an abnormal quadrant,
relatively small defects located on the boundary between two sectors, may not meet the cluster
criteria at each sector and be missed resulting in decreased agreement among the tests. The
topographic agreement/correlation is also limited by lack of accurate structure-function maps
and the inherent variability of such maps among individuals [46,56,68,69].

Advantages of the mfVEP

At present, both the HVF and OCT tests (and tradition VEP) are used during ophthalmic
evaluation of MS/ON patients, whereas the mfVVEP is relatively time consuming and not readily
available in most clinics. Compared to the HVF, the mfVEP has the advantage that it is an
objective test of local visual function that does not require patients to make a decision. Some
MS patients, especially those with advanced disease, may suffer from cognitive impairment
[70,71], and have slowed reaction time, which adversely affects their performance on the HVF
test.

Most importantly, the mfVVEP also provides local information about delayed responses
(latencies), which is not reflected by either HVF or OCT. The latency information is of high
value in MS patients, since a hallmark of the disease is nerve demyelination which disrupts
and slows signal conduction. While most cases of ON can be diagnosed clinically, the detection
of subclinical demyelination substantially relies on latency measurements. For example, Table
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2 of the present study shows, based on mfVVEP latency measurements alone, that abnormality
was detected in 23% of eyes of patients without a history of ON in either eye. When both the
mfVEP amplitude and latency were used for analysis, abnormality was only detected in an
additional 3% of the eyes. It is also important to point out that not all (only 67%) of our MS-
ON eyes showed latency abnormalities. As discussed in detail elsewhere [36], several factors
may have contributed to the relatively low incidence of latency abnormalities in our sample.
First, there is short term and long term latency recovery as a result of remyelination [72-75].
Our MS-ON eyes had long recovery time (5.9+6.7 years on average) from the last ON episode.
Second, 62% of our MS-ON eyes were from patients where ON had occurred in both eyes,
which may decrease the sensitivity in detecting mild latency abnormalities with interocular
comparisons. Third, some abnormal latency values would be masked by decreased SNR of the
response, making the measurement difficult [76].

Limitations of the current study

There are several limitations to this study. As noted above, we did not use the same subjects
as normal controls for all tests; this could impact the fairness of comparisons of test sensitivity.
For example, the OCT’s performance may be improved by using a quadrant criterion as shown
in glaucoma [66]. The current study only measured the RNFL thickness in the peripapillary
region, and did not measure macular volume, which has also been found to reveal RGC
neuronal loss in ON/MS [77,78]. More importantly, this was a cross sectional study and did
not address the important issue of test-retest variability. A functional test like mfVEP or HVF
is more likely to be affected by physiological factors such as fatigue and drug effects in MS
patients, than a structural test like OCT [57]. Future studies should evaluate test repeatability
in MS patients, and compare test utility longitudinally.

Conclusions

The mfVEP, HVF and OCT provide complementary information in detecting visual pathway
abnormalities in MS. The three tests together identified abnormality in 98% of the MS-ON
eyes. The functional tests provide both objective (mfVEP) and subjective (HVF) information
on axonal pathology; the structural test (OCT) is a valuable tool for documenting axonal loss.
The mfVEP latency measure is particularly useful for detection of demyelination in visual
pathways which can be subclinical is some cases. Results of both structural and functional tests
should be included in longitudinal studies in order to understand the processes involved in the
neuronal damage in MS that occurs over time, the repair mechanisms and whether/how
therapeutic treatments affect these processes. Further improvements in the mfVVEP technique
such as the use of sparse stimulation [79,80] may improve mf\VVEP SNR and shorten the
recording time, and make it more applicable with respect to both amplitude and latency
measurements in the clinic setting [81,82].
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200nV
T —100ms

Figure 1.

(A) The mfVEP 60 sector dartboard stimulus with a peripheral sector marked in red. (B) The
mfVEP waveforms from an MS patient with a clinical history of optic neuritis (ON) in the
right eye. Blue and red traces represent responses from the right and left eye respectively. The
position of the waveforms for the 60 sectors has been adjusted for better visibility. The inset
shows waveforms from one of the sectors scaled in size. The monocular probability plots for
the same patient are shown for response amplitudes (C) and latencies (D). Sectors marked in
black indicate no significant difference from the normative database. Colored sectors denote
significantly reduced amplitudes (C) and delayed responses (D). Saturated color: p < 0.01;
desaturated color: p < 0.05. Red rectangles in C and D outline clusters of adjacent abnormal
sectors. Sections A and B were reproduced with permission from Laron et al (2009) [36]
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Optic Nerve Head

ocT

Figure 2.
A topographic map relating nominal quadrants from OCT measurements of RNFL thickness
and the corresponding quadrants from the HVF and mfVEP tests. For example, quadrant S
denotes the superior RNFL quadrant and the corresponding quadrant of the 24-2 Humphrey
visual field and multifocal VEP. For patients tested with the HVF 30-2 paradigm, only the
areas corresponding to the 24-2 map were analyzed.
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Figure 3.

Scatter plots and linear regressions for Pelli-Robson contrast sensitivity (log unit) and (A) HVF
mean deviation (MD), (B) overall OCT RNFL thickness, and (C) mfVEP response amplitude
(log SNRY); all reaching p < 0.0001. Each data point represents an MS-ON eye (square) or an
MS-no-ON eye (circle).
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Scatter plots and linear regressions for mfVEP mean log SNR vs. HVF linear sensitivity
(p<0.0001) (A), OCT RNFL thickness vs. mfVEP log SNR (p<0.0001) (B) and OCT RNFL
thickness vs. HVF linear sensitivity (p = 0.0002) (C). Each data point represents an MS-ON
eye. Parameters denote the mean log SNR across the 60 sectors of the mfVVEP stimulus, the
mean of the linear sensitivity across all test locations of HVF 24-2, and the overall RNFL

thickness.
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Table 1
Global measurements for the two groups of patients (Mean + SE): MS-ON and MS-no-ON.

OoCT HVF
. . fVEP mfVEP
RNFL thickness mean deviation m
log SNR  latency (ms
(um) (dB) 9 y (ms)
MS-ON
(n = 47 eyes) 79.1+25 -56+1.0 0.4+0.03 11.7+16
MS-no-ON
(n = 65 eyes) 96.3+1.4 -21+04 0.5+0.02 44+11
Normal control age matched age matched

(n=100 eyes)* machine norms machine norms 06+001 03+04

*
Based on our own lab controls, see details in Laron et al 2009[36].
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Table 5

Agreement between OCT results and the two functional tests for the MS-ON subgroup in which mfVEP and
HVF agreed (i.e., for each eye both were found to be either normal or abnormal)

mfVEP (amp/lat) + HVF  mfVEP (amp) + HVF

(n=37) (n = 36)
Normal Abnormal Normal  Abnormal
OCT Normal 1(3%) 9 (24%) 5 (14%) 6 (17%)

OCT Abnormal 3 (8%) 24(65%)  4(11%) 21 (58%)

Agreement: 68% (AC1 = 0.53) for OCT vs. mfVEP (amp/lat) + HVF; 72% (AC1 = 0.53) for OCT vs. mfVEP (amp) + HVF.
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Table 6

Topographic agreement between tests for the MS-ON group. The HVF and mfVVEP maps were divided into
quadrants corresponding to the four nominal quadrants of the OCT results as illustrated in Figure 2. The total
number of quadrants analyzed was 141, corresponding to three of the four quadrants (T, S, and I; quadrant N
was not analyzed, as explained in the text) for each of the 47 eyes.

Agreement  ACI1 statistic

mfVEP(amp) vs. HVF 64% 0.28
OCT vs. mfVEP(amp) 61% 0.24
OCT vs. HVF 60% 0.20

Mult Scler. Author manuscript; available in PMC 2011 April 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Laron et al. Page 27

Table 7
Percent of quadrants identified as being abnormal by each of the three tests: mfVEP (amp), HVF, and OCT

T S | Total
(n=47) (n=47) (n=47) (all 3sectors, n=141)

mfVEP (amp)  66% 43% 47% 52%
HVF 34% 66% 550 55%
ocT 60% 57% 43% 53%
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