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Abstract

Purpose To evaluate the ability of multifocal visual
evoked potentials (mfVEPs) to identify functional loss
in patients with early and exudative age-related
macular degeneration (AMD). A dichoptic multifocal
stimulus presentation was employed to investigate the
regional effects of AMD and the potential diagnostic
utility in macular disease.

Methods MIfVEP responses were recorded from 19
unilateral exudative AMD patients with non-exudative
(n = 15) or normal (n = 4) presentations in the fellow
eye and 28 age-matched controls. Root mean square
(RMS) waveforms were pooled across selected EEG
channels to produce global field RMS (gfRMS)
waveforms. GFRMS amplitudes and response delays
were analysed by multivariate linear models, and
diagnostic capacity was measured using areas under
the curve (AUC) of receiver operator characteristic
plots.

Results The mean gfRMS amplitude of the exudative
eye of AMD patients was significantly reduced
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compared with the controls (—2.03 £ 0.08 dB, ¢t =
—12.9). Fellow non-exudative AMD eyes were less
effected but still significantly reduced (—0.84 +
0.07 dB, t = —11.5). No significant difference in
mean gfRMS delay of AMD eyes across the central
46° was observed. AUC values of 100 4= 0.0 % (mean =+
SE) for exudative and 79.7 4+ 6.5 % for non-exudative
eyes were obtained for response amplitudes.
Conclusion The study demonstrated that mfVEP
identified retinal dysfunction in both exudative AMD
and fellow non-exudative AMD eyes, but mostly
affecting the macular field. The reduced testing
duration and good diagnostic accuracy suggest that
dichoptic mfVEPs may be a sensitive tool for mon-
itoring progression in AMD.

Keywords Multifocal - Visual evoked potentials -
Age-related macular degeneration

Introduction

Conventional visual evoked potentials (VEPs) have
been used for evaluation of optic neuropathies for
many years [1-3]. Recently, multifocal VEPs [4]
(mfVEPs) have allowed for high spatial resolution of
stimuli to be used providing a rapid method for
measuring responses from a large number of retinal
locations. This technique improved diagnostic utility
in optic nerve [5, 6] and retinal disease [7, 8].
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It is well established that individuals with macular
disease have reduced VEP amplitudes and delayed
latencies [9-15]. However, disagreements have
emerged over the latencies observed between retinal
and optic nerve disease [7, 13—-15]. The clinical
implication is that abnormal cortical responses from
optic neuritis may be indistinguishable from retinop-
athy and indeed has been postulated by some authors
[7, 13]. Furthermore, some investigators have reported
a strong correlation between visual acuity, central
visual field sensitivity and latency [16], while others
have reported VEP delays in maculopathy patients
with normal or near-normal visual acuity [9, 12] and
poor correlation with scotoma size [14]. Other than
preliminary reports from our laboratory, and one case
study, there have been no reports of mfVEP responses
in AMD [7, 17]. Previous studies have used conven-
tional pattern VEPs for evaluation of macular disease
and so are limited by relatively low spatial resolution.
Hence, our knowledge of the effects of macular
disease on cortical response properties from multiple
visual field locations remains effectively unknown.

The purpose of this study was to examine the effects
of age-related macular degeneration (AMD) on
mfVEP responses using an 84-region/eye dichoptic
stimulus presentation method. To compare the rela-
tionship between early- and end-stage disease, we
examined patients with exudative AMD and contra-
lateral early AMD presentations. We employed a new
variant of mfVEP stimuli which were temporally
sparse [18-20] and have been shown to have high
diagnostic accuracy in multiple sclerosis [5]. Enhance-
ment in stimulus parameters may help distinguish
macular disease and improve diagnosticity in preclin-
ical presentations. Accordingly, the diagnostic utility
of the new method was assessed.

Methods
Subjects

Twenty-three individuals with unilateral choroidal
neovascularization (CNV) secondary to AMD were
recruited from the ophthalmology clinic at The Can-
berra Hospital. Four patients were excluded from the
study due to noisy recordings. Subjects were diagnosed
following best-corrected visual acuity (BCVA), fun-
dus biomicroscopy, fluorescein angiography and OCT
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(Zeiss Cirrus: Carl Zeiss Meditec Inc. Dublin, Cali-
fornia, USA) and were concurrently being treated with
ranibizumab (Lucentis, Novartis, North Ryde, NSW)
injections in the affected eye. The mean age was
77.7 £ 5.4 years (11 females), range 61-85. The mean
corrected logMAR visual acuity was 0.75 £ 0.56
(mean £ SD) for exudative AMD eyes. The fellow
eye had a normal (n = 4) or non-exudative AMD
(n = 15) fundus appearance defined by the presence of
drusen and/or retinal pigmented epithelial (RPE)
changes with a BCVA of 0.3 or better. Subjects were
excluded if they had any previous or current ocular or
neurologic disease, constant tropia or were on medi-
cation known to affect retinal function.

Twenty-eight control subjects had an age range of
59-88 years, mean 70.78 £ 6.11 (18 females). The
inclusion criteria were BCVA of 0.0 or better, normal
intraocular pressure, fundoscopy and Frequency Dou-
bling Perimetry C-20 fields and no family history of
AMD.

All subjects were informed of any potential risks
prior to participation and gave informed written
consent. This research was approved by ANU Human
Research Ethics Committee and adhered to the tenets
of the Declaration of Helsinki.

Stimulus and recording

The stimulus consisted of an 84-region cortically
scaled [4] dartboard layout (Fig. 1) subtending a total
diameter of 46°. The eccentricities of the region
centres were 1.6°, 3.0°, 4.8°, 7.1°, 10.2°, 14.3° and
19.8° comprising seven concentric rings, each con-
taining 12 test regions. A small fixation cross occupied
the central 1°. All recordings were performed binoc-
ularly, and stimuli were presented dichoptically at a
60 Hz refresh rate. Trial lenses compensated for
refractive errors to within 1.5 dioptres of the subject’s
ametropia. Independent stimuli were directed to each
eye concurrently by displaying them on separate LCD
monitors through a stereoscopic system (Truefield
Analyzer; Seeing Machines Ltd., Acton, ACT Aus-
tralia) [18, 19]. The temporal stimulus delivered to
each region was based on a sparse pattern pulse
presentation, which has been detailed elsewhere [18].
The pseudorandom sequence was optimized for max-
imal spatial sparseness to minimize interactions
between active neighbouring stimuli [21]. Each region
contained 16 checks—eight white (180 cd/m?) and
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eight black (1 cd/m?*—and was pulsed on for 33 ms.
When no checkerboard was present, the monitor was
maintained at 90 cd/m”. Recording run duration was
240 s divided into eight segments of 30 s, and subjects
were allowed to rest between segments if they wished.
Subjects completed the test twice on the same day to
assess repeatability.

Electrical signals were recorded from 64 channels
using pin-type active Ag—AgCl electrodes (Actiview,
Biosemi Ltd., Amsterdam). The ground electrode was
placed on the right earlobe. Signals were amplified
50,000 times and filtered with a bandpass of 1-20 Hz.
These data were simultaneously sampled and col-
lected by data acquisition software (Active2, BioSemi
software, Biosemi Ltd., Amsterdam). A correctly
sized head cap with 64 electrodes in a 10-10 layout
was placed over the subjects’ head reference to the
inion. Electrode holders on the head cap were filled
with gel (Spectra 360 Gel, Parker Laboratories Inc.,
Fairfield, New Jersey), and electrodes were pushed
into the holders. Representative responses are shown
in Fig. 2.

Fig. 1 a 84-region dartboard with corresponding region
numbers. The dartboard is scaled according to the human
cortical magnification factor. b Illustrative example of dartboard
stimuli as seen by participant with the binocular displays verged.
The sparsely presented stimuli meant that on a given

Data analysis

The recordings were transferred to MATLAB® for
data analysis (R2009b, The MathWorks, Natick, MA).
The method for estimating the mean response to
stimuli presented at each region has been described in
detail elsewhere [18, 19]. The following is a brief
summary of the methods employed in this study. It was
desirable to combine responses from different elec-
trodes, and sometimes different visual field regions,
subjects and so on. VEP response waveforms from
different parts of the visual field can have different
shapes and are commonly inverted for visual field
locations in the superior and inferior visual fields (e.g.
Fig. 2a, b). Perhaps more importantly, since there
were 84 stimulus regions/eye and 64 electrodes, there
were 64 x 2 x 84 = 10,752 responses recorded from
each subject on each repeat. Therefore, in order to
make use of this large amount of data, we pooled
collections of waveforms from selected visual field
locations and electrodes by computing computed root
mean square (RMS) at each time point of each

e

presentation a test region rarely had a neighbouring region that
was also active. The innermost edges of each ring were at 1.0°,
2.3°,3.8°,5.9°,8.6°, 12.2° and 17.0°, and the outer edges were at
2.2°,3.7°,5.7°, 8.3°, 11.8° 16.4° and 22.6° eccentricity
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Fig. 2 a Example of multifocal VEP waveforms recorded from
electrode POz for the AMD subject 620. Responses from OD
(exudative AMD) and OS (non-exudative AMD) have been
superimposed. b Rectilinear polar plot of VEP waveforms in
(a) for subject 620, channel POz. The x axis represents the
eccentricity (left and right visual fields), and the y axis
represents the polar angle deviation upwards from the horizon.
The representation is thus related to the map on the left and right
hemi-cortices of V1. It also provides a clearer view of all the
waveforms (cf. a)

waveform across the selected EEG channels to create a
so-called global field RMS (gfRMS) waveform. To
pool waveforms across other factors such as subject
and visual field locations, the median at each time
point of the collection of gfRMS waveforms was then
computed. The electrodes of interest in this study were
either: all electrodes or eight occipital channels: POz,
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Fig. 3 Comparison of pooling response waveforms across
different collections of EEG electrodes and visual field locations
using the global field RMS (gfRMS) method. a gfRMS
waveforms for normal and AMD subjects pooling across all
64 electrodes and visual field locations. b) gfRMS waveforms
from occipital electrodes (“Methods™) and all field locations.
¢ gfRMS from the central 24 regions of the field (7.4°), recorded
from the occipital channels. In general, responses from AMD
subjects were smaller than those obtained from normal subjects
with responses recorded from macular regions most affected

PO1, PO2, Oz, O1, 02, Iz and Pz. The effect of
computing the gfRMS across different sets of elec-
trodes and visual field locations is illustrated in Fig. 3.
For most analyses, however, we did not average across
stimulus regions or eyes so that there was one gfRMS
waveform preserving the ability to detect regional loss
as in any other mfVEP (Fig. 4).
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Multiple regression models were used to account for
the independent effects of age, gender, visual field
eccentricity and AMD on responses. Peak gfRMS
responses were first log-transformed to decibels to
balance the heteroskedastic variance. The effects of
those independent factors were fitted as contrasts to a
reference value. The reference variable represented the
mean response of normal male subjects aged 75 years.
To describe the agreement between repeated measure-
ments, we used Bland—Altman analysis to determine
the coefficient of repeatability (CR) and the mean
difference [22]. Data are presented as mean = stan-
dard deviation.

Receiver operator characteristic (ROC) plots were
constructed to estimate the sensitivity and specificity
for AMD using the regional deviations from the
normative data. We utilized the area under the curve
(AUC) of ROC plots to summarize the diagnostic
performance of our method. Amplitude and delay
asymmetry between eyes was included for exudative
AMD, that is, the difference in between-eye (asym-
metric) regional deviations relative to normal for both
response parameters, a method that has previously
shown utility in mfVEPs [6] and multifocal pupillog-
raphy [23, 24]. For non-exudative AMD eyes we

50 3L 2L 2R 3R 5R 7R 10R 14R 20R
Eccentricity, degrees

evaluated within-eye deviations of each region from
the normative data.

Results

The gfRMS response strength averaged over all elec-
trodes and visual field locations was 0.26 4 0.03 pV
(p < 0.0001) for the control group. The occipital
channels alone gave larger gfRMS responses, with a
mean of 0.39 + 0.02 uV (p < 0.0001). Examples of
response waveforms for each of the 84 stimulus regions
recorded from channel POz are shown in Fig. 2. The
response waveforms were obtained from an 85-year-old
female with exudative AMD in the right eye and early
AMD in the fellow eye. Best-corrected visual acuities
were 0.8 in the right eye and 0.1 in the left eye. These
responses identify reduced amplitudes in the central
visual field of the right eye with delays in latency less
evident.

We attempted to overcome the significant inter-
subject variations in VEP responses due to the
anatomy of the striate cortex among individuals [25,
26] by using a global metric, the global field RMS
(gfRMS, “Methods”). Figure 3 shows the comparison
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of gfRMS waveforms computed across selected
channels and regions in AMD and control groups.
Compared to using all channels (Fig. 3a), larger
differences in gfRMS strengths were achieved by
selecting the occipital channels providing a peak
amplitude of 0.38 + 0.18 pV in the control group and
0.26 £ 0.12 pV in the AMD group (Fig. 3b). In a
further refinement, determining the gfRMS from the
central 2 stimulus rings (24 regions) achieved com-
paratively high amplitudes for controls (0.36 +
0.17 pV, mean £ SE) but had the lower peak ampli-
tude for AMD subjects (0.22 £ 0.09 pV) (Fig. 3c¢).
Figure 4 illustrates the gfRMS waveforms computed
across the occipital channels for the VEP responses of
the same subject as in Fig. 2.

Table 1 summarizes the results of a multiple regres-
sion model examining the independent mean effects that
various factors had on the per region gfRMS peak
amplitudes and latencies. In the case of amplitudes the
data were transformed to decibels (10 log;¢). Aside from
stabilizing the variance, the decibel transformation
allowed multiplicative effects to be fitted with an
additive model. The top row of Table 1 gives the
reference condition (the global mean for normal males
aged 75 years). The remaining rows show the differ-
ences (contrasts) from the reference condition. Females
had responses that were 1.61 4+ 0.04 dB larger (1.4
times). The mean gfRMS amplitude for the reference
condition was —4.81 £ 0.18 dB. Converting back to
microvolt units gives a mean gfRMS amplitude of
0.33 pV. Subjects with exudative AMD had response
amplitudes that were 0.63 times (—2.03 + 0.08 dB)
those of normal subjects. Responses from the central
four (macular) rings, which extended to 8.3° eccentric-
ity, were 39 % of those of normal subjects (—2.14 +
0.10 dB). Eyes with non-exudative lesions had less
mean amplitude deviation from normal overall (—0.84 +
0.42 dB) and for the extra macular component (—1.10 %
0.09 dB). To address the possibility that responses from
one channel (cf. Fig. 2b) may produce larger effects than
the gfRMS, we examined the mean effect of AMD on the
amplitude responses measured only at channel POz. Mean
effect sizes were 27 % smaller for exudative AMD
(—1.48 £ 0.06 dB, t = —24.3) and 46 % less for non-
exudative AMD (—045 £ 0.12 dB, t = —3.7) on POz
amplitudes. We also investigated the independent effect of
diagnosis on gfRMS time-to-peak response with a similar
regression model. The reference time to peak was
102.2 & 0.92 (ms £ SE). Aside from gender and age,
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the only significant effect was the modest reduction in
macular delay for exudative AMD of —2.29 £ 0.53 ms.
We also examined time to half-height and other earlier
implicit times, and these made the reduction in time
somewhat larger; hence, this was not an effect of
fluctuations in the shape of the peak. The effect of age
was also a small reduction in peak time of <1 ms/decade of
age relative to the median of 75 years. Removing this
effect of the model did not change the fitted values for the
other factors.

Multiple regression showed that the effect of repeated
measurements performed at the same visit did not reach
significance (—0.03 = 0.04 puV, p < .5) and the mean
differences between repeats were 0.02 + 0.25 pV and —
0.003 £ 0.20 pV for normal and exudative AMD sub-
ject, respectively. The CRs for normal subjects were 0.39
and 0.49 pV for exudative AMD eyes.

Figure 5 shows the resulting mean region-by-region
amplitude deviations from normal eyes for non-exuda-
tive AMD (Fig. 5a) and exudative AMD (Fig. 5b). We
observed a bias towards greater amplitude loss in the
superior hemifield in non-exudative AMD with sixty-
four regions reaching significance (p < .05). In con-
trast, mean regional deviations in exudative AMD were
biased towards the macula with 86 % of the overall
field significantly smaller than normal.

In addition, mean regional delays also suggested
central dysfunction in exudative AMD (Fig. 6b). Fifteen
regions in the macular field (central four rings) were
significant compared to only three regions within the
outer three rings. Fourteen regions (83 %) across the field
had significantly shorter time-to-peak responses than
normal eyes. Delay effects for non-exudative AMD eyes
followed a similar trend with nine out of 13 significant
regions located in the macula. Ten regions (76 %) had
significantly quicker time-to-peak responses.

Figure 7a illustrates the mean gfRMS amplitude for
exudative and non-exudative AMD subjects plotted
according to eccentricity (ring averages). These ring
averages were computed via a linear model like that of
Table 1 but where the mean values for each ring were
estimated rather than just macular versus global effects.
Recall from the methods that the independent effect of
each ring was determined relative to a reference ring
(mean response of ring 1 for male control subjects).
Although ring analysis may be influenced by non-
uniform pathology across the retina, there is histological
evidence of significant photoreceptor loss in a ring-
shaped pattern in the parafovea [27]. The mean gfRMS
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Table 1 Summary of independent effects on gfRMS amplitude and latency for the various groups estimated by a multivariate linear
model

Variable gfRMS amplitude gfRMS peak time

dB SE t ms SE t
Reference —4.81 0.18 27.2 102.2 0.92 111
Gender (female) 1.61 0.04 41.2 2.89 0.20 14.2
Non-exudative AMD —0.84 0.07 11.5 0.11 0.39 0.28
Extra at macula —1.10 0.09 3.95 -0.72 0.49 1.47
Exudative AMD —2.03 0.08 12.9 0.73 0.43 1.72
Extra at macula —2.14 0.10 11.6 —-2.29 0.53 4.30
Decade of age relative to 75 years —1.07 0.50 12.3 —-0.92 0.17 5.33

Summary of two linear models quantifying effects on peak gfRMS amplitude and delay (rightmost three columns). The column’s
labelled variables indicate fitted factors. Since many of the effect sizes are quite large, the t-statics are reported rather than p-values.
For the response amplitudes were all significant at p < 10, The reference condition represents mean responses from male control
(n = 10) subjects. With two exceptions the factors (and the covariate age, expressed as decades relative to the median of 75 years)
quantify the difference from the reference. The exceptions are the extra changes observed within the macular area (the central four
stimulus rings, < 8.3° eccentricity) where the fitted values are the extra amount relative to the mean effect of either early or exudative
AMD, and the t-values indicate the effect size relative to the mean effect of that disease. Amplitudes were transformed to decibels to
allow for multiplicative effects to be fitted and to stabilize the variance. A positive effect for peak time indicates the additional delay
produced by the variable. For peak times only the extra macular delay for exudative AMD, age and gender were significant (bold,
p < 107*). Responses were smaller, especially in the macula. The only significant effect of AMD was a quickening of the time to

peak centrally. Female responses were larger and slower, and all responses got slightly quicker with age

amplitude of exudative AMD eyes was significantly
lower than non-exudative AMD in the central four rings
(macula). The mean RMS time-to-peak responses
across rings (Fig. 7b) illustrated the effects described
in Table 1. Here, exudative AMD decreased mean time
to peak within the central three rings (extending from
1.0° to 5.7° eccentricity, cf. Fig. 6), whereas non-
exudative AMD eyes were less affected with signifi-
cantly quicker time-to-peak responses in rings 1 and 3.
Beyond the borders of the macula, time-to-peak
responses for AMD were slower than for normal,
although as Fig. 6 shows this is quite variable. We also
examined region-wise effects and found no significant
trends.

We next examined ROC curves to determine the
diagnostic power of regional visual field deviations
from normal fields. Amplitude and peak time between-
eye deviation scores for exudative AMD (Fig. 8a) and
within-eye deviations for non-exudative AMD
(Fig. 8b) for the 20 worst (N-worst) visual field regions
were considered. Amplitude deviations achieved the
highest percentage area under the curve (AUC) of the
ROC plot for both exudative (100 = 0.0 %) and non-
exudative (79.7 + 6.5 %) AMD. Evaluating the mean
percentage AUC obtained for the worst deviating
regions of the visual field confirms the presence of a

small number of severely dysfunctional regions in
exudative AMD followed by a decline in AUC values
for both amplitude and peak time variables. Measuring
within-eye deviations in non-exudative AMD from
mean normal data produced relatively poor AUC
values. In addition, we evaluated the AUC values for
the second peak of the gfRMS waveform (Fig. 3) and
observed a reduction in diagnostic accuracy for
exudative and non-exudative AMD (71.1 + 8.8 %
and 69.4 + 8.6 %, respectively). Amplitude responses
provided minimal improvement over peak time in eyes
with milder macular pathology.

Discussion

The purpose of this study was to examine responses
and diagnosticity in early and late stages of AMD
using dichoptic stimulation of 84 regions using a
sparse pattern pulse mfVEP. While conventional
VEPs measure amplitude attenuation and delayed
latencies in AMD [12, 15, 28, 29], it is not a
distinguishing attribute because it is also found in
eyes with other macular diseases [12, 15] and in optic
neuropathy [11-14]. The use of higher-resolution
mfVEP techniques may define local effects with
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Fig. 5 Regional mean amplitude deviations for a non-exuda-
tive and b exudative AMD subjects. Regional responses for
AMD subjects are expressed as mean deviations from normative
data for each region. The mean amplitudes are across subjects,
eyes and occipital channels and were transformed to dB to allow
the fitting of a multiple regression model corrected for gender
and age. The average regional deviations for non-exudative
AMD (a) show a bias towards greater amplitude loss in the
superior regions of the field. Sixty-four regions had a significant
decrease in amplitude compared to normal (*p < .05). Regional
deviations in (b) demonstrated a more typical profile for
exudative AMD with the central field the site of greater
sensitivity loss. Seventy-three of the darkest regions in (b) are
statistically smaller than normal. Response amplitudes from left
and right eyes have been combined by reversing the results of
the right eye such that each region represents the identical
segment of the field for each eye; thus, the temporal field is on
the left. In both a and b the background (and central) grey level
represents a deviation of 0 dB

greater accuracy and have potential clinical applica-
tions for diagnosis and monitoring of retinal disorders.
In addition, comparing intraocular responses mea-
sured concurrently eliminates a source of variance
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Regional Delay Effects
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Fig. 6 Regional mean peak time deviations from normal. a The
average response delays in non-exudative AMD subjects. The
figure set-up is similar to Fig. 5 except that regions darker than
the background represent longer delays. Ten regions across the
field had significantly quicker time-to-peak responses than
normal eyes with eight regions located in the macula (*p < .05).
b) Delay effects for exudative AMD subjects were consistent
with regions of reduced amplitudes in Fig. 5b. Shorter mean
delays of fourteen regions in the field reached statistical
significance with thirteen regions falling within the macular
field. Only four regions predominantly in the outer rings had
significantly longer time-to-peak responses. The background
grey level represents a deviation of 0

improving diagnosticity in asymmetric disease pre-
sentations [6, 18, 30].

In this study exudative AMD had larger effects on
mfVEP amplitudes than response delays. We observed a
significant mean amplitude depression in the central four
rings (eccentricity, 0°-8.3°) in exudative AMD eyes
(p < .005) while the peripheral three rings (eccentricity,
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Fig. 7 The output of a linear model like that of Table 1 but
where mean responses were computed for each ring of the
stimulus array. Results are shown for normal, dry (non-
exudative) and wet (exudative) AMD eyes. a gfRMS amplitudes
show both global and central suppression of responses for
patient eyes, with larger central changes in exudative AMD.
Error bars are 95 % confidence limits. b Delay effects were less
clear but showing the central delays and peripheral enhancement
hinted at in Fig. 6. Error bars are standard errors

8.7°-22.6°) were only marginally significant (Table 1).
Reduced amplitudes were found in eyes with early
macular disease despite their good acuity. Our results are
in agreement with the findings of Bass et al. [12] that
about 50 % of contrast reversal VEP responses were
delayed, in the sense that responses to a large single
stimulus might be expected to mimic the peripheral
delays seen here. MfERG responses have been reported
to be abnormal in early AMD eyes with near-normal
vision [31]. The innermost ring of those retinally scaled
stimuli summed responses from 1° to 4° and so may have
obscured the parafoveal effects reported here for

M-scaled stimuli. On average, mfVEP abnormalities
observed here in early AMD were not spatially associated
with reported histological evidence of initial rod loss in
the parafovea [27]; rather, amplitude loss peaked at ring 4
(mean eccentricity, 7.1°, cf. Fig. 7a) just beyond the
borders of the parafovea. The implication is that mfVEP
deficits may occur beyond regions of clinically visible
pathology and suggests that non-exudative AMD patients
are showing early degenerative changes occurring at the
level of the retina or along the visual pathways.
Although amplitude attenuation and latency delays
have been demonstrated in macular disease [9, 10, 12,
13, 15, 16, 29], debate persists regarding the distin-
guishing features in the VEP response between retinal
damage and optic neuropathy [7, 14, 32]. The mfVEP
changes observed in our study are in agreement with
the findings of Shimada et al. [15]. They recorded
significant amplitude changes with conventional high-
contrast VEP stimuli in eyes with macular disease but
no significant delay relative to the unaffected eye.
However, only three eyes from their series presented
with AMD. Recently, Walter et al. [29] reported
reduced pattern-reversal VEP amplitudes and pro-
longed latencies in 43 AMD eyes, although nine
subjects had unexpectedly greater attenuation from the
foveal field (3°) than the macular field (13°). The
results of our study were different, in that amplitude
responses were more significantly affected than delay
in both early and advanced AMD. The prolongation of
the time-to-peak responses observed in our group was
significantly less than that observed in macular disease
[15, 16, 29] and optic neuritis [20, 32]. This discrep-
ancy in results may be due to differences in stimulus
conditions and possibly aspects of the gfRMS wave-
form. To confirm that pooling electrode responses
(gfRMS) was an improvement on standard practice, we
examined the raw waveforms from a single channel
(POz) and found that on average the effect of AMD on
POz amplitudes diminished by up to 46 %. Recently
published results on dichoptic mfVEP responses in
multiple sclerosis [5] showed significantly longer
delays than those found in our series of AMD eyes;
however, mean amplitude attenuation was similar,
confirming previous reports [14, 32]. Results of
mfVEP recordings by Chen et al. showed that latencies
observed in retinal disease correspond closely to those
found in optic neuritis/multiple sclerosis. The reason
for the prolonged latency in multiple sclerosis relative
to maculopathy with our technique is uncertain. It may
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Fig. 8 ROC (AUC) + SE plots for the mean of n-worst
deviations for a exudative AMD and b non-exudative AMD
subjects from the normative data. Two parameters of the mean
response from the occipital channels (“Methods™”) which are
considered are amplitude and peak time. a represents deviations

be due to the difference in recording and analysis
method used and the variation in pathophysiology of
the macular disease investigated. Our results are in
agreement with a previous clinical study utilizing
multifocal pupillographic objective perimetry in the
same group of AMD subjects measured on the same
day as their mfVEP tests [24]. In this study, signifi-
cantly quicker time-to-peak responses were measured
in two of four regions in the central 6° of the visual field
(Fig. 3b) equivalent to approximately the central two
rings of our mfVEP stimulus (subtending =+ 3.7° of the
visual field). Mean retinal thickness values measured
by OCT tended to show more thickening in the central
1 mm diameter (central £ 3.3° of fixation) in exuda-
tive AMD eyes (14 of 19 eyes) corresponding to the
regions with quicker time-to-peak responses in both
mfVEP and mfPOP [24]. A possible mechanism for the
slight decrease in delay in VEP responses in central
regions of the patients is that as the rods die, there is
greater oxygen available to the cones as has been
shown in P23H rats [33, 34]. Even in bright light rods
consume considerable oxygen [35], and in the retinal
regions stimulated by our inner three rings, there are
normally about 4-5 times more rods than cones [36].
Cone-isolating ERGs from P23H rats diminish in size
out 550 post-natal days, but do not seem to show any
change in delay [34]. Thus, the rat cones seem to be
sustained by the extra oxygen if not accelerated.

The ROC analysis shown in Fig. 8 indicates that
amplitude deviations produced higher AUCs in eyes
with more severe damage. Interocular comparisons
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between regional responses of the left and right eyes compared
to normal eyes. That is, diseased eyes showed much greater
asymmetry between eyes than that of normal subjects.
b considers deviations of each region from the same eye

achieved higher diagnostic power than within-eye
deviations, suggesting that bilateral presentations may
potentially reduce AUC values. In advanced macular
disease, several regions would be expected to give
100 % sensitivity and specificity (Fig. 8a); however,
even considering the worst 20 regions in the field (akin
to the mean deviation), AUC values were approxi-
mately constant at 93 %. The AUC of 79.7 % obtained
for non-exudative AMD suggests that it preforms
slightly better than contrast sensitivity (69 %) and
SAP (60 %) in early AMD [37]. The observed
discrepancy between amplitude and delay deviations
for early- and late-stage AMD suggests that anatom-
ical disruptions to the outer retina in mild presenta-
tions may alter synaptic transmission affecting the
temporal component of the response initially. Similar
results in mfERG studies of early AMD [38] and
diabetic [39] eyes have been reported.

There were several limitations in this study.
Patients with exudative AMD develop an eccentric
fixation position known as preferred retinal locus [40,
41] (PRL) leading to poor fixation stability [42]. Our
results may not accurately reflect responses from test
regions in the exudative eye if a PRL is active;
however, recent evidence suggests that under dichop-
tic conditions ocular motor control is driven by the
better acuity eye and fixation stability improves in the
worse acuity eye [43]. A limitation of the mfVEP
technique is the dynamic range required to estimate
depths of scotomata. Accordingly, we applied tempo-
rally sparse stimuli to produce higher signal-to-noise
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ratios [19] than conventional contrast-reversing
mfVEP in order to maximize the dynamic range of
the signal and improve diagnosticity. In addition, the
sample size was relatively small, and selection criteria
restricted the inclusion of subjects with similar disease
presentations between eyes. Exudative AMD eyes
were all concurrently treated with ranibizumab intra-
vitreal injections; consequently, responses may have
been influenced by pharmaceutical agents and not
representative of the true disease state.

In conclusion, this study is the first demonstration
of significant reduction in mean mfVEP amplitudes
and response delays in the macular field in both
exudative and non-exudative AMD eyes. Peripheral
retinal areas were less affected (8.4°-23.0°); however,
there was a trend towards further decline beyond these
eccentricities. The diagnostic performance and
reduced testing duration of dichoptic mfVEPs suggest
that this technique may have clinical utility in
assessing early AMD and the long-term monitoring
of progression. Future investigations with larger study
samples are required to examine reproducibility and
spatial relationships between mfVEP abnormalities
and local retinal lesions.
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