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PURPOSE. Vernier displacement thresholds can be measured
with swept-parameter visual evoked potentials (sVEPs) and
may therefore be useful in pre- or nonverbal subjects. This
study was conducted to test whether sVEP vernier thresholds
are valid measures of the visibility of vernier offsets in two
different settings.

METHODS. Vernier acuity thresholds were measured psycho-
physically and electrophysiologically using square-wave grat-
ings containing vernier displacements modulated at 3.76 Hz.
The detectability of the vernier alignment cue was degraded by
introducing either gaps or standing offsets in the stimulus.
These manipulations were performed in normal-vision observ-
ers. In a second experiment, psychophysical and sVEP vernier
acuity were measured in amblyopic observers.

RESULTS. sVEP thresholds and overall amplitudes in normal
observers were strongly affected by the introduction of gaps or
standing offsets, as were psychophysical thresholds. Psycho-
physical and sVEP vernier offset thresholds were significantly
correlated in the amblyopic eyes, as were sVEP and optotype
interocular threshold differences. sVEP amplitudes of patients
with strabismus were lower than those of patients with aniso-
metropic amblyopia, even though optotype acuities were the
same in the two groups.

CONCLUSIONS. Vernier acuity thresholds derived from the sVEP
tap mechanisms that are specific for the relative position of
stimulus elements, and they correlate with perceptual visibility
in normal and amblyopic observers. Because of this correlation
and because sVEP thresholds can be measured without the
need for instruction or behavioral responses, they may be
useful in assessing visual function in pre- and nonverbal patients.
(Invest Ophthalmol Vis Sci. 2007;48:4070–4078) DOI:10.1167/
iovs.06-1368

Vernier acuity, the ability to discriminate the relative posi-
tions of features, is one of the visual hyperacuities and can

be measured psychophysically1–9 and with visual evoked po-
tentials (VEPs).10–20 Several psychophysical studies have re-
ported that vernier acuity is more strongly affected in ambly-
opia than is grating acuity,1–3,21–24 and it has also been
reported that vernier acuity correlates more precisely with
optotype acuity than does grating acuity.1,24 Vernier acuity
assessment is thus an alternative method for detecting and
quantifying amblyopia.

VEPs have the desirable property that they can be recorded
in pre- and nonverbal subjects. However, a necessary prereq-
uisite for any nonverbal test of visual function, including ver-
nier acuity, is that its results correlate with visibility in verbal
subjects who can reliably report their perceptual experience.
Several studies have reported VEP techniques for measuring
vernier acuity. Levi et al.,10 using transient VEPs, reported that
VEP vernier thresholds are similar to psychophysical thresh-
olds measured with the same stimulus. This initial work was
later confirmed and expanded.11,12 Steinman et al.11 showed
that introducing gaps and interfering lines reduces vernier VEP
responses in a fashion similar to the effects that these manip-
ulations have on psychophysical thresholds. A similar effect of
interfering lines was also found in another study.12 These early
VEP studies of vernier acuity used time-domain methods, in
which it is difficult to separate the vernier onset–offset re-
sponses from responses to simultaneously presented motion
cues. To avoid this problem, Norcia et al.14 used a combination
of the frequency-domain analysis method of Zemon and
Ratliff25,26 and a swept parameter presentation (sVEP). Norcia
et al. showed that sVEP vernier acuity correlate well with
psychophysical vernier acuity from the fovea to the near pe-
riphery and VEP amplitude decreases with increasing separa-
tion of features.14 However, psychophysical data was not pre-
sented for this comparison. Using a similar sVEP paradigm,
Chen et al.20 reported significant vernier acuity differences
between the amblyopic and fellow eyes of a group of children
whose thresholds were measured shortly after refractive error
correction but before the initiation of occlusion therapy. Am-
blyopia was diagnosed in most of their patients based on
optotype acuity (Lea chart), but vernier acuity was not assessed
psychophysically.

To assess further the validity of sVEP vernier thresholds as
neural correlates of perceptual thresholds, we measured the
covariation of sVEP and psychophysical thresholds over a
range of vernier acuities in normal-vision and amblyopic adults.
A range of thresholds was obtained in normal subjects by
degrading vernier sensitivity either by increasing the separa-
tion between features or by introducing standing offsets in the
position of the elements composing the targets. Both these
manipulations produced systematic decreases in sVEP and psy-
chophysical vernier acuity. We also compared psychophysical
and electrophysiological estimates of vernier acuity in a group
of patients with amblyopia who had a large range of optotype
acuity. We found that sVEP and psychophysical thresholds
were similarly affected in patients with amblyopia.

METHODS AND MATERIALS

Observers

The research protocol was approved by the Institutional Review Board
of the California Pacific Medical Center and conformed to the tenets of
the Declaration of Helsinki. Written informed consent was obtained
from the observers after the VEP recording and psychophysical proce-
dures were explained.

Eight normal-vision observers between 24 and 52 years of age
(mean, 42.5 � 8.5) and 36 patients with amblyopia between 18 and 68
years of age (mean, 41 � 13.8) participated. All participants underwent

From The Smith-Kettlewell Eye Research Institute, San Francisco,
California.

Supported by National Eye Institute Grants K23EY000384 (WVG),
EY0115228 (WVG), and EY06579 (AMN).

Submitted for publication November 13, 2006; revised February
28 and April 16, 2007; accepted June 13, 2007.

Disclosure: C. Hou, None; W.V. Good, None; A.M. Norcia, None
The publication costs of this article were defrayed in part by page

charge payment. This article must therefore be marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Corresponding author: Chuan Hou, The Smith-Kettlewell Eye Re-
search Institute, 2318 Fillmore Street, San Francisco, 94115;
chuanhou@ski.org.

Investigative Ophthalmology & Visual Science, September 2007, Vol. 48, No. 9
4070 Copyright © Association for Research in Vision and Ophthalmology

Downloaded from iovs.arvojournals.org on 02/08/2024



refraction refracted under noncycloplegic conditions by a pediatric
ophthalmologist (WVG or CH) before the experiments. Visual acuity
was evaluated with a constant crowding logMAR (logarithm of the
minimum angle of resolution) chart (Bailey-Lovie) and was measured
with best optical correction. Stereo acuity was measured with Randot
stereotests (Stereo Optical Co., Inc., Chicago, IL). All normal-vision
observers had 0.0 logMAR (20/20) or better optotype acuity in each
eye and stereo acuity of at least 30 arc sec. They also had no prior
history of strabismus, amblyopia, or any other eye diseases. The mean
optotype acuity in normal-vision observers was �0.05 � 0.03 logMAR
in the dominant eye and �0.025 � 0.02 logMAR in the nondominant
eye.

In the observers with amblyopia, horizontal, and vertical angles of
deviation were quantified with a prism cover test at 0.3 and 6 m, with
and without optical correction. During unilateral and alternating cover
tests, each eye was covered for at least 5 seconds. The presence of
eccentric fixation in the amblyopic eye was determined with a visuo-
scope while the fellow eye was occluded. Monocular fixation of more
than 0.5° from the center of the fovea was classified as eccentric
fixation. Stability of fixation was also judged during visuoscopy. Inclu-
sion criteria for observers with amblyopia included: (1) 0.1 logMAR
(20/25) or worse acuity in one eye, with the other eye being 0 logMAR
or better; (2) no history of visual deprivation (e.g., cataract, ptosis); and
(3) no other eye disease (e.g., cataract, glaucoma, lens implant). We
recruited patients with a large range of optotype acuity from 0.1
(20/25) to 1.2 logMAR (20/300). Mean acuity was 0.54 � 0.05 (SEM)
logMAR in the amblyopic eyes and �0.06 � 0.01 (SEM) logMAR in the
fellow eyes. The observers with amblyopia were classified, based on
clinical criteria, into anisometropic or strabismic groups. Patients with
anisometropia and strabismus were grouped with those with only
strabismus for analysis. Amblyopic observers with unequal refractive
error between the two eyes of at least 1 D in any meridian and with no
constant ocular deviation or history of strabismus surgery were classi-
fied as having anisometropic amblyopia (n � 20). Amblyopic observers
with a constant ocular deviation or a history of prior strabismus
surgery, with or without anisometropia were defined as having stra-
bismic amblyopia (n � 16). The mean optotype acuity in the aniso-
metropic group was �0.07 � 0.02 (SEM) logMAR in the fellow eye and
0.56 � 0.07 logMAR in the amblyopic eye. The mean optotype acuity
in the strabismic group was �0.06 � 0.02 logMAR in the fellow eye
and 0.51 � 0.06 logMAR in the amblyopic eye. There were no signif-
icant differences in optotype acuity between anisometropic and stra-
bismic groups (P � 0.72 in the fellow eye and P � 0.58 in the
amblyopic eye). Refractive errors were fully corrected for the testing
distance (150 cm) in all observers during the experiments. Details
regarding the patients are shown in Table 1 along with their logMAR
acuity.

Stimuli

Stimulus generation and signal analysis were performed by in-house
software running on separate computers (both Power Macintosh G3;
Apple Computer, Cupertino, CA). Horizontal square-wave luminance
gratings containing vertical vernier displacements were generated on a
multisync video monitor (1600 � 1200 pixels; 60 Hz vertical refresh,
video bandwidth, 150 MHz; MRHB2000; Richardson Electronics, Inc.,
LaFox, IL) at a space average luminance of 110 cd/m2 and a Michelson
contrast of 80%. The vernier onset–offset stimuli (Figs. 1a, 2) alter-
nated at 3.76 Hz between two states: a 2-cyc/deg collinear square-wave
grating (first state) and the same grating containing a set of vernier
displacements (second state). The distance between vernier breaks
was 0.5°. Viewing distance was 150 cm, which generated a display size
of 12° � 9° yielding approximately 400 offsets. A small fixation point
in the center of the stimuli was given during the experiments.

A control stimulus with the same amount of motion as the vernier
onset–offset test condition consisted of symmetric vernier displace-
ments of the moving elements relative to the static elements (Fig. 1b).
The difference between these two displays was only that the alterna-

tion occurred between the symmetrical upward- and downward-offset
gratings in the local transient control stimulus (Fig. 1b) instead of the
collinear and offset gratings in the vernier onset–offset stimulus (Fig.
1a). The configuration shown in Figure 1a served as the baseline
condition for the gap and standing-offset experiments and was the
primary measure in the amblyopes. The baseline condition shown in
Figure 1a and local transient control condition in Figure 1b in the
present study were similar to stimuli used in previous studies.14,20

To obtain sVEP voltage versus displacement functions, vernier
displacement was systematically increased from 0.25 to 4 arc min in 10
logarithmic steps over a period of 10 seconds in both test and control
conditions in the normal-vision observers and the fellow eyes of ob-
servers with amblyopia. The sweep range was 0.5 to 8 arc min in the
amblyopic eyes of most observers (n � 29). Larger displacement
ranges were used for the amblyopic eyes of observers with deep
amblyopia (n � 7).

Gap Stimulus. In the gap experiment, a series of vertical mean
luminance gaps was introduced at the location of the vernier breaks
(Fig. 2a). Gap sizes of 0, 1, 2.5, 3.5, 5, 10, and 20 arc min were used in
sVEP recording but only gap sizes of 1, 2.5, and 3.5 arc min were used
in the psychophysics, because the gaps beyond 5 arc min reduced the
sVEP amplitudes to levels at which thresholds could not be estimated
reliably. The 0.25- to 4-arc min sweep range was used.

Standing-Offset Stimulus. In the standing-offset experiment,
the relative position of the static and jittered panels was progressively

TABLE 1. Optotype Acuity of Observers with Amblyopia

Subject* Fellow Eye Amblyopic Eye

1 �0.1 0.1
2 �0.1 0.5
3 0 0.5
4 0 0.2
5 0 0.1
6 �0.1 0.3
7 �0.1 0.4
8 0 1.2†
9 �0.2 0.8

10 0 0.8
11 0 0.8
12 �0.1 0.4
13 �0.1 0.5
14 �0.2 0.7
15 �0.1 0.2
16 0 1
17 0 0.5
18 �0.2 0.8
19 0 0.4
20 0 1.1
21 0 0.5‡
22 0 0.7‡
23 �0.2 0.8‡
24 0 0.3
25 0 0.3
26 0 0.3
27 �0.1 0.8
28 �0.2 0.7†‡
29 0 0.6‡
30 �0.2 0.7‡
31 0 0.4
32 0 0.4
33 �0.1 0.1
34 �0.1 0.6
35 0 0.8†‡
36 0 0.2

* 1–20, observers with anisometropic amblyopia; 21–36, observ-
ers with strabismic amblyopia or mixed strabismic and anisometropic
amblyopia.

† Unsteady fixation.
‡ Eccentric fixation.
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shifted away from perfect alignment, and the display thus alternated
between two different values of misalignment at each step in the
sweep (Fig. 2b). Standing offset sizes of 0, 0.2, 0.4, 0.8, 1.25, 2, and
3.75 arc min were used. A 3.75-arc min direction shift is the maximum
unambiguous one for a 2-cyc/deg grating. The 0.25- to 4-arc min sweep
range was used.

sVEP Recording

Gold-cup surface electrodes (F-E5GH; Grass Telefactor, West Warwick,
RI) and a model 12 A5 amplifier (Grass Telefactor) were used to record
the EEG at a gain of 50,000. An amplitude band-pass filter setting of 0.3
to 100 Hz was used. Three electrodes were placed over the occipital
pole at O1, OZ, and O2 of the 10-10 electrode placement system.27

Reference and ground electrodes were placed at CZ and PZ, respec-
tively. Differential voltages were measured between the reference (CZ)
and the electrodes placed at O1, OZ, and O2. Bipolar differences were
also measured between O1 and OZ and between O2 and OZ. The
derivations (hereafter termed “channels”) were thus O1–CZ, Oz–CZ,
O2–CZ, O1–OZ, and O2–OZ. Impedance was measured and maintained
below 10 K�.

sVEP Signal Analysis

sVEP signal analysis was similar to the procedure described previous-
ly.20 In brief, a recursive least square (RLS) adaptive filter28 was used to
determine sVEP amplitude and phase for the first several harmonics of
the 3.76-Hz stimulus frequency. All stimulus conditions were swept-
parameter conditions. Vernier offset displacements were swept in
logarithmic steps over a 10.6-second recording period (hereafter
termed the trial) divided into 10 sequential epochs of 1.06-second
duration (hereafter termed bins). We recorded eight 10.6-second trials
for each stimulus condition. Voltage-versus-displacement functions

were obtained by coherently averaging the spectral coefficients for
each bin across trials for each observer, channel, harmonic, and stim-
ulus condition. These functions were used to estimate thresholds for
each observer’s individual conditions and were also averaged coher-
ently across observers, to obtain group response functions.

VEP Threshold Estimation

For each swept stimulus condition of each observer, response thresh-
olds were estimated by regression of amplitudes from the trial-average
bins in which the response increased linearly to the point of stimulus
visibility. The range of bins eligible for regression depended on the
statistical significance and phase consistency of the response according
to a modification of a previously published algorithm.29 The regression
range was limited to those bins in which the criteria described in
previous study20 were met. Once the regression range was established,
the threshold was determined by extrapolating the regression line to 0
response amplitude. When applied to spectral data from background
EEG, these criteria yield a 5% false-alarm rate over a full set of harmon-
ics and recording channels (data not shown).

The sVEP group thresholds (Fig. 7) were determined in two ways.
First, we applied the regression procedure to the sweep response
function of each individual observer. For those individuals whose
response functions passed the regression criteria for a given stimulus
condition, we calculated the mean and SE of the resultant thresholds.
This quantity is hereafter termed the sVEP average-individual thresh-
old. The method for calculating sVEP average-individual threshold was
the same as the method used in the study of Chen et al.20 Because we
were not able to estimate a threshold for all observers in all conditions
from their individual thresholds, we also calculated thresholds by first
averaging the sweep response functions of the individual observers,
followed by the regression. This second quantity is termed the sVEP

FIGURE 1. sVEP stimuli without
gaps or standing offsets for the ver-
nier onset–offset (a) and local tran-
sient (b) conditions. Square-wave
gratings contained vernier displace-
ments of every other column of the
grating, which alternated between
two states (also, see Fig. 2) at 3.76
Hz. Over a period of 10 seconds, the
size of the displacement was in-
creased from 0.25 to 4 arc min in 10
equal logarithmic steps for normal-
vision observers and the fellow eyes
of observers with amblyopia. Larger
displacement ranges were used for
the amblyopic eyes of the patients.
There were approximately 400 ver-
nier offsets over the 12° � 9° display
area.

FIGURE 2. Gaps (a) and standing off-
sets (b) were introduced at the loca-
tion of the vernier displacements. The
offsets used are indicated to the left of
each panel. When gaps were intro-
duced at the location of the vernier
displacements, the square-wave grat-
ings still contained vernier displace-
ments that alternated between aligned
and misaligned at 3.76 Hz. When
standing offsets were introduced, the
relative position of the static and dis-
placed panels was progressively
shifted away from perfect alignment,
and the display thus alternated be-
tween two different values of misalign-
ment at each step in the sweep.
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group-average threshold. In this analysis, each observer contributed
equally to all conditions. Error bars in the figures depicting sweep
responses are vector standard errors of the vector mean. A jackknife
procedure30 was used to estimate the threshold standard errors and the
slopes of the regression line. The average amplitude at frequencies
0.94 Hz above and below each response harmonic frequency was used
to estimate the background EEG noise level.

Psychophysical Procedure

The same spatial and temporal parameters from the sVEP recordings
were used in the psychophysical measurements. A two-alternative,
forced-choice (2AFC) staircase was used to estimate the 82% correct
level of the psychometric function. The vernier onset–offset configu-
ration defined the target interval and the symmetrically jittered offsets
defined the null interval (Fig. 3). The size of the vernier offset in both
target and null intervals was the same, and both were changed by the
same amounts during the staircase procedure. This comparison en-
sured that the threshold discrimination was based on the relative
position of the static and dynamic elements of the display. The moving
regions of the display were temporally modulated at 3.76 Hz and the
target and null intervals were each presented for 1 second with tones
indicating the beginning and end of each interval. The observer’s task
was to indicate which interval contained the target. For normal-vision
observers, the staircase values ranged from 1 to 0.05 arc min in the
baseline vernier acuity condition and also when gaps (1, 2.5, and 3.5
arc min) and standing offsets (0.2, 0.4, 0.8, 1.25, 2, and 3.75 arc min)
were introduced at the location of the vernier breaks (Fig. 2). We
tested only the smallest three gaps because the larger gaps had reduced
the sVEP amplitudes to levels where thresholds could not be estimated

reliably. For the observers with amblyopia, the staircase values ranged
from 1 to 0.05 arc min in the fellow eyes and 2 to 0.1 arc min in the
amblyopic eyes of most observers with amblyopia (n � 29). Higher
starting values were used in the deeply amblyopic eyes (n � 7).

In the first experiment, both sVEP and psychophysical procedures
were performed binocularly in the normal-vision observers, to deter-
mine whether the two vernier thresholds were similarly affected by
degrading the detectability of the vernier alignment cue, either by
introducing gaps or standing offsets in the stimulus. All eight normal-
vision observers had sVEP recordings, and four of them finished the
psychophysical measures. In the second experiment, we observed the
covariation of monocular sVEP and psychophysical vernier thresholds
in all 36 patients with amblyopia. The nonviewing eye was occluded
with black eye patch during the second experiment.

RESULTS

sVEP Signature of Position Sensitivity

Because the sVEP vernier stimulus contains local motion, con-
trast, and luminance cues, as well as vernier offset cues, it is
important to establish which components of the response are
specific to the position of the stimulus features. To do this, we
compared responses from the vernier onset–offset baseline
condition (Fig. 1a) to those obtained in the control condition
(local transient control) which had the same range of stimulus
displacements but that never resulted in an aligned state of the
pattern (Fig. 1b). In this control stimulus, the display differed
from the vernier onset–offset test condition in that the alter-
nation occurred between symmetrical upward- and downward-
offset gratings instead of between collinear and offset gratings.
Figure 4 plots vector averaged sVEP amplitude as a function of
displacement for the vernier onset–offset and local transient
stimuli across eight normal-vision observers at the first har-
monic (Fig. 4a) and at the second harmonic (Fig. 4b). Because
there are motion and dynamic contrast cues present in both
the local transient control and vernier onset–offset test stimuli,
both stimuli produced second-harmonic responses. However,
only the vernier onset–offset stimulus produced a reliable
first-harmonic response. This result indicates that the first-
harmonic component arises from mechanisms that encode
spatial aspects of the stimulus. The second-harmonic compo-
nent is presumably generated by a mixture of motion and
contrast responses. Of interest, the amplitude of the second-
harmonic responses in the vernier onset–offset condition was
larger than in the local transient condition, although the same
amount of motion and contrast change occurred in both stim-
uli. This finding indicates that the second-harmonic response
to the motion cue is also sensitive to the spatial configuration

FIGURE 3. Psychophysical stimuli for 2AFC procedure. The baseline
condition (no gap or standing offset) is illustrated. Vernier offsets that
appeared and disappeared defined the target interval. Symmetrically
jittered offsets defined the null interval. A 2AFC staircase was used to
estimate the 82% correct level of the psychometric function.

FIGURE 4. Vector averaged sVEP am-
plitudes as a function of displacement
for vernier onset–offset stimuli and lo-
cal transient stimuli across eight nor-
mal-vision observers. Error bars plot
SEMs. Dashed lines: EEG background.
(a) Only vernier onset–offset stimuli
produced a reliable first-harmonic re-
sponse. (b) Both vernier onset–offset
stimuli and local transient stimuli pro-
duced second-harmonic responses,
but the amplitude of second-harmonic
response in the vernier onset–offset
condition was larger than in the local
transient condition, even though the
same amount of motion was present in
both stimuli.
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of the target. However, in contrast to the first harmonic, the
second harmonic is not uniquely or exclusively dependent on
the relative position of the stimulus elements. We also exam-
ined the third-, fourth-, and fifth-harmonic responses. These
higher harmonic responses showed low signal-to-noise ratios
and less reliable responses to the stimuli. Because of the spec-
ificity of the first harmonic to relative position and its higher
signal-to-noise-ratio, it was used in the remainder of the analy-
sis.

sVEP Gap and Standing-Offset Effects

The introduction of either gaps or standing offsets caused
substantial reductions in the amplitude of the sVEP. Figure 5 is
a plot of the vector-averaged sVEP amplitude as a function of
vernier displacement across eight normal-vision observers at
the first (Figs. 5a, 5b) and second harmonics (Figs. 5c, 5d). The
error bars indicate the SEM. The solid lines are the regression
lines used to estimate threshold for a subset of the conditions.
The different conditions are color-coded according to the leg-
end provided in the figure. Figures 5a and 5c show the effect
of gaps, and Figures 5b and 5d show the effects of standing
offsets. Overall, sVEP amplitudes at both the first and second
harmonic were affected by the introduction gaps or standing
offsets, with the first harmonic being more strongly affected
than the second.

For the first harmonic in the gap experiment (Fig. 5a), the
sVEP amplitude with abutted targets showed the highest re-
sponse and lowest threshold (0.649 � 0.044 arc min). sVEP
amplitude systematically decreased, and group thresholds sys-
tematically increased at gap sizes of 1, 2.5, and 3.5 arc min
(0.873 � 0.072, 1.085 � 0.094, and 1.635 � 0.241 arc min,
respectively). Threshold differences between the average re-
sponses to each pair of successive gap sizes were all significant

(P � 0.039, 0.005, and 0.012, respectively). The sVEP ampli-
tude dropped to the noise level beyond the 5-arc-min gap and
did not pass the criteria for regression analysis.

In the standing-offset experiment, both first (Fig. 5b) and
second (Fig. 5d) harmonic sVEP amplitudes did not decrease
until 0.8 arc min of offset. At larger standing offsets, sVEP
amplitudes systematically decreased with increasing standing
offsets from 1.25 to 3.75 arc min. The first harmonic thresholds
of the average response functions depended on the magnitude
of the standing offset of the vernier stimulus. For the smallest
standing offset, the thresholds decreased from the baseline (no
offset) condition to a minimum of 0.281 � 0.024 at the 0.4-arc
min standing-offset condition. Thresholds then rose as larger
standing offsets (0.8, 1.25, 2, and 3.75 arc min) were intro-
duced, with the highest threshold, 1.316 � 0.262, occurring at
the largest offset (3.75 arc min). As a crude estimate of the
tuning of the threshold versus standing-offset function, we
note that the minimum threshold at 0.4-arc min offset was
significantly smaller than the thresholds at 0-arc min offset (P �
0.001) and at 0.8-arc min offset (P � 0.005).

For a direct comparison of the effects of gaps and standing
offsets, we replotted the last bin amplitudes (the amplitudes
measured for the largest vernier offset in the sweep) from
Figure 5 on the same scale (Fig. 6). We did not measure the
effect of gaps smaller than 1 arc min because of display limi-
tations and did not measure standing offsets beyond 3.75 arc
min because the direction of offsets larger than this is ambig-
uous. For both first- (Fig. 6a) and second- (Fig. 6b) harmonic
responses, the amplitudes decreased with increasing gap and
standing-offset sizes. For the overlapping part of the gap and
standing-offset scales (between 1 and 3.75 arc min), the first-
and second-harmonic responses showed similar reductions for
both gaps and standing offsets, indicating that the introduction

FIGURE 5. Vector-averaged sVEP am-
plitudes as a function of displacement
for vernier onset–offset for (a, c) gap
and (b, d) standing-offset experiments
at the first (a, b) and second harmon-
ics (c, d) across eight normal-vision
observers. Error bars, SEM. Solid lines:
the regression lines for color-coded
stimulus condition. sVEP amplitudes
decreased with increasing gaps and
standing offsets for both first- and sec-
ond-harmonic responses. The first har-
monic was more strongly affected than
the second harmonic.
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of comparable coaxial gaps or standing offsets produced sim-
ilar reductions in response amplitude.

Comparison of sVEP and Psychophysical
Vernier Thresholds

Separating the static and moving elements of the display by
introducing gaps produced similar elevations in both psycho-
physical and VEP vernier thresholds. Figure 7 is a plot of sVEP
average individual-thresholds, group-average thresholds at the
Oz–Cz derivation, and psychophysical thresholds from the four
observers who had both sVEP and psychophysical measures.
The data for the gap experiment are shown in Figure 7a. For
the sVEP average individual-thresholds in Figure 7a, all eight
observers had measurable sVEP thresholds for the baseline
condition and for the 0.1- and 2.5-arc min gaps and six of eight
had measurable sVEP thresholds for the 3.5-arc min gap. The
rate of increase of the sVEP group average thresholds, to which
each observer contributed equally, and the psychophysical
thresholds did not differ significantly (t � 2.2; P � 0.09). The
rate of increase was determined by the slope of the regression
lines (dashed lines for sVEP group average thresholds and solid
lines for psychophysical thresholds) for the gap and offset
experiments (Figs. 7a, 7b, respectively).

Similar to the effects of gaps, the addition of standing offsets
between the static and moving elements also produced eleva-
tions in both psychophysical and VEP thresholds. The data for
the standing-offset experiment are shown in Figure 7b. For the
sVEP average individual-thresholds, all eight observers had

measurable sVEP thresholds at 0 (the baseline condition), 0.2,
and 0.4 arc min. sVEP thresholds were obtained in seven of
eight observers at 0.8- and 1.25-arc min shifts, in six of eight at
2 arc min and in four of eight at 3.75 arc min. The rate of
increase in threshold with increasing offset was the same for
psychophysical and sVEP group-average thresholds (t � 0.40,
P � 0.71).

sVEP and Psychophysical Vernier Acuity
in Amblyopia

Monocular sVEP and psychophysical vernier acuity thresholds
were measured in the baseline condition (no gaps or standing
offsets) for both amblyopic and fellow eyes of patients with
amblyopia. Figure 8 shows vector-averaged first-harmonic sVEP
amplitudes as a function of displacement for the fellow (Fig.
8a) and amblyopic (Fig. 8b) eyes for the 15 observers with
anisometropic amblyopia, and the 14 observers with strabismic
amblyopia who provided data on the standard vernier displace-
ment sweep ranges (0.5–8 arc min in the amblyopic eyes and
0.25–4 arc min in the fellow eyes). The response function was
of lower amplitude in the amblyopic eyes (Fig. 8b) compared
with the fellow eyes (Fig. 8a) in both the anisometropic and
strabismic groups, with the amplitude difference increasing as
vernier displacement increased. The amplitudes of the strabis-
mic group were lower than those of the anisometropic group
in both fellow and amblyopic eyes, even though there were no
significant differences between the two groups on optotype

FIGURE 6. Replot of the last bin am-
plitudes (the amplitudes measured at
4-arc min vernier displacement) from
Figure 5 for the first (a) and second
(b) harmonics on the same scale for
both gap and standing-offset experi-
ments. Error bars, SEM. Dashed lines:
EEG background. Both first- and sec-
ond-harmonic response amplitudes de-
creased with increasing gap/standing-
offset size. The first- and second-
harmonic responses showed similar
reductions for the overlapping part
of gap and standing-offset scales (be-
tween 1 and 3.75 arc min).

FIGURE 7. Comparison of sVEP and
psychophysical thresholds for the
gap (a) and standing offset (b) exper-
iments. Error bars, SEM. Dashed
lines: are the regression lines for
sVEP group average thresholds; solid
lines: the regression lines for psycho-
physical thresholds. sVEP data are
from the Oz–Cz derivation. In the gap
experiment (a), sVEP group average
thresholds and psychophysical thresh-
olds increased at a similar rate with
increasing gap size. In the standing-
offset experiment (b), sVEP group
average thresholds and psycho-
physical thresholds increased by
similar amounts over the range of
standing offsets tested.
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acuity, psychophysical vernier acuity, or sVEP vernier acuity
(Table 2).

The sVEP and psychophysical vernier acuity thresholds of
all 36 fellow and amblyopic eyes are shown in Figure 9a
(anisometropic group, n � 20; strabismic group, n � 16).
Interocular threshold differences for the two measures are
compared in Figure 9b. Figure 9c plots sVEP and psychophys-
ical interocular threshold differences for each observer as a
function of their interocular differences in optotype acuity. In
Figure 9a, sVEP thresholds correlated significantly with psycho-
physical thresholds in the 36 amblyopic eyes (r � 0.65, P �
0.0001) and within the anisometropic (r � 0.78, P � 0.0001)
and strabismic subgroups (r � 0.51, P � 0.05). The 36 fellow
eyes showed no correlation between sVEP thresholds and
psychophysical thresholds (r � 0.26, P � 0.05), which is not
surprising, given the limited range of acuities in the fellow
eyes. In two of the patients, the disagreement between sVEP
and psychophysical thresholds was a full log unit. The opto-
type acuities in these patients were 20/40 and 20/50, in line
with the VEP result, suggesting that the psychophysical thresh-
olds were limited by task-performance factors beyond the vis-
ibility of the targets. The correlations just provided included
these two patients.

In Figure 9b, sVEP interocular threshold differences also
correlated with psychophysical vernier interocular differences
in the full group of patients (r � 0.76, P � 0.0001) as well as
in the anisometropic (r � 0.81, P � 0.0001) and the strabismic
(r � 0.71, P � 0.001) groups.

We also compared sVEP and psychophysical vernier acuity
interocular differences to the optotype interocular acuity dif-
ferences (Fig. 9c) and found similar correlations between the
two vernier acuity measures and the optotype measure. The
correlation coefficient relating sVEP and optotype interocular
differences was 0.67 (P � 0.0001) and that relating psycho-
physical vernier and optotype interocular acuity differences
was 0.72 (P � 0.0001).

DISCUSSION

Vernier Onset–Offset versus Control Responses

This study has shown that the first harmonic of the sVEP
vernier acuity paradigm is dependent on the relative position
of the stimulus features. As in previous studies,14,15,20 we have
found that symmetric displacement of the moving elements of
an offset grating relative to the stationary elements eliminates
the first harmonic of the response. The only difference be-
tween the asymmetric alignment-misalignment pattern of the
vernier acuity stimulus and the symmetric misalignment–mis-
alignment pattern of the control stimulus is the relative posi-
tion of the dynamic and static parts of the display. Similar to
previous studies, we showed that the relative position of the
static and moving elements of the display has been encoded all
the way down to threshold. The absolute thresholds we ob-
served were well under 1 arc min and are thus in the range of
the other hyperacuities.9

The present study, unlike a previous study14 has shown that
the magnitude of the second harmonic is also sensitive to the
relative position of the moving and stationary elements of the
display (Figs. 4b). Although both the first and second harmon-
ics are sensitive to relative position, the first harmonic is more
specifically interpretable as a position signal, because it is
eliminated in the local transient control condition, whereas the
second harmonic is not. The second-harmonic response of the
vernier onset–offset stimulus depends less on retinal eccentric-
ity than does the first harmonic, and it may derive from mech-
anisms responsible for the detection of relative motion.14

Changing the position of the static elements of the display
relative to the dynamic elements leads to differences in several
possible cues, such as collinearity versus noncollinearity when
the stimuli are described in the space domain and changes in
the spatial frequency and orientation of spectral components
when the stimuli are described in the frequency domain. Our
experiments do not directly determine which cues underlie

FIGURE 8. Vector-averaged, first-har-
monic sVEP amplitudes as a function
of displacement for fellow eyes (a) and
amblyopic eyes (b) in 15 observers
with anisometropic amblyopia and 14
observers with strabismic amblyopia.
Error bars, SEM. Dashed lines: EEG
background level. The fellow eyes (a)
showed larger amplitudes in response
to vernier onset–offset stimuli than the
amblyopic eyes (b) for both anisome-
tropic and strabismic groups, with the
amplitude difference increasing as ver-
nier displacement increased. The am-
plitudes of strabismic group were
lower than those of the anisometropic
group in both the fellow and ambly-
opic eyes.

TABLE 2. Comparison of Anisometropic and Strabismic Amblyopes Who Provided Data in Figure 8

sVEP Threshold Psychophysical Threshold Optotype Acuity

Fellow Eye Amblyopic Eye Fellow Eye Amblyopic Eye Fellow Eye Amblyopic Eye

Aniso �0.47 � 0.04 �0.22 � 0.07 �0.3 � 0.07 0.16 � 0.06 �0.07 � 0.02 0.43 � 0.06
Strab �0.41 � 0.03 �0.12 � 0.07 �0.42 � 0.08 0.09 � 0.09 �0.04 � 0.02 0.48 � 0.06
P 0.23 0.28 0.26 0.48 0.14 0.54

Data are the mean logMAR � SEM.
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the VEP response or the psychophysical discrimination, but
they do show that the two co-vary over a range of thresholds in
both normal and amblyopic observers.

Covariation of VEP Vernier Responses
and Perception

Our study and previous ones have used covariation of psycho-
physical performance and VEP responses in situations where
manipulations of the stimulus conditions lead to changes in
visibility. The logic here is that if the two co-vary, they must be
sharing common mechanisms. It has been shown that the
amplitude of the VEP response to suprathreshold vernier off-
sets can be reduced by the introduction of gaps14 as can
psychophysical thresholds.7 In the present study, gaps had
comparable effects on threshold performance within the same
observers viewing the same stimuli, further establishing a con-
nection between the sVEP vernier threshold and psychophys-
ical visibility. Steinman et al.11 found a similar effect of gaps
with the transient vernier-VEP using a 7.5-arc min gap and line
targets, as did Zemon and Ratliff26 with the windmill–dart-
board target. In our gap experiments, the second harmonic
degraded with increasing gaps, too, but this harmonic was not
measured in previous sVEP recordings.14 The sVEP vernier
paradigm also shows specificity for the standing-offset position
of stimulus features. Here again, sVEP and psychophysical
thresholds increased at comparable rates, especially for large
standing offsets.

In a similar vein, thresholds measured from the first har-
monic of the vernier VEP (using methods very similar to those
of the present study) show another hallmark characteristic of
the family of positional hyperacuities: VEP thresholds mea-
sured at the first harmonic are well below the limit set by the
photoreceptor lattice in the fovea (15–20 arc sec vs. 1 arc min),
and they fall off rapidly with retinal eccentricity, as do psycho-
physical left–right position judgments on the same stimuli.14

The second harmonic showed a shallower eccentricity func-
tion and that study thus concluded that the first and second
harmonics were generated by different mechanisms.

The first harmonic of the vernier VEP is also sensitive to the
relative position of stimuli placed in the other eye (retinal
disparity).31 A static, offset-grating placed in one eye greatly
reduces the amplitude of the vernier VEP first harmonic mea-
sured from a vernier onset–offset stimulus in the other eye.

This effect is not due to contrast masking (a low level effect),
but rather is dependent on interocular disparity (a type of
relative position). The dichoptic experiment is also relevant to
the question of whether spatial position has been encoded by
the vernier VEP generator. The addition of a shifted grating in
one eye to the vernier alignment–misalignment stimulus in the
other eye produces a perceptual shift in the apparent visual
direction of the stimulus elements: A physically aligned stimu-
lus on the retina appears to be misaligned, as well as in depth.
The observation of a reduction of the first harmonic to a
stimulus that alternates between two states that are perceptu-
ally misaligned is similar to that observed when the two states
are physically misaligned as in the standing-offset experiment
of the present study. Psychophysical thresholds are also ele-
vated for a similar dichoptic stimulus arrangement.32The re-
sults of Norcia et al.31 indicate that the Vernier VEP arises after
the site at which visual direction (e.g., perceived position) is
computed.

sVEP Vernier Offset Responses in Amblyopia

Establishing that the sVEP tracks the visibility of degraded
stimuli in normal observers does not guarantee that it will also
track the visibility of full-cue stimuli in patients with degraded
visual systems. We have shown that the sVEP threshold is
correlated with the visibility of vernier offsets in adults with
amblyopia. sVEP thresholds were correlated with psychophys-
ical thresholds in both subgroups of amblyopic eyes. More-
over, sVEP interocular differences were also correlated with
optotype acuity interocular differences in amblyopic patients,
indicating that the sVEP vernier thresholds can predict opto-
type acuity, at least in patients with amblyopia.

Beyond its use in threshold measurement, the sVEP also
provides a response function that describes visual activity at
suprathreshold levels. We found that both fellow and ambly-
opic eyes of the patients with strabismus showed lower ampli-
tudes than those of the patients with anisometropic amblyopia,
even though the optotype acuity and vernier acuities of the
two groups were the same. This finding indicates that suprath-
reshold VEP amplitude provides information that is indepen-
dent of the threshold values. Differences between groups in
the response to suprathreshold vernier offset adds to psycho-
physical results that have suggested that the two types of
amblyopia involve different mechanisms.1,24,33,34 Combining

FIGURE 9. Comparison of sVEP thresholds and psychophysical thresholds for vernier onset–offset stimuli without gaps and standing offsets across
each eye of the 36 patients with amblyopia. Solid lines: 1:1 ratio. (a) sVEP thresholds correlated significantly with psychophysical thresholds in
all 36 amblyopic eyes and in each subgroup. (b) sVEP threshold interocular differences were also significantly correlated with psychophysical
threshold interocular differences in the full group and in the sub-groups. (c) A similar correlation was found between the two vernier acuity
measures (sVEP and psychophysical thresholds) and the optotype measure.
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threshold measurements with a measure of suprathreshold
amplitude may provide additional diagnostic value and also
provide clues to the developmental processes underlying am-
blyopia with different etiologies.

CONCLUSION

The results of the present study further validate the use of the
sVEP vernier paradigm as a direct physiological measure of the
visibility of vernier offsets. Beyond threshold, the sVEP de-
tected differences between fellow and amblyopic eyes of pa-
tients with different types of amblyopia that could not be
accounted for by differences in optotype acuity. Because sVEP
vernier acuity can be measured without the need for instruc-
tion or behavioral responses, it may be useful in assessing
visual function in pre- and nonverbal patient populations and
for studying the early phases of the development of amblyopia
and its response to treatment.
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