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Abstract

Purpose: To compare visual field abnormalities obtained with standard automated perimetry (SAP)
to those obtained with the multifocal visual evoked potential (mfVEP) technique in strabismic
amblyopes.

Methods: Humphrey 24-2 visual fields (HVF) and mfVVEPs were obtained from each eye of 12
strabismic amblyopes. For the mfVEP, amplitudes and latencies were analyzed and probability plots
derived. Multifocal VEP and HVF hemifields were abnormal if they had clusters of 2 or more
contiguous points at p<0.01, or 3 or more contiguous points at p<0.05 with at least one at p<0.01.
An eye was abnormal if it had an abnormal hemifield.

Results: On SAP, amblyopic eyes had significantly higher foveal thresholds (p=0.003) and lower
mean deviation values (p=0.005) than fellow eyes. For the mfVEP, 11 amblyopic and 6 fellow eyes
were abnormal. Of the 11 amblyopic eyes, 6 were abnormal on SAP. The deficits extended from the
center to mid-periphery. Monocular mfVVEP latencies were significantly decreased for amblyopic
eyes compared to control eyes (p<0.0002).

Conclusions: Both techniques revealed deficits in visual function across the visual field in
strabismic amblyopes, but the mfVVEP revealed deficits in fellow eyes and in more amblyopic eyes.
In addition, mfVVEP response latencies for amblyopic eyes were shorter than normal.

Amblyopia is a developmental disorder characterized by decreased vision that cannot be
corrected by refractive means and is not accompanied by any overt pathology of the visual
system. It is one of the most common causes of decreased vision in childhood. Amblyopia is
associated with the presence of strabismus, anisometropia or form deprivation early in life and
is characterized by deficits in central visual function such as decreased visual acuity and
contrast sensitivity, as well as by visual field deficits. However, there is controversy regarding
the extent and depth of these visual field deficits. For example, Phillip and Mayer described
visual field deficits in strabismic and ansiometropic amblyopes ranging from central to
paracentral scotoma, whereas Sireteanu and Fronius reported finding central defects in
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strabismic amblyopes with no systematic deficits in the peripheral field.1: 2 Medhorn, who
evaluated the central 30 degrees in strabismic amblyopes, found both central and nasal defects
in patients with severe amblyopia but found no visual field defects in patients with visual acuity
better than 0.2 IogMAR.3 A more recent study using standard automated achromatic perimetry
(SAP) has challenged these earlier findings and has reported that amblyopia is associated with
a slight reduction in sensitivity across the visual field in strabismic and anisometropic
amblyopes.4

A relatively new technique, the multifocal visual evoked potential technique (mfVEP) can
provide an objective measure of the integrity of local regions of the visual field.5-8 As the
initial locus of neural dysfunction in amblyopia is known to occur in the visual cortex (V1)
and the mfVEP is largely generated in v1,8-11 this method provides an alternative way to
assess visual field abnormalities in amblyopia. Not surprisingly, many earlier studies using the
conventional VEP, which reflects activity in V1 and extrastriate cortex, have reported
abnormalities in amblyopes. These include increased latency and reduced response amplitudes.
12-15 However, the drawback of the conventional VEP is that it does not provide information
about the topography of amblyopic deficits. The multifocal VEP (mfVEP), an objective visual
field test, provides information about responses from local regions of the field.

The aim of this study is to compare the extent of visual field deficits measured with SAP to
those obtained with the mfVEP technique in patients with strabismic amblyopia.

Subjects and Methods

Subjects

Twelve subjects aged 19-70 years with strabismic amblyopia were recruited from the Eye
Clinic at Columbia Presbyterian Hospital and from the private practice of one of the authors
HE. Informed consent was obtained from all subjects before participation. Procedures adhered
to the tenets of the Declaration of Helsinki and the protocol was approved by the Columbia
University Medical Center Institutional Review Board for Human Research. In addition the
study and data collection complied with the Health Insurance Portability and Accountability
Act (HIPAA).

All subjects underwent complete ophthalmological and orthoptic examinations before testing.
The criteria for enrollment in the study included the presence of a manifest strabismus on cover
test and/or history of strabismus surgery. Amblyopia was defined as an inter-eye difference in
visual acuity of >2 Snellen lines (>0.2 logMAR). The clinical characteristics of the 12 subjects
are summarized in Table 1. Ten of the subjects had a diagnosis of esotropia, the two subjects
(P1 and P3) with exotropia had a prior history of esotropia and developed exotropia following
strabismus surgery at 6 and 2 years of age respectively. Four subjects had anisometropia of
more than 1.5D. With regard to the age of onset of strabismus, 9 subjects reported an onset of
strabismus from 2-3 years of age, and 2 (P3 and P12) an onset at 0-6 months. Only one (P6)
was unable to provide this information, he was unaware of a history of strabismus. Three
methods were used to assess fixation location; fundus photography with a fixation target,
visuoscopy, and recording the location and stability for a period of 30 seconds with the MP-1
microperimeter (Nidek Technologies Srl. Vigonza PD, ltaly). The tested eyes had steady or
unsteady foveal fixation with the exception of P9 and P12 who had eccentric fixation in the
amblyopic eye. For P9, fixation was 1-2° supero-nasal to the fovea and, for P12, fixation was
1-2° infero-nasal to the fovea. None of the patients had latent or manifest nystagmus.
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Standard Automated Perimetry

Standard automated achromatic perimetry was performed on all subjects with the Humphrey
Field Analyzer 1l (model 750, Carl Zeiss Meditec, Inc., Dublin, CA). Humphrey visual fields
(HVF 24-2 program SITA standard) were obtained on the same day as the mfVEP. In all cases
foveal thresholds were tested twice, once at the beginning and once at the end of the test. Pupil
position was continuously monitored and the amblyopic eye was always tested after the fellow
eye.

Multifocal VEP

The mfVEP was performed using VERIS 4.3 software (Electro-Diagnostic Imaging, San
Mateo, CA). The stimulus is shown in Fig.1. The dartboard pattern consisted of 60 sectors,
each with a checkerboard pattern of 16 checks, 8 white (luminance = 200 cd/m?) and 8 black
(luminance < 3 cd/m?2). The sectors were cortically scaled with eccentricity. The display had
a radius of 22.3° and it was displayed on a black and white monitor driven at a frame rate of
75 Hz. The 16-element checkerboard of each sector had a probability of 0.5 of reversing on
any pair of frame changes and the pattern of reversals for each sector followed a pseudo-random
(m) sequence. On every frame change (every 13.3 ms) each sector could reverse contrast or
stay at the same contrast. A refractor/camera was used to refract the subjects and monitor eye
position and stability throughout the test. Subjects fixated on the center of a black cross in the
middle of the display. Segments contaminated by eye movements, loss of fixation, unsteady
fixation and/or external noise were discarded and re-recorded.

The details of the mfVEP recording and analysis have been previously published [see Hood
and Greenstein® for a review]. Briefly three channels of recording were obtained
simultaneously with gold cup electrodes. Recording electrodes were placed at the inion, 4 cm
above the inion and at two lateral locations up 1 cm and over 4 cm from the inion. All three
channels were filtered with a high and low frequency cutoff of 3 Hz and 100 Hz (Grass
Instruments preamplifier P511J, Quincy, MA). An impedance of<5K was achieved for all
subjects. The mfVVEPs were low-pass filtered using a sharp cutoff at 35 Hz and a fast Fourier
transform technique. This and all other analyses were performed with programs written in
MATLAB (Math-Works Inc, Natick, MA). The mfVEP records were processed and an array
of best channel responses derived as previously described.’ 8 16 17 The amplitudes of each
of the 60 local responses were compared to a normative group 8 and interocular (comparison
of 2 eye ; and monocular probability plots, analogous to the HVF probability plots, were
derived. /8 The normative group comprised 100 individuals with visual acuity >20/30 in each
eye, normal HVFs, and no evidence of any ocular or systemic disease. They ranged in age from
21 to 92 years; the mean age was 49+13.6 years. There was no significant difference in age
between the group of 100 normal controls and the 12 subjects with strabismic amblyopia.
Figure 2 shows examples of mfVVEP responses together with interocular (Fig. 2 B) and
monocular probability plots (Fig. 2C and D) obtained from a patient (P8). The points in these
plots are positioned in the center of each of the 60 sectors of the display. A colored square
indicates that the decrease in the mfVVEP response amplitude was statistically significant at
either the 5% (>1.96 SD, desaturated color) or 1% (>2.58 SD, saturated color) level. On the
interocular plot (Fig. 2B) the color indicates whether it was the response of the left (red) or the
right (blue) eye that was significantly smaller than the fellow eye, compared to the mean and
standard deviation of the ratios of the root mean square (RMS) values for the 100 normal
subjects. In this case the responses for the left eye, the amblyopic eye were significantly smaller
than the responses for the right eye particularly within a radius of 10° from the fovea. On the
monocular plot the color indicates that the signal-to-noise ratio (SNR) values of the left (red)
or right (blue) eye for that location fell below the mean normal values. For P8 the monocular
plot for the left eye (Fig. 2C) shows that the responses for the left eye fell below the mean
normative values within a radius of 10°.

J AAPOS. Author manuscript; available in PMC 2008 April 29.



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

1duasnuey Joyiny vd-HIN

Greenstein et al.

Page 4

Monocular latencies were also measured using the method described in Hood et al.19 Briefly
to obtain a measure of the relative monocular latency of a response, a cross-correlation was
calculated between the patient's response and a template. A template was created for each
location, eye, and channel, and derived from averaging the responses of the group of 100 normal
subjects described above. 18,19 Records with small signal to noise ratios (< 0.23 log unit) or
with cross-correlation values of less than zero were excluded as previously described. 19 The
relative mfVEP latency values representing the shift in time (ms) that maximized the cross-
correlation with the template, with amplitude scaling of the template, were compared to those
obtained from each eye of a group of 23 age-similar normal control subjects. The 23 normal
controls had visual acuity >20/20 in each eye, binocular single vision, no evidence of any ocular
disease and ranged in age from 24-72 years, the mean age was 48.3+11.4 years. There was no
significant difference in age between the 23 normal controls and the 12 subjects with strabismic
amblyopia.

Cluster Criteria for Abnormal mfVEP and HVF

Results

To compare the visual field results obtained with the mf\VEP and HVF, the data from both tests
were analyzed in terms of hemifields. Each superior and inferior hemifield was subdivided into
two regions, a central 10° area (radius of 10°) and the remaining area out to approximately 20°
(see Fig. 4). A mfVEP hemifield was considered abnormal if it contained a cluster on the
monocular or interocular plot of 2 or more contiguous points at p<0.01, or 3 or more contiguous
points at p<0.05 with at least one point at p<0.01. The central 4 points were excluded from this
analysis. An eye was defined as abnormal when either the inferior or superior hemifield met
the abnormal cluster criteria.8: 20 Similar criteria were used for the HVF. A hemifield was
defined as abnormal if a cluster had 2 or more contiguous points at p<0.01, or 3 or more
contiguous points at p<0.05 with at least one point at p<0.01. An eye was defined as abnormal
when either the inferior or superior hemifield met the abnormal cluster criteria.

All 12 subjects had reliable SAP results for both amblyopic and fellow eyes. The criteria for
reliability were fewer than 20% fixation losses, 33% false positive and false negative responses.
For the HVF, foveal thresholds were significantly higher for amblyopic eyes compared to
fellow eyes (Wilcoxon matched pairs test p=.003) and mean deviation values were significantly
lower (Wilcoxon matched pairs test p=.005). Figure 3A shows the foveal threshold values for
the amblyopic and fellow eyes of the 12 patients. Thresholds were higher (i.e. foveal
sensitivities were lower) for 11 of the 12 amblyopic eyes (filled triangles) compared to their
fellow eyes (open triangles). One patient, P6 had the same threshold values for the amblyopic
and fellow eye. The mean deviation (MD) values for the HVF are shown in Fig. 3B. Mean
deviation values were lower for the amblyopic eye compared to the fellow eye for 10 patients.
For 5 patients, P2, P5, P7, P9 and P11, the mean deviation for the amblyopic eye was
significantly decreased compared to Humphrey visual field norms. For P2 and P5, MD was
decreased at the p<10% level, and for P7, P9 and P11 at P<0.5% (indicated by * in Fig. 3B).
The mean deviation was also decreased for the fellow eyes of P7 and P9 at p<2% and p<10%
respectively (both indicated by the # symbol in Fig. 3B).

Representative mfVVEP probability plots and HVF total deviation plots obtained from one of
the patients (P12) with an abnormal amblyopic eye on both tests and abnormal fellow eye on
the mfVEP are shown in Fig. 4. Abnormal clusters can be seen in both the superior and inferior
hemifields on the interocular and monocular probability plots. The responses of the left eye,
the amblyopic eye, are significantly smaller than those for the right eye in both hemifields. The
HVF total deviation plot (lower panel of Fig. 4) for the left eye shows an abnormal cluster in
the superior hemifield. The fellow eye or right eye is normal on the HVF but is abnormal on
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the mfVEP interocular plot according to our cluster criteria; there is a cluster of 3 abnormal
contiguous points in the inferior hemifield. The mfVEP and HVF results for the 12 patients
are summarized in Table 2. Based upon our cluster criteria described above 11 amblyopic eyes
and 6 fellow eyes were abnormal on the mfVEP, and 6 of the amblyopic eyes were also
abnormal on the HVF.

The extent of the visual field deficit in the amblyopic eye was assessed for both mf\VEP and
HVF. Nine amblyopic eyes had visual field deficits involving both hemifields on the mfVEP.
Five of these eyes also had abnormalities involving both hemifields on the HVF. The deficits
were not limited to the central 10°. For 8 of the 12 eyes on the mfVEP, and for all 6 on the
HVF, the abnormal clusters extended beyond the central 10 degrees, reaching the outer limits
of the tested areas (22.3° and 24°) for 2 eyes.

Multifocal VEP latencies were also measured for the 12 amblyopic and fellow eyes and
compared with latencies for the right and left eyes of 23 age-similar control subjects. The
relative latencies are shown in Fig. 5A. Each data point represents the relative latency for an
eye. Figure 5A shows that 10 of the amblyopic eyes and 9 of the fellow eyes have decreased
(i.e. shorter) latencies as compared to the mean relative latency of 0.94 ms for the normative
group of 100 eyes. Only one of the amblyopic eyes, and 3 of the fellow eyes, showed an increase
in latency relative to the mean for the normative group. The mean latency values +1.96SD for
the group of 12 amblyopic eyes, 12 fellow eyes, 23 control eyes (one eye from each of the 23
subjects was randomly selected), and 100 eyes of the normative group can be seen in the form
of box and whisker plots in Fig. 5B. The mean latencies for the group of amblyopic and fellow
eyes are decreased by 6.34 and 4.24 ms compared to the mean latency of 1.54 ms for the control
eyes and the median latencies by 6.45 and 4.43 ms respectively. The mean latency of the control
eyes is increased by 0.83 ms and the median by 0.58 ms compared to the values for the
normative group. Statistical analysis revealed that monocular latencies were significantly
shorter for amblyopic eyes compared to values for the 23 age-similar control eyes and 100 eyes
of the normative group (Mann-Whitney U test p<0.0002 and p<0.0001 respectively).

Discussion

We investigated the effects of strabismic amblyopia on visual function across the visual field
with conventional perimetry and the mfVVEP technique. On SAP foveal sensitivity and the mean
deviation were significantly decreased in the amblyopic eye compared to the fellow eye. For
5 patients, the mean deviation was also significantly decreased compared to Humphrey visual
field norms. In addition, 50% of the amblyopic eyes had visual field deficits as defined by
cluster criteria. These deficits affected the central area and extended into the mid-periphery.
The SAP findings are in agreement with previous reports of decreased foveal sensitivity, and
central defects or scotomas extending into the periphery using conventional perimetric
techniques.l'4

Our main purpose was to compare these conventional perimetric findings to those obtained
using the mfVVEP technique. We chose the mfVEP technique because it has advantages over
SAP. In particular, it provides an objective measure of visual field integrity and the responses
reflect activity primarily in v1.8-11 The latter is particularly relevant for investigating patients
with amblyopia as current opinion places the earliest functional physiological abnormalities
in this cortical area?L: 22 and recent fMRI studies have reported that V1 is dysfunctional in
amblyopia.23'25 We found that mfVEP responses from amblyopic and fellow eyes were
decreased in amplitude and that responses from amblyopic and fellow eyes also showed
decreases in latency. When analyzed using a cluster criteria, 11 of the 12 amblyopic eyes had
visual field deficits compared to only 6 on SAP. In addition, 6 of the fellow eyes had areas of
decreased mfVEP responses. Typically for the amblyopic eyes, abnormal clusters were present
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in both hemifields and they affected the central 10° extending out towards the limits of the
tested area of 22.3°. The extent of these deficits cannot be attributed to unsteady foveal or
eccentric fixation in the amblyopic eye. First, care was taken to ensure that fixation was
continuously monitored throughout the mfVEP test and any segments of the recording that
were contaminated by eye movements, loss of fixation or unsteady fixation were discarded and
re-recorded. Second, although a recent study has shown that simulation of unsteady foveal
fixation and eccentric fixation in control subjects can result in decreased mfVEP responses
the affected area was not as extensive, and the waveforms showed reversals in polarity. 26 Two
earlier studies using the mfVEP technique also found that am;)lltudes were significantly
reduced for amblyopic and fellow eyes in the central region. 8 However, in contrast to our
findings of decreased mfVEP latencies in amblyopic and a similar trend in fellow eyes, both
studies reported that latencies were prolonged in amblyopic eyes. In addition the study by
Zhang and Zhao 28 reported that latencies were prolonged in fellow eyes, but only for those
patients with early-onset amblyopia. The latter was defined as amblyopia with a clear history
of onset before 18 months. It is possible that the discrepancy between our study and thelrs can
be attributed to differences in methodology and/or data analysis. For example, Yu et al.27 used
a stimulus display consisting of 61 hexagons scaled for retinal cell density. Some of the
hexagons cross the horizontal mid-line. These will produce responses of opposite polarity that
will result in small responses making it difficult to measure and interpret waveforms,
amplitudes and latencies. In addition, a ring analy5|5 was used to measure the amplitudes and
latencies. The other study by Zhang and Zhao 28 ysed a dartboard display, but data from the
outermost sectors were not analyzed and amplitude and latency values were derived from
averaged waveforms.

What could explain our paradoxical finding of shorter rather than prolonged Iaten0|es’> There
is a recent study using a conventional pattern-onset VEP technique by Davis et al., 9 that also
reported a shortening of response latencies in amblyopic and fellow eyes. But this occurred
only in subjects with early-onset amblyopia. A subject with early-onset amblyopia had to have
an unequivocal history of onset of amblyopia before 18 months of age. Although the patients
in our study were able to provide a history regarding the age of onset of strabismus, and in
some cases the age at which occlusion was started (P1, P5, P8, at age 3-4 years), they were
unable to provide an unequivocal age of onset of amblyopia. The drawback of trying to assign
subjects to either an early or a late-onset amblyopia group based on recollection of the age of
onset of strabismic amblyopia is that both the subject and the family's recollection can be very
unreliable. However if one assumes that amblyopia develops soon after the onset of strabismus,
then only two of our patients (P3 and P12) who reported an onset at 0-6 months may perhaps
fit the category of early-onset amblyopes. The 9 patients who reported an age at onset of
strabismus between 2-3 years of age would be categorized as so-called late-onset amblyopes
i.e. amblyopia occurring after 18 months of age. In contrast to Davis et al., 29 7 of these late-
onset ambly: 9pes had a shortening of response latencies in both the amblyopic and fellow eye.
Davis et al 2 suggested that their findings in early-onset amblyopes might result from an
enhancement of magnocellular relative to parvocellular responses in strabismic amblyopia.
This explanation is based on evidence that experimental esotropia in rhesus monkeys results
in shrinkage in the parvocellular layers with no change in the magnocellular layers. 30
addition monocular deprivation results in an increase in the ratio of magnocellular to
parvocellular cell size in the non-deprived and deprived laminae of the LGN. 31 Lastly VEPs
to achromatic stimuli and motion onset stimuli, both presumably reflectin g magnocellular
pathway function, are relatively unaffected in strabismic amblyopic eyes.

In conclusion there are deficits in visual function across the visual field in amblyopic eyes. We
found that the deficits were not restricted to the central area; they extended into the mid-
periphery. They were present both on conventional perimetry and the mfVVEP technique.
However, the mfVVEP revealed abnormalities in a greater number of amblyopic eyes compared
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conventional perimetry and provided evidence that the fellow eye was not normal. In addition

it revealed that mfVVEP response latencies for strabismic amblyopic eyes were shorter than
normal.
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Figure 1.

The mfVEP stimulus display: the dartboard pattern consists of 60 sectors. The sectors are
cortically scaled with eccentricity. The entire display has a radius of 22.3° and the central 12
sectors have a radius of 2.6°.
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Figure 2.

An example of mfVEP responses and probability plots from a patient P8. A. The mfVEP
responses for the right eye are in blue and for the left eye in red. B. Interocular probability plot
derived from the responses in A. The color of each square indicates whether the response of
the left (red) or the right (blue) eye was significantly smaller than the fellow eye. The saturated
color indicates points with p<0.01 and the desaturated color points with p<0.05. The red circle
indicates a radius of 10°. C. Monocular probability plot for the left eye showing a cluster of
abnormal points. D. Monocular probability plot for the right eye.
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Figure 3.

A. HVF foveal threshold values for the amblyopic (filled triangles) and fellow eyes (open
triangles) of the 12 patients. B. HVF mean deviation values for the amblyopic (filled triangles)
and fellow eyes (open triangles). The symbol * indicates that the mean deviation of the
amblyopic eye was significantly decreased for P2 and P5 at the P<10% level and for P7, P9,
P11 at P<0.5% compared to HVF norms. The symbol # indicates that the mean deviation for
the fellow eye of P7 and P9 was decreased at P<2% and P<10% respectively.
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Figure 4.

Representative mfVVEP probability plots and HVF total deviation plots obtained from one of
the patients (P12). Abnormal clusters for the left eye can be seen in both the superior and
inferior hemifields on the interocular probability plot and there is an abnormal cluster for the
right eye in the inferior hemifield. The monocular probability plot for the left eye also shows
abnormal clusters. The HVF total deviation plot for the left eye shows an abnormal cluster in
the superior hemifield. The fellow eye or right eye is normal on the HVF.
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A. The relative mfVEP latencies for 12 amblyopic eyes (filled triangles), 12 fellow eyes (open
triangles), 23 right and 23 left eyes (open circles) of age-similar control subjects. The box plot
shows the mean of the normative group (horizontal bar) +1 SD (box) and £1.96 SDs (vertical
line). B. Box and whisker plots showing the mean latency values £1.96SD for the group of 12
amblyopic,12 fellow eyes 23 control eyes and 100 eyes of the normative group.
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