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Abstract
Aims/Background-An objective method
for detecting hemifield and quadrantic
visual field defects has been developed
using steady state visual evoked cortical
potentials (VECPs), an adaptive noise
cancelier (ANC), and Hotelling's t2 statis-
tic. The purpose ofthis study was to deter-
mine the sensitivity and specificity of the
technique.
Methods-Nine subjects (mean age 44
years) were investigated with field loss due
to a variety of causes including both ante-
rior and posterior visual pathway lesions.
Dynamic perimetry was performed by
means of a Goldmann or Tubingen
perimeter. VECP recordings were made
from each visual field quadrant (230x230)
by means of a steady state reversing
checkerboard (7.7 rev/s). The central 5° of
the visual field and the vertical and hori-
zontal meridians were masked during
these measurements. Recordings were
made from three electrode sites, posi-
tioned over the visual cortex, relative to a
mid frontal electrode. Each recording
lasted 2 minutes, during which time fixa-
tion was monitored. The data from each
recording were divided into 4 second
segments, and the amplitude and phase of
the VECP signal measured using the
ANC. Hotelling's t2 statistic was applied to
determine the probability of signal detec-
tion. Receiver operating characteristic
curves were used to find the optimum sig-
nal detection threshold for identification
ofthe visual field defects.
Results-The results of the study con-
firmed patterns of subjective visual field
loss. The technique had a sensitivity and a
specificity of 81% and 85%, respectively,
for detecting 'non-seeing' areas in the
inferior visual field, and 82% and 89%,
respectively, for detecting 'non-seeing'
areas in the superior visual field.
Conclusion-These results demonstrate
that the technique is of potential clinical
value to ophthalmologists and neurolo-
gists when subjective perimetry is not
possible.
(BrJ Ophthalmol 1996; 80: 297-303)

Many workers have attempted to use measure-
ment of visual evoked cortical potentials
(VECPs) for objective investigation of the visual
field.'-' I Early studies used focal flash stimuli to
perform detailed field analysis.l" 7 8 IDespite
some impressive results,7 8 the technique has

been limited by problems with stray light, the
small amplitude of the signal from extramacular
stimulation, and long test durations.

Pattern reversal stimuli have provided an
effective alternative to flash stimuli for analysis
of visual field defects.5 6 9 10 The amplitude of
the full field pattern reversal VECP is larger
than the flash VECP and has a smaller
interindividual range.569 12 Furthermore, the
pattern reversal stimulus is isoluminant, so
large areas of the visual field cannot be
inadvertently stimulated by scattered light.

Visual field abnormalities due to chiasmal
and retrochiasmal pathology can be detected
by studying the scalp distribution of the VECP
in response to full field and hemifield pattern
reversal stimulation.6 In normal subjects, the
VECP is distributed symmetrically about the
midline of the occipital scalp. Visual field
defects are associated with characteristic
'crossed' or 'uncrossed' asymmetries in the
VECP distribution, depending on whether the
pathology affects chiasmal or retrochiasmal
nerve fibres.6 Blumhardt et al 6 concluded that
the technique provided an objective and clini-
cally valuable means of detecting visual field
defects, and it subsequently found widespread
clinical use.12 This technique could not, how-
ever, be considered as a direct replacement for
conventional subjective perimetry because it
did not provide detailed information of the
depth, shape, or position of scotoma.13 14 The
clinical importance of the VECP analysis
technique lay instead in the complementary
information it provided. 13 VECP measure-
ments proved to be more sensitive than subjec-
tive perimetry for detecting compressive
lesions13 15 and were also useful for differenti-
ating between functional and organic visual
impairment. 16
A few clinical studies showed that quadrant

pattern reversal stimuli further improved the
detection of visual field defects.5 9 10 Cappin
and Nissim5 studied 21 patients with glaucoma,
and showed clear changes in the phase and
amplitude of VECPs recorded from quadrants
containing visual field defects. In a subsequent
study of 12 patients, Howe and Mitchell9
found that quadrantic field stimulation also
made a substantial improvement in the detec-
tion of homonymous visual field defects
resulting from cerebrovascular accident and
migraine. Yanashima10 demonstrated homony-
mous hemianopia and quadrantanopia in a
small group of patients.
The above quadrant field studies5 9 10 all

used steady state VECPs. Steady state VECPs
are obtained from rapid stimulation rates (in
excess of about five per second) in which
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Figure 1 Example of the spectral content ofa steady state
visual evoked cortical potential (VECP) recording,
obtained at a stimulus frequency of 7.71 reversalsWs. This
figure iUlustrates how the signal to noise ratio is optimised by
analysis in the frequency domain. The VECP signal has
discrete components at harmonics of the stimulusfrequency
(for example, peaks 1, 2, 3, and 4), while the noisefrom
electroencephalographic and muscle activity is distributed
across the whole frequency spectrum.

individual cortical responses interact and
produce a periodic signal with discrete compo-
nents at the stimulus frequency and its har-
monics. VECPs are masked by spontaneous
noise comprising electro-encephalographic
(EEG) activity and muscle noise, and are

usually recovered from the noise by averaging
many responses.17 However, when steady state
stimuli are used, the VECP signal to noise ratio
(SNR) can be optimised by analysis in the fre-
quency domain (Fig 1).18 19 Yanashima1I took
advantage of this property in his study, using
the Fourier transform for signal measurement.
Quadrant field studies could be further
improved by using objective statistical
methods to detect the VECP signal. Such a

method has been developed using frequency
domain analysis and Hotelling's t2 statistic.20 21
The purpose of the current study was to
determine the sensitivity and specificity of the
technique for the detection of hemifield and
quadrantic visual field defects in a range of
subjects with pathology affecting different
parts of the visual pathway.

Materials and methods
Nine subjects, two males and seven females,
ranging in age from 17 to 69 years (mean 44
years) were investigated. All subjects gave
informed consent for their participation in the
study. The referring criteria were that the
subjects had hemifield or quadrantic visual
field defects and an acuity of 6/18 or better. A
good visual acuity was necessary to enable
accurate fixation. Most subjects were referred
from the neuro-ophthalmology clinic at the
Institute of Neurological Sciences in Glasgow.
Their pathology is detailed in Figure 2A
together with their visual fields. All subjects
underwent subjective dynamic perimetry by
means of a Goldmann perimeter (I2e, I4e, V4e

targets) or Tiibingen perimeter (l.OW10,
l.OWOO, O.4WOO targets).
A specially developed system for stimulus

presentation and response recording was used
for the study.22 Stimuli were presented on a
computer monitor screen and subjects were
optically corrected for a viewing distance of 40
cm. Monocular recordings were made from
each eye, for separate stimulation of each field
quadrant. A check size of 90 minutes of arc
was used and the stimulus field subtended
230X230 (Fig 3). A foveal mask with a radius
of 50 was used to prevent cortical stimulation
due to central sparing of visual field defects.
Masks, 20 wide, were used along the vertical
and horizontal meridians to prevent inadver-
tent stimulation of areas not under test owing
to the overlap of ganglion receptive fields and
slight losses of fixation. The stimulus fre-
quency was 7*71 reversals per second, which is
just below the EEG alpha frequency band. The
pattern contrast was 99%, and the mean lumi-
nance was 20 cd/M2. A grey background was
generated on the screen, with a luminance of
10 cd/M2, equal to the mean pattern lumi-
nance. This background minimised retinal
stimulation due to any scattered light. A fixa-
tion letter was normally used, but this was
replaced with a spot for subjects with poor
acuity. Fixation was monitored by watching
eye movements and by using a simple fixation
task in which subjects reported momentary
changes in the colour of the fixation target.
This fixation task also helped the subject to
concentrate and reduced fatigue. The experi-
ments were performed in a darkened room,
with an ambient illumination of 10 lux.

In order to maximise the probability of sig-
nal detection, six recording channels were used
(Fig 4). A reference electrode was positioned
on the scalp within the hairline.
The data sampling frequency was 247 Hz,

one stimulus period corresponding to 32 data
sample points. The recording time was 2
minutes. The amplitude and phase ofthe VECP
signal at the stimulus reversal frequency were
measured in the frequency domain by means of
an adaptive noise canceller (ANC).20 21 An
ANC is a self optimising band pass filter.23 24
The output of the ANC was vector averaged
over consecutive 4 second periods. Each vector
average comprised a two dimensional estimate
of the sine and cosine amplitude components of
the signal. The probability of signal detection
was then determined by means of a two dimen-
sional t test, Hotelling's t2 statistic.25 26 A signal
was detected if the confidence interval of the
mean signal amplitude from any one recording
channel excluded zero.
The test sensitivity and specificity were cal-

culated for different signal detection thresholds
and used to construct receiver operating
characteristic (ROC) curves.27 One curve was
calculated for the inferior field quadrants and
another for the superior field quadrants. These
curves were in turn used to determine the
optimum signal detection thresholds for identi-
fication of the quadrants containing visual field
defects. Assuming that test sensitivity and
specificity were equally important, then the
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optimum signal detection thresholds were for all qu
indicated by the points on the curves that amplitude
were closest to the top left corner of the ROC shown in
space. usually rei

those with
The tes

Results culated fc
Figure 5 illustrates the sine and cosine 99 9% prc
amplitude values obtained from two typical illustrates
recordings. Figure 5A illustrates a recording in for the infc
which a signal was detected by means of the inferio
Hotelling's t2 statistic with a probability greater mum sens
than 99 9%, while Figure 5B illustrates a with a 9(
recording in which the probability of signal (correspor
detection was less than 90%. Figure 2B illus- specificity
trates the probability of signal detection from quadrants
the recording channels with the largest SNR, and specil

A
Diagrammatic

outline of
Subject Pathology visual fields

Left Right
eye eye

_~~Ap!~

1 Bilateral glaucoma

2 Pituitary chromophobe adenoma

3 Parieto-occipital haematoma

4 Parietal arteriovenous malformation

5 Parietal infarct

6 Occipital infarct

7 Billateral occipital infarct

8 Obstructive hydrocephalus

9 Epidermoid cyst

jadrants tested. The largest signal
-s obtained from each quadrant are
Figure 6. The largest signals were
corded from the same channels as
i the largest SNR.
;t sensitivity and specificity were cal-
)r a 90%, 95%, 97.5%, 99%, and
kbability of signal detection. Figure 7
the resultant ROC curves generated
erior and superior field quadrants. In
)r field quadrants (Fig 7A), the opti-
sitivity and specificity were obtained
9% probability of signal detection
nding to a sensitivity of 81% and a
of 85%) while in the superior field
(Fig 7B), the optimum sensitivity

ficity were obtained with a 97 5%

B

Probability of
signal detection

Left Right
eye eye

-

E

300

300

= Visual field defect
<90 >90% >95%

> 97.5% > 99.5% > 99.9%

Figure 2 (A) Summary of the subjects investigated; pathology and diagrammatic representation of the central 30" of the
visualfield and (B) summary of the test results illustrating the probability ofsignal detection.
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Stimulus pattern

Fixation Foveal Stimulus
letter mask background

Figure 3 Quadrantfield stimulus. This example iUlustrates the stimulus usedfor the right
superiorfield quadrant.

probability of signal detection (corresponding
to a sensitivity of 82% and a specificity of
89%).

Using the optimum signal detection thresh-
olds identified by the ROC curves, 34 out of 39
'seeing' visual field quadrants were correctly
classified, the mean signal amplitude was 3-8
,uV (range 1 1 to 10*1 ,uV). The signals in the
remaining five quadrants were smaller, mean

amplitude 1-7 ,uV (range I 1 to 3 4 piV), and
were detected with a probability of at least
90%. Four of these five quadrants were from
subject 8, a 17-year-old girl with long standing
hydrocephalus, who also had a small full field
VECP.

Using the optimum signal detection thresh-
olds identified by the ROC curves, VECP sig-
nals were incorrectly detected in six out of 33
'non-seeing' quadrants, mean signal amplitude
1-5 ,uV (range 1 1 to 2-4 ,uV). In five of these
six quadrants, the signal amplitude was
reduced (39% to 65%) compared with that
from the corresponding 'seeing' quadrants on
the opposite side of the vertical meridian. The
visual field defects were incomplete in five of
these quadrants (subjects 4, 7, and 9). The sig-
nal from the sixth 'non-seeing' quadrant was
100% larger than that recorded from the
corresponding 'seeing' quadrant (subject 8)
which was suggestive ofpoor fixation.

There was a wide interindividual variation in
the cortical distribution of the VECP signal.
The largest SNRs were recorded from any one
of the channels (Table 1) but were most often
recorded from the lateral channels, MO-RO,
MO-LO, and RO-LO. The largest amplitude
signals were most often recorded from the
RO-LO channel (Table 2), but were never
obtained from the other lateral channels
MO-RO and MO-LO.

Discussion
This study has demonstrated that the system
developed in this laboratory can be used to
detect hemifield and quadrantic visual field
defects. The results corresponded well with the
patterns of field loss mapped using conven-
tional subjective dynamic perimetry. The main
novel aspects of the system were the use of
objective signal detection methods and the use
of a novel technique to monitor fixation.
The optimum signal detection threshold for

identifying visual field defects varied from
subject to subject, and this was due to interindi-
vidual variation of the VECP SNR. The SNR
was affected by variations in both the VECP
amplitude and background noise. Some
subjects (for example, subjects 5 and 9) had
large VECP signals which were detected with a
higher probability than those from other sub-
jects (for example, subjects 2 and 8). Further
variations in SNR were caused by differences in
the visual field defects encountered, some visual
field defects being incomplete (for example,
subjects 4, 7, and 9). The relatively large stimu-
lus size limited the resolution ofthe technique in
such cases. The resolution of smaller incom-
plete field defects would require the use of
smaller stimulus areas as described below.

Efforts were made to constantly monitor fix-
ation, but undetected losses of fixation may
have contributed to the detection of signals
from 'non-seeing' areas. To avoid fixational
losses an improved method for continuously
checking fixation, such as video photography
or electro-oculography, could be introduced.
The ROC curves provide an analysis of the

relative benefits of choosing different signal

Inion

* Recording electrode site
| Recording channel

Figure 4 Electrode montage and recording channels.
Three primary recording channels were used, from mid
occipital (MO), right occipital (RO), and left occipital
(LO) electrodes relative to a midfrontal electrode (MF).
Three further recording channels were derivedfrom these
data (MO-RO, MO-LO, and RO-LO), providing a total
ofsix channels for analysis. MF was positioned 12 cm
superior to the nasion, MO was 5 cm superior to the inion,
and RO and LO were 5 cm lateral toMO (at Blumhardt
et a6).
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2

1

0

-1

-2

Cosine component (gV)
Figure S Example sine and cosine datafrom two typical recordings, each dot represents 4
seconds of data. (A) IUlustrates a recording in which a signal was detected by means of
Hotelling's t2 statistic with a probability greater than 99 9% and (B) illustrates a recording
in which the probability ofsignal detection was less than 90%.

detection thresholds to identify visual field
defects. In this study the optimum detection
threshold was chosen assuming sensitivity and
specificity were equally important. If the
threshold had been set higher, the number of
false positive results would have increased
because the signals from subjects with low
SNRs would not have been detected. On the
other hand, if the threshold had been set lower,
the number of false negatives would have
increased because the small signals from
subjects with incomplete or relative visual field
defects would have been detected. Separate
ROC curves were generated for the superior
and inferior field quadrants because the signals
from the 'seeing' quadrants in the inferior
hemifield were of larger amplitude (mean 4-2
,uV, range 1 1 to 10 1 ,uV) than those obtained
from the superior hemifield (mean 2-8 RV.,
range 1 1 to 6 4 ,uV) and were therefore easier
to detect. The generated ROC curves were

Visual fields Subject

Left Right
eye eye

|4.61 5-61 3-9 2-1|

2 1 1

2

|2.2 1.1|1 4-3 1-3

3 K-I--42 [ -1 I--

1

41 -4
--4

|1-0|3-4 1 -1 -1

Visual fields

Left Right
eye eye

6

0119 3@61 |.2-1 635

7
1.51.2

1.1 1.4.1121 11 1-

8

|1-2| 2-41 1-4| 1-1|

9
260 1011 5-1 |87

10.6 5-51 1-6 6.4

-|4 1 |21|-1
Figure 6 Summary of the test results iUlustrating the largest signal amplitude recordedfrom
stimulation of each visual quadrant.

specific to the recording variables used in the
study. If, for example, the recording time
was to be increased, the probability of signal
detection would increase and the optimum
detection threshold would also increase.
While previous clinical studies5 9 10 had used

steady state stimuli, there were a number of
differences in the stimuli and recording
methods compared with the present study,
with consequent differences in the results.
Howe and Mitchell9 and Yanashima'0 used
smaller test fields than in the present study.
Yanashima'0 tested quadrants out to an eccen-
tricity of 10° and Howe and Mitchell9 tested
8&70X6-50 quadrant fields. These studies used
maximum check sizes of 40 minutes of arc and
50 minutes of arc, respectively, which were
optimal for stimulation at a retinal eccentricity
of about 50.28 Howe and Mitchell9 positioned
the fixation target 50 from the pattern.
Nevertheless, owing to varying amounts of
central sparing, they either reported normal or
attenuated responses from the affected field
quadrants. Yanashima'0 presented results
from two subjects, correctly demonstrating the
absence of a VECP signal in the presence of
a field defect. A limitation of Yanashima's
stimulus'0 was that it did not include a foveal
mask, so it would have been relatively easy to
detect signals from 'non-seeing' quadrants,
owing to small losses of fixation or to central
sparing. Cappin and Nissim5 stimulated larger
220X220 quadrants with a 50 minute check
size and a 2.50 foveal mask, and found that the
VECP was absent or delayed from affected
field quadrants. In the present study, a 90
minute check size was used, which was optimal
for stimulating more peripheral areas of
the visual field,12 29 so any central sparing
was therefore less likely to have affected the
results.

Studies using full field and quadrant field
stimuli have shown that the VECP is domi-
nated by the response from the central visual
field.28 29 For example, if a visual field quad-
rant of 240X240 is stimulated with 90 minute
checks, then approximately 60% of the VECP
amplitude is due to stimulation of the central
40 of the visual field.29 These same studies
have shown that the optimum check size
increases with retinal eccentricity. The stimu-
lus pattem could therefore be further improved
by using a 'dartboard' pattern, in which the
pattern elements optimally stimulate receptive
fields at each retinal eccentricity.30 The
resultant improvement in SNR would enable
the testing of smaller areas in the visual field
and could improve the detection of incomplete
hemifield and quadrantic visual field defects.

In the present study, the central 50 of the
visual field was masked in order to detect cen-
tral sparing quadrantic visual field defects. It is
obviously clinically important to test the cen-
tral 50 because this area is represented by just
under 50% of the visual cortex.31 32 Reliable
assessment of the central visual field would,
however, require good fixation control com-
bined with objective fixation monitoring.

Cappin and Nissim5 and Howe and
Mitchell9 recorded signals from one midline
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Figure 7 Receiver operating characteristic (ROC) curves for (A) the inferior and (B) the
superiorfield quadrants. The probability ofsignal detection is markedfor each point on the
curve.

electrode. Yanashima'o used five recording
channels, and from the results of his study
recommended that more than two recording
channels should be used. In a study of normal
subjects, Regan and Milner33 found that one
midline electrode was insufficient for recording
flicker VECPs from quadrant field stimulation.
The present study confirmed that multiple
recording channels should be used for quad-
rant field studies, because the maximum SNR
was recorded on any one of the six recording
channels. The fact that the maximum signal
amplitude was most often recorded on the
RO-LO channel, demonstrated that the VECP
signal was usually lateralised across the scalp in
a manner consistent with the results of hemi-
field studies.6 The actual scalp distribution of
the VECP was dependent on which cortical
dipoles were stimulated and their orientation,
and it is possible that additional electrodes
positioned over the visual cortex could have
further enhanced the SNR.

It is of interest that the maximum SNR sig-
nals were often recorded between adjacent
electrodes (MO-RO and MO-LO), while the
maximum amplitude was never recorded on
these channels. These findings demonstrate
that the VECP is distributed over wide areas of
the scalp, with maxima and minima occurring
at distant locations. Unlike the method of
Blumhardt et al,6 the pattern of the scalp distri-
bution was not used in the detection of the
visual field defects. Consequently, any abnor-
mality in the scalp distribution due to asym-
metry in the structure of the occipital cortex
would not have led to false positive classifi-
cation of visual field defects unless the VECP
was undetectable.

Table 1 The number ofoccurrences that the maximum
signal to noise ratio was recordedfrom each channel

Recording channel Number of occurrences

MO-MF 5
RO-MF 4
LO-MF 2
MO-RO 10
MO-LO 9
RO-LO 9
Total 39

MO=mid occipital; RO=right occipital; LO=left occipital;
MF=mid frontal electrode.

Table 2 The number of occurrences that the maximum
signal amplitude was recordedfrom each channel

Recording channel Number of occurrences

MO-MF 5
RO-MF 6
LO-MF 3
MO-RO 0
MO-LO 0
RO-LO 25
Total 39

In the present study, the VECP signal was

analysed in the frequency domain to increase
the SNR.18 19 The fast Fourier transform is
probably the most popular tool for frequency
domain analysis. However, the adaptive noise
canceller has some advantages; it is a more sen-
sitive detector, requires fewer calculations, is
less computationally intensive, and requires
less memory.21 The complete frequency spec-
trum, obtained from the Fourier transform, is
not necessary for calculating Hotelling's t2
statistic. It was found that most of the signal
energy occurred at the stimulus reversal fre-
quency, so higher harmonic components of
this signal were not analysed.
The overall test time of 16 minutes used in

the present study is comparable with that
taken for conventional perimetry. It would,
however, be possible to decrease the test time
by a factor of four by stimulating simulta-
neously different quadrants of the visual field
at different frequencies. The resultant VECP
would contain components at each of the
stimulus frequencies (and their harmonics),
which could be analysed separately in the fre-
quency domain.10 18 19 33
The purpose of this study was to evaluate

the degree of correlation that may be obtained
between conventional perimetry and peri-
metry using objective detection of VECPs. It
was necessary, therefore, to select patients
with 'barn door' field defects who were able to
cooperate sufficiently to provide reliable sub-
jective visual fields. The recording of VECPs
is less demanding than conventional perimetry
because the patients do not have to make
decisions as to whether they can see the
stimulus. Nevertheless, reliable fixation is still
essential when using the current system.
Clearly if this technique is to be employed in
uncooperative patients a method must be
devised to present the stimulus accurately
irrespective of the patient's ability to fixate. To
meet this objective an ophthalmoscopic deliv-
ery system is currently under development in
this laboratory.
The methods described in this paper provide

objective corroboration of conventional sub-
jective perimetry findings and have the poten-
tial to provide objective information about
visual fields in patients unable to cooperate
adequately with subjective perimetry.

This paper is based on a presentation at the Congress of the
International Neuro-Ophthalmological Society, held in
Freiburg, Germany, June 1994.
Dr Bradnam was supported by the Disability and Continuing

Healthcare Research Committee, Chief Scientist Office,
Scottish Office Home and Health Department (grant number
KJRED/E/4/1), and the Wellcome Trust (Vision Research
Fellowship, grant number 039072). Mr Damato is now a con-
sultant ophthalmologist at the St Paul's Eye Unit, Royal
Liverpool University Hospital.
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