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PURPOSE. The frequency-doubling technology (FDT) perimeter
has no provision for introducing corrective lenses, save for the
patient’s spectacles, and so patients are sometimes tested in
the presence of moderate levels of defocus. The effect of
defocus on frequency-doubling (FD) sensitivity was determined for both the commercially available instrument and for
smaller targets that may be useful in spatially localizing visual
field defects. In addition, whether stimulus artifacts may be
detectable in the presence of defocus was assessed.
METHODS. Detection and resolution thresholds for FD stimuli,
along with detection thresholds for spatially uniform flickering
stimuli, were measured in normal observers in the presence of
up to ⫹6 D of defocus. In addition, the effect of defocus on the
summary indices (mean deviation [MD], and pattern standard
deviation [PSD]) of both the commercial FDT perimeter and a
customized perimeter with smaller, higher spatial frequency
targets was determined.
RESULTS. Thresholds for conventional FD targets (0.25 cyc/deg,
25 Hz) increased 0.1 log unit with ⫹6 D defocus, whereas
thresholds for smaller, higher spatial frequency (0.5 cyc/deg)
targets increased 0.4 log unit. Despite the presence of a luminance artifact in the FD stimuli, detection, and resolution
thresholds remained coincident at maximum defocus, suggesting that the artifact was not detectable. MD was significantly
affected by defocus for the customized FD perimeter only, and
PSD was not altered for either the conventional or customized
test.
CONCLUSIONS. In normal observers, optical defocus has little
effect on FDT perimetry sensitivity and does not make low
spatial frequency artifacts detectable. Improving the spatial
resolution of FDT perimetry decreases its robustness to
defocus. (Invest Ophthalmol Vis Sci. 2003;44:4147– 4152)
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stimuli) separately from the general class of flickering gratings
(FD stimuli) that can be used to demonstrate the FD effect.
Determining the effects of defocus is important for FDT
perimetry, because the perimeter has no provision for the
introduction of corrective lenses, except for the patient’s spectacles. There is anecdotal evidence that refractive errors up to
6 D do not affect FDT perimetry,2 and this limit is recommended by the manufacturers. Preliminary work suggests that
refractive errors of this magnitude result in a significant reduction in sensitivity, however (Nicolela MT, et al. IOVS 2002;43:
ARVO E-Abstract 2147). Because the targets used in FDT perimetry are of low spatial frequency (0.25 cyc/deg), sensitivity
may be expected to be robust to optical defocus.6 Even small
amounts of defocus can, however, cause prominent “notches”
in the contrast sensitivity function when it is measured at
suitably narrow intervals of spatial frequency.7,8 The location
of these notches shift to lower spatial frequencies as the
amount of defocus increases,9 and so could significantly reduce
FD sensitivity, even if contrast sensitivity to higher and lower
spatial frequency targets is relatively unaffected.
The influence of optical defocus on the response criterion
adopted by the patient is unclear. We have shown that simple
detection strategies for FDT perimetry isolate the same visual
mechanisms as when subjects use a criterion based on spatial
form (i.e., the appearance of a striped pattern).10 It is possible,
however, that this equivalence between strategies is not maintained when optical defocus is high. The square window in
which the FDT targets appear creates very low spatial frequency artifacts that may be more robust to defocus and
eventually become important for detection at high levels of
defocus. One potentially significant artifact is a change in the
average luminance that modulates at 25 Hz, because there is
not an integer of cycles present in the FDT target.
Recent work has shown that decreasing the target size
increases both the spatial resolution and the ability to detect
visual field defects in FDT perimetry11 without adversely affecting test variability,12 and so future generations of FDT tests
may be more useful if target size is decreased. To offset the loss
of contrast sensitivity caused by decreasing the target size,
Johnson et al.11 decreased the temporal frequency and increased the spatial frequency of the target, however. It would
be expected that the tolerance to defocus diminishes with
smaller, higher spatial frequency targets. Loss of flicker sensitivity has been shown to be a sensitive test for age-related
maculopathy13–16 and central serous chorioretinopathy,17 suggesting that targets even smaller than the 4 deg2 targets investigated by Johnson et al.11 may be useful for spatially localizing
visual field deficits in the macula.
In this study, we investigated the effect of optical defocus
on sensitivity to FDT perimetry targets, both for the large
targets currently incorporated in the commercial device and
for smaller targets that may improve spatial localization of
visual field defects. In addition, we wanted to establish
whether optical defocus had the same effect on sensitivity
when a criterion based on spatial form (resolution) was used,
given the presence of low-spatial-frequency artifacts in FDT
stimuli.
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T

he frequency-doubling (FD) phenomenon was first described by Kelly,1 who observed that a low-spatial-frequency sine-wave grating appeared to double in spatial frequency when its contrast was counterphase flickered at high
rates. Because contrast sensitivity to FD stimuli is reduced in
glaucoma,2–5 FD stimuli have been used in the frequencydoubling technology (FDT) perimeter (Welch Allyn, Skaneateles Falls, NY, and Carl Zeiss Meditec, Inc., Dublin, CA). In this
article, we refer to the targets used by the FDT perimeter (FDT
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MATERIALS

AND

METHODS

Apparatus and Procedure
We presented stimuli on a calibrated video monitor system (VSG 2/4
graphics card; Cambridge Research Systems Ltd., Kent, UK, and CPDG500 monitor, frame rate 100 Hz; Sony, Tokyo, Japan). The monitor
subtended 11° ⫻ 8.4° (width ⫻ height) at the 1-m viewing distance
and had an average luminance of 50 cd/m2. Ambient room illumination
was approximately 4 cd/m2.
Three sinusoidally flickered sine-wave gratings were used: a 10deg2, 0.25-cyc/deg grating flickering at 25 Hz; a 5-deg2, 0.5-cyc/deg
grating flickering at 18 Hz; and a 2-deg2, 0.5-cyc/deg grating flickering
at 12.5 Hz. Respectively, these targets were designed to approximate
the conventional FDT targets, those used in the 24-2 pattern FD test
(described later),11 and those that may be useful for assessing macular
sensitivity. All three stimuli were within the spatiotemporal domain
that gives spatial-frequency doubling, as reported by Kelly.1 Stimulus
contrasts were specified as Michelson contrasts and were presented in
a raised cosine window of 1000 ms. The minimum time between the
offset of one stimulus and the onset of another was 500 ms. All grating
stimuli were oriented at 90°, except in the orientation discrimination
task outlined later, in which the grating was oriented at either 45° or
135°. The spatial phase was randomized for each presentation, and all
stimuli were presented foveally.

Experiment 1: Effect of Defocus on FD Sensitivity
We determined both detection and resolution (orientation discrimination) thresholds for the grating stimuli. For the detection thresholds,
subjects were permitted to respond to any attribute of the FD stimulus
and pushed a button whenever they believed a stimulus had been
presented. For the resolution thresholds, subjects were forced to chose
whether the FD stimulus was oriented at 45° or 135° by pushing one
of two response buttons. Comparison of the results from these two
paradigms allows the effect of detection versus pattern resolution
criteria on the mechanisms isolated by the FD stimulus to be determined.10 It should be noted, however, that this technique does not
determine whether the pattern appears to double in spatial frequency
at the pattern threshold. Although it has been suggested that gratings
appear at their true spatial frequency at threshold,18 recent work
suggests that both normal observers and those with glaucoma see the
gratings as being close to being doubled in spatial frequency at their
clinically determined contrast thresholds.19
Detection thresholds were measured with a yes/no paradigm of
eight trials, with contrast manipulated by a zippy estimation by sequential testing (ZEST) procedure20 that converged at the 78% correct level.
Resolution thresholds were measured using a two-alternative forcedchoice paradigm of 30 trials, with the ZEST procedure converging at
the 81% correct level. We selected convergence levels that optimized
the efficiency of the ZEST procedure.20 Thresholds from each subject
were the geometric mean of four measurements for detection data and
of two measurements for resolution data. Data for each paradigm
(detection or resolution) and level of defocus were collected in a
randomly interleaved manner.
To assess the effect of defocus on the luminance artifact present in
the FD stimuli (see the introduction), we measured thresholds for
spatially uniform patches of the same sizes and temporal frequencies as
the grating targets.
We measured each subject’s refraction with an autorefractor (Humphrey Automatic Refractor Model 530; Carl Zeiss Meditec), with the
spherical component of the refraction subsequently adjusted so that an
additional ⫹0.50 D reduced the subject’s distance acuity by one line on
the acuity chart.21 During testing, subjects wore their refractive corrections, adjusted for the 1-m working distance, in a trial frame. We
produced optical defocus by introducing positive spherical trial lenses
of 1, 2, 3, 4, and 6 D.
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Experiment 2: Effect of Defocus on FD Visual
Field Indices
In addition to the main experiment just described, we investigated the
effect of spherical defocus on the conventional FDT perimeter and on
a 24-2 FD perimeter that has been described previously.11 The latter
test uses 4-deg2 0.5-cyc/deg sine-wave targets that counterphase flicker
at 18 Hz, with a square-wave temporal envelope. Fifty-four targets are
arranged in a spatial pattern identical with the 24-2 test on the Humphrey Field Analyzer II (Carl Zeiss Meditec). The test has a normative
database from which global indices for the visual field (mean defect
[MD]) and pattern SD [PSD]) are calculated. Since it was described in
the literature, the test has been conducted with the ZEST threshold
algorithm.20 The perimeter’s lens holder can accommodate a maximum of two lenses, and so we adjusted the nominal lens value by no
more than 0.25 D for high defocus levels when the exact dioptric value
was not available in the trial lens set.
When performing conventional FDT perimetry, subjects wore their
habitual spectacle corrections and held a spherical trial lens between
their spectacles and the FDT eyepiece. We verified that the addition of
⫹0.50 D of defocus was sufficient to decrease each subject’s habitual
visual acuity by one line.

Subjects
Nine psychophysically experienced subjects, aged 19 to 43 years
(average, 32) and with corrected visual acuities in their right eyes of
better than 6/6, participated in the main experiment. Each subject
viewed the monitor monocularly with the right eye and natural pupil
(average diameter, 4.6 mm; range, 3.5– 6 mm) and fixated a small, dark
marker in the center of the monitor when defocus was minimal, or
simply in the center of the screen when high amounts of defocus made
the fixation point invisible. No subject reported any difficulty localizing
the test targets. All subjects had normal screening test results on the
FDT perimeter (C-20-5 test, software version 3.00.1; Carl Zeiss Meditec) for their right eyes. The study complied with the tenets of the
Declaration of Helsinki and was approved by our institutional review
board, with all subjects giving informed consent before participating.

Analysis
Linear regression lines were used to fit the individual data. The mean
values from the individual coefficients were used to fit the average
data, consistent with the mean coefficient technique described by
Anastasi et al.22 The suitability of a linear model was established by a Q
statistic,23 with Q ⬎ 0.01 taken to indicate acceptable models. Slopes
were compared with a one-way repeated-measures (RM) ANOVA, with
a Tukey all pair-wise multiple comparison procedure used to isolate
individual differences. The criterion for significance was P ⱕ 0.05. A
one-way RM ANOVA on ranks was performed on one data set that
failed the test for normality (P ⱕ 0.05). Statistical testing was performed on computer (SigmaStat, ver. 2.0; SPSS Sciences, Chicago, IL).

RESULTS
Experiment 1: Effect of Defocus on FD Sensitivity
Figure 1 shows the effect of optical defocus on sensitivity to
the three grating targets, with the parameters of the regression
lines given in Table 1. Although the slopes for the detection
sensitivity regression lines for the two smaller targets (middle
and lower panels) were not significantly different, the slope of
the detection values for the 10° FD target (Fig. 1A) was significantly shallower (RM ANOVA, P ⬍ 0.001). In all cases, the
slopes of the lines for the detection and resolution paradigms
were not significantly different (paired t-tests). Six diopters of
defocus altered FD sensitivity by approximately 0.1 log unit for
the large target, and by 0.4 log unit for the smaller targets.
Figure 2 shows how optical defocus affected the detection
of a spatially uniform flickering patch of the same sizes and
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FIGURE 2. Effect of defocus (abscissa) on contrast threshold (ordinate) for spatially uniform flicker. Data points are the average of seven
observers (⫾SEM). Parameters (⫾SD) for the fitted lines are: (E) m
(slope) ⫽ 0.0074 ⫾ 0.012, c (intercept) ⫽ 0.43 ⫾ 0.16), Q ⫽ 1.00; (䡺)
m ⫽ 0.0013 ⫾ 0.022, c ⫽ ⫺0.24 ⫾ 0.12, Q ⫽ 1.00; (⽧), m ⫽ 0.038 ⫾
0.031, c ⫽ 0.18 ⫾ 0.10, Q ⫽ 0.99.

temporal frequencies as the grating patches in Figure 1. For a
given target size, the slopes of the curves in Figure 2 were
shallower than both the detection and resolution curves in
Figure 1 (RM ANOVA, n ⫽ 7: 10° target, P ⫽ 0.002; 5° target,
P ⬍ 0.001; 2° target, P ⫽ 0.01), indicating that defocus raised
thresholds for the grating target at a faster rate than for a
luminance artifact of the same size. With no defocus, thresholds for the uniform flickering patches were significantly
smaller than detection thresholds for grating patches of the
same size for both the 10° and 2° targets (paired t-test: P ⫽ 0.01
and 0.04, respectively) but not for the 5° targets (P ⫽ 0.69).

Experiment 2: Effect of Defocus on FD Visual
Field Indices

FIGURE 1. Effect of defocus (abscissa) on contrast threshold (ordinate:
log percentage contrast) for three target configurations (A–C), showing
the yes/no detection thresholds and the two-alternative, forced choice
resolution thresholds. Data points are the average from nine observers
(⫾SEM). Parameters for the regression lines are shown in Table 1.

Figure 3 shows the effect of optical defocus on the MD and
PSD summary indices of the FDT perimeter. Neither index
correlated significantly with defocus, and no subject returned
abnormal (MD and/or PSD P ⬍ 0.5%) field results. Because of
the proprietary scaling used for the output of the FDT instrument,24 quantitative comparison between these results and for
the single target in experiment 1 could not be performed.
Figure 4 shows the same analysis as for Figure 3, but for the
24-2 version of the FD test. Optical defocus had no significant
effect on PSD, but decreased MD (lower solid line) at a rate that
was not significantly different from that predicted from the
single-target data obtained in experiment 1 (Fig. 4, dashed
line). Two of four subjects returned abnormal (P ⬍ 0.5%) MD

TABLE 1. Parameters for the Fitted Lines in Figure 1

0.25 cyc/deg, 25 Hz, 10° wide
Detection
Resolution
0.5 cyc/deg, 18 Hz, 5° wide
Detection
Resolution
0.5 cyc/deg, 12 Hz, 2° wide
Detection
Resolution
Data are the mean ⫾ SEM.
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m (slope)

c (intercept)

Q

0.015 ⫾ 0.011
0.026 ⫾ 0.015

0.50 ⫾ 0.12
0.44 ⫾ 0.13

1.00
1.00

0.063 ⫾ 0.024
0.071 ⫾ 0.014

0.24 ⫾ 0.10
0.19 ⫾ 0.063

0.99
0.99

0.073 ⫾ 0.025
0.080 ⫾ 0.018

0.22 ⫾ 0.11
0.19 ⫾ 0.077

1.00
0.92
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FIGURE 3. Effect of defocus (abscissa) on MD and PSD indices for FDT
perimetry. Data points are averaged from five observers (⫾SEM). Parameters (⫾SD) for the top solid line are m ⫽ ⫺0.019 ⫾ 0.094, c ⫽
3.6 ⫾ 0.37, Q ⫽ 0.94, and for the bottom solid line m ⫽ ⫺0.11 ⫾ 0.11,
c ⫽ 0.86 ⫾ 2.1, Q ⫽ 1.0.

indices with 3 D of defocus, with all subjects returning abnormal MD indices with 6 D of defocus. Individual PSD indices
were always normal.

DISCUSSION
Our results show that conventional FDT perimetry is robust to
the effects of optical defocus, with 6 D of defocus reducing
sensitivity by 0.1 log unit only (Fig. 1). Defocus failed to cause
a significant decrease in either the PSD or MD index (Fig. 3).
The shallow, significant slope of approximately 0.23 dB/D,
found by Nicolela et al. (Nicolela MT, et al. IOVS 2002;43:
ARVO E-Abstract 2147) for the index MD, provides an acceptable fit for our data (Q ⫽ 1.0). We measured refractive errors
centrally, and not for each peripheral location tested, and so it
may be thought that the flat curves in Figure 3 could result
from the defocusing lens reducing peripheral defocus in some
subjects, while increasing it in others, resulting in little average
effect. If this were true, however, the error-bars on the graph
would systematically widen as the power of the defocusing
lens increased. There is evidence that peripheral retinal contrast sensitivity is more robust to defocus, even once peripheral refractive errors have been corrected,25 and so it is likely
that our foveally measured results represent the maximum
effect of defocus for a given retinal location.
Direct comparisons between these results and previous
reports investigating the effect of defocus on white-on-white
perimetry is difficult, however, because FDT and white-onwhite perimetry use different contrast metrics (Michelson versus Weberian contrast, respectively). It has been reported that
sensitivity to a conventional size III (0.43°) perimetric target
decreases by approximately 0.8 log unit with 6 D of defocus.26
Given that intersubject variability is only 50% (0.3 log unit)
greater for white-on-white perimetry than for FD thresholds,27
it may be estimated that, relative to normal test variability,
white-on-white perimetry is three times (0.5 log unit) more
susceptible to the effects of defocus than the commercially
available FDT perimeter.
Because there is a noninteger of grating cycles (2.5) used in
conventional FDT targets, there is a change in average luminance that modulates at 25 Hz. This luminance artifact arises

Downloaded from iovs.arvojournals.org on 04/12/2021

IOVS, September 2003, Vol. 44, No. 9
from the unpaired half cycle and is equal to 2/(5) of the
grating’s peak luminance, thereby making the contrast of the
luminance artifact 0.9 log unit below the contrast of the grating. (A half-cycle of a sine-wave grating produces a luminance
increase equal to 2/ of the grating’s peak luminance. Averaged over an area of 2.5 cycles [or, 5 half-cycles] in the FDT
stimulus, this luminance increase is reduced to 2/[5] of the
grating’s peak luminance.) Contrast thresholds for this artifact
alone (Fig. 2, circles, no defocus) were approximately 0.1 log
unit less than for the FDT grating target (Fig. 1A, circles, no
defocus), and so defocus would need raise grating thresholds
approximately 0.8 log unit (0.9 minus 0.1) more than artifact
thresholds before the artifact became more detectable than the
grating. Although defocus raised grating thresholds at a significantly faster rate than artifact thresholds, the difference was
insufficient to make the artifact detectable at the levels of
defocus we investigated. Further evidence against the detectability of such an artifact is that detection and resolution
thresholds remain comparable at the greatest level of defocus
(Fig. 1A). Because the luminance artifact does not give information about grating orientation, a divergence in these two
thresholds should occur if the artifact was used for stimulus
detection. Similar to the conventional FDT targets, the 5°
diameter, 0.5 cyc/deg target in this study contained a noninteger of grating cycles and so contained a change in average
luminance that modulated at 18 Hz. The differential effect of
defocus on the luminance artifact (Fig 2., squares) versus the
grating target (Fig. 1B) was greater than for conventional FDT
targets, but was still less than that necessary to make the
artifact visible. If reductions in contrast sensitivity are roughly
uniform at low spatial frequencies, artifacts should remain
invisible in areas of visual field loss caused by disease. Recent
work19 showing that absolute detection thresholds and pattern
resolution thresholds are increased by comparable amounts in
glaucoma provides evidence that luminance artifacts do not
become detectable in areas of visual field damage.
We found that thresholds for higher spatial frequency targets (0.5 cyc/deg), as may be useful in more finely spaced FD
test strategies, were more susceptible to defocus than conven-

FIGURE 4. Effect of defocus (abscissa) on MD and PSD indices, for a
24-2 FD test. Data points are averaged from four observers (⫾SEM).
Parameters (⫾SD) for the top solid line are m ⫽ 0.0069 ⫾ 0.047, c ⫽
2.0 ⫾ 0.18, Q ⫽ 0.94, and for the bottom solid line, m ⫽ ⫺0.74 ⫾
0.044, c ⫽ ⫺0.37 ⫾ 0.79, Q ⫽ 0.85. Dashed line: gradient at the
detection data in Figure 1B, but scaled to decibels of sensitivity (m ⫽
⫺0.63) and to intercept the solid line at 3 D; the 95% confidence
intervals for the gradients of these two lines overlap. At 4 D of defocus,
three subjects returned abnormal (P ⬍ 5%) MD indices.
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tional FD perimetry targets (Fig. 1). The slopes of the curves
relating threshold to defocus were indistinguishable for the 5°
and 2° targets, suggesting that it was the spatial frequency of
the grating and not the size of the grating that governed this
relationship. When higher spatial frequency targets were used
in a perimetric test, the MD index became abnormal at high
levels of defocus (Fig. 4). In our database for the 24-2 FD test,
the 5% limit for normality is ⫺2.6 dB (OD), and it would be
expected that the average MD would reach this value with 3.5
D of defocus. It should be remembered, however, that defocus
less than this amount results in abnormal indices in patients
who have MDs less than average, being approximately half of
the normal population. Despite the effect on MD, we found no
evidence that defocus affects the PSD index in normal subjects,
which suggests that defocus results in generalized depression
of the visual field. A similar result has been reported for whiteon-white perimetry.28 It may be, however, that defocus affects
the PSD in patients with abnormal visual fields, as defocus may
make the borders of focal defects less distinct. Studies have
found that PSD deteriorates in patients with glaucoma after
cataract extraction, despite an improvement in MD,29,30 which
suggests that the reduced image quality in cataract partially
masks localized visual field defects. Similarly, the PSD index of
abnormal fields is reduced in visual field test strategies that
incorporate spatial averaging techniques.31–33
We performed our study on subjects that were younger
than those on whom FDT perimetry would typically be conducted, and so it is reasonable to consider how the subject’s
age may affect our results. Because pupil diameter decreases
with age,34 this may increase depth of focus for low spatial
frequencies,6 although large intersubject variations in depth of
focus effects can occur.8 Media changes in the eye with age
may also ameliorate the effects of defocus, irrespective of pupil
size.35 Overall, older subjects may be less affected by optical
defocus than our young test group and so our results probably
indicate the maximum effect of defocus on FD perimetry.
In conclusion, we found that the current FDT test is robust
to optical defocus, and that defocus does not make low spatial
frequency artifacts in the FDT targets visible. With higher
spatial frequency targets, as may be useful in test patterns of
greater spatial resolution, tolerance to optical defocus is reduced.
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