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ABSTRACT
Purposes. The purposes of this study are to compare macular perimetric sensitivities for conventional size III, frequency-
doubling, and Gabor stimuli in terms of Weber contrast and to provide a theoretical interpretation of the results.
Methods. Twenty-two patients with glaucoma performed four perimetric tests: a conventional Swedish Interactive
Threshold Algorithm (SITA) 10-2 test with Goldmann size III stimuli, two frequency-doubling tests (FDT 10-2, FDT
Macula) with counterphase-modulated grating stimuli, and a laboratory-designed test with Gabor stimuli. Perimetric
sensitivities were converted to the reciprocal of Weber contrast and sensitivities from different tests were compared using
the Bland-Altman method. Effects of ganglion cell loss on perimetric sensitivities were then simulated with a two-stage
neural model.
Results. The average perimetric loss was similar for all stimuli until advanced stages of ganglion cell loss, in which
perimetric loss tended to be greater for size III stimuli than for frequency-doubling and Gabor stimuli. Comparison of the
experimental data and model simulation suggests that, in the macula, linear relations between ganglion cell loss and
perimetric sensitivity loss hold for all three stimuli.
Conclusions. Linear relations between perimetric loss and ganglion cell loss for all three stimuli can account for the
similarity in perimetric loss until advanced stages. The results do not support the hypothesis that redundancy for
frequency-doubling stimuli is lower than redundancy for size III stimuli.
(Optom Vis Sci 2006;83:E455–E465)
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Conventional automated perimetry is widely used in diag-
nosis of glaucoma and in evaluating effects of glaucoma
treatment. The most commonly performed conventional

perimetric test uses a small luminance increment stimulus (Gold-
mann size III, 0.43° diameter) superimposed on a uniform white
background. With this stimulus, test–retest variability is high in
areas with decreased sensitivity,1–3 which makes it difficult to de-
tect progression of visual field loss. Test–retest variability in these
areas can be reduced4,5 by using a larger stimulus (Goldmann size
V, 1.72° diameter), but increasing stimulus size can decrease the
depth of defect and the ability to detect visual field change.5–7 An
alternative is to use cathode ray tube (CRT)-based perimetric tests,
which use large sinusoidal stimuli such as counterphase-modulated

gratings used in frequency-doubling perimetry8,9 or Gabor stimuli
(sinusoidal gratings with Gaussian envelopes) used in contrast sen-
sitivity perimetry.10 A recent study has shown that test–retest vari-
ability is less dependent on depth of defect for frequency-doubling
stimuli than for size III stimuli, and that until advanced stages of
visual field loss, there is a relatively consistent relation between
sensitivities for frequency-doubling stimuli and sensitivities for size
III stimuli.3

It is still not well understood how to quantitatively relate peri-
metric sensitivities for Goldmann size III stimuli to those for fre-
quency-doubling gratings. The two stimuli have different spatial
and temporal configurations; one is a small luminance increment
that is pulsed on briefly and the other is a low spatial frequency
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grating that is counterphase-modulated at a high temporal fre-
quency. The different stimulus configurations may lead to differ-
ent responses from the retinal and cortical cells and hence different
perimetric sensitivities. The printouts for the two types of perim-
eters are not directly comparable because each machine uses a
different definition of sensitivity. Most of the previous comparison
studies have taken an empiric approach; the response variability
and depth of defect have been compared with arbitrary units8 such
as in terms of the dynamic ranges of the devices9 or in terms of
probability values based on normative data.11 Without a theoreti-
cal justification for choice of units, it is difficult to make quantita-
tive comparisons of defect depth and test variability. For example,
a defect of -10 dB on the Humphrey Field Analyzer means 90%
loss, whereas on the Humphrey Matrix it means 68% loss.

In this study, we provide a theoretical basis for comparing peri-
metric sensitivities with Goldmann size III and frequency-dou-
bling stimuli in terms of Weber contrast.3 Perimetric sensitivities
for different stimuli were compared directly without requiring a
normative database. We also included a Gabor stimulus, which is
similar to the frequency-doubling grating in spatial configuration
and similar to the size III stimulus in temporal configuration. Our
data were consistent with similar sensitivity loss for all three stimuli
despite the different spatial and temporal configurations. To inter-
pret the data, we used a two-stage neural model12 to simulate
perimetric sensitivities for size III, frequency-doubling and Gabor
stimuli. A comparison of model simulations with experimental
data suggests that experimental data can be explained if linear
relations between perimetric sensitivity loss (perimetric sensitivity
is defined as the reciprocal of perimetric threshold) and ganglion

cell loss hold for all three stimuli until advanced stages of ganglion
cell loss.

METHODS
Subjects

Twenty-two patients with early to advanced glaucoma were re-
cruited (see Table 1 for age and clinical characteristics). All patients
have previously been diagnosed by an experienced clinician
(MWD). Patients were required to have visual acuity of 20/30 or
better, refractive errors of less than �6 D of sphere and 3 D of
cylinder, clear ocular media, no systemic disorder or medication
known to affect visual function, and no other eye disease. This
study followed the tenets of the Declaration of Helsinki. Written
informed consent was obtained from all observers after the nature
and possible consequences of the study were explained. This re-
search was approved by the Institutional Review Board of the
SUNY State College of Optometry. Financial compensation was
given to each patient for their travel expenses and time.

Apparatus and Stimulus

Four perimetric tests (Swedish Interactive Threshold Algorithm
[SITA] 10-2, FDT 10-2, FDT Macula, and Gabor) were per-
formed using three testing stations: a Humphrey Field Analyzer II
(Carl Zeiss Meditec, Dublin, CA), a Humphrey Matrix (Zeiss-
Humphrey, Welch Allyn FDT Visual Field Instrument/Welch
Allyn, Skaneateles, NY), and a VSG-controlled (VSG 2/5; Cam-

TABLE 1.
Patient information: age, diagnosis, refractive error, visual acuity, Pelli-Robson contrast sensitivity, MD for Swedish
Interactive Threshold Algorithm (SITA) 24-2 and 10-2, and partial means for locations that were used in the Bland-Altman
analysis in Figure 5A and PSD for SITA 24-2 and 10-2

Age Diagnosis Refraction Acuity Pelli-Robson 24-2, 10-2, partial MD (dB) 24-2, 10-2 PSD

49 POAG �1.5 20/20 1.50 �26.45/�23.11/�11.15 8.92/13.17
67 POAG 0.0�1.0 � 60 20/25 1.30 �30.7/�18.93/�10.82 5.15/11.74
68 POAG �2.75 20/20 1.50 �12.96/�13.46/�5.17 12.89/15.46
44 POAG �0.75 20/20 0.95 �14.78/�10.19/�3.53 11.91/14.31
65 POAG 0.0 20/30 1.50 �14.55/�10.8/�8.88 9.84/7.5
80 POAG �1.5 20/25 1.65 �3.51/�9.66/�3.47 6.84/13.7
67 POAG �1.25–1.25 � 0 20/16 1.55 �11.54/�9.2/�4.56 8.37/7.42
70 NTG �2.5–0.75 � 90 20/25 1.45 �5.41/�4.33/�4.33 4.59/6.19
53 POAG �5.5–0.5 � 175 20/30 1.40 �5.13/�3.45/�3.38 3.17/2.94
67 POAG �1.5–1.25 � 20 20/30 1.35 �11.52/�3.2/�1.94 8.17/2.03
71 CMG 0.0–1.0 � 135 20/30 1.45 �8.21/�3.05/�1.74 5.44/2.84
68 CMG 2.75–1.0 � 100 20/30 1.35 �9.94/�3.05/�0.56 8.63/4.71
64 POAG �0.25 20/20 1.50 �5.79/�2.93/�1.75 2.33/2.05
65 POAG 0.0 20/16 1.45 �2.17/�2.59/�2.19 2.29/1.82
59 POAG �2.5–1.0 � 80 20/16 1.65 �8.33/�2.59/�1 4.8/2.75
57 POAG 0.0 20/20 1.50 �3.15/�1.42/�3.06 5.16/2.85
70 POAG �2.5–0.75 � 95 20/20 1.50 �12.7/�1.41/�1.75 11.68/1.33
56 POAG �0.25–1.0 � 110 20/16 1.80 �1.13/�1/�0.81 2.11/1.07
72 POAG 0.0 20/20 1.65 �3.12/�0.54/0.19 2.1/2.29
62 POAG �1.25–1.0 � 90 20/30 1.55 0.24/�0.16/�0.31 1.81/1.25
58 POAG 0.0 20/20 1.65 �2.9/�0.14/�0.13 3.57/1.54
62 POAG �0.75–0.5 � 70 20/20 1.65 �2.47/0.7/0.69 1.41/1.17

PSD, pattern standard deviation; POAG, primary open-angle glaucoma; NTG, normal tension glaucoma.
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bridge Research Systems, Kent, U.K.) CRT-based system. The
first two were commercially available clinical devices, and the third
one was designed in our laboratory.

The SITA 10-2 test was performed on the Humphrey Field
Analyzer. The stimulus (Goldmann size III) was a 0.43° diameter
circular luminance increment (Fig. 1A). It was presented as a
200-ms rectangular pulse. The 68 test locations formed a 2°-offset
grid that covered the central �10° visual field. The grid was sym-
metric to both horizontal and vertical meridian with no locations
falling on the meridian. The maximum and minimum luminances
of the stimulus that can be generated by the apparatus were 3183
and 0.025 cd/m2. The background luminance was 10 cd/m2. Sen-
sitivities given in the Humphrey Field Analyzer printout were ex-
pressed as the relative attenuation from the maximal stimulus lu-
minance in decibel units, with 10 dB per log unit and 0 and 51 dB
corresponding to the maximum and minimum stimulus lumi-
nances, respectively.

The FDT 10-2 and FDT Macula tests were performed on the
Humphrey Matrix. For both tests, the stimulus was a 0.5 cycle
per degree (cpd) grating patch (2° � 2°), which was temporally
counterphase-modulated at 12 Hz (Fig. 1B). At these spatial
and temporal frequencies, the stimulus is not likely to give
frequency-doubling percept.13 The stimulus was presented for a
total of 720 ms: 400 ms for the maximum contrast and 160 ms
each for linear ramp-on and ramp-off. The background lumi-
nance was 90 cd/m2 (calibrated with a Minolta LS-100 Lumi-

nance Meter; Konica Minolta Sensing, Sakai, Osaka, Japan).
The spatial and temporal average luminance of the test patch
was the same as that of the background. The FDT Macula test
included 16 test locations in the central �5° of visual field. The
FDT 10-2 test included 44 test locations in the central �10° of
visual field, of which 16 locations in the central �5° were the
same as those in the FDT Macula and SITA 10-2 tests and the
other locations between �5° and �10° were not the same as
those in the SITA 10-2 test. Sensitivities given in the Hum-
phrey Matrix printout were expressed as the reciprocal of Mich-
elson contrast in decibel units with 20 dB per log unit and 0 dB
representing the maximum contrast (100%).

The Gabor test was performed on the VSG-controlled CRT
(SONY Trinitron GDM-F500, 150-Hz frame rate) system. The
stimulus was a Gabor sine with peak spatial frequency of 1.0 cpd
and a spatial bandwidth at half-height of 0.7 octave (Fig. 1C). It
was presented for 600 ms with a Gaussian temporal envelope
(100-ms time constant). The average luminance of the stimulus
and the background luminance were both 50 cd/m2. There were
eight test locations, four at �3°, �3° and four at �9°, �9°. The
four locations at �3°, �3° were the same as those of the FDT and
SITA 10-2 tests. Sensitivities given in the Gabor test printouts were
expressed as the reciprocal of Michelson contrast in logarithmic
units, with 0.0 representing 100% contrast and 2.0 representing
1% contrast.

FIGURE 1.
The spatial (top row) and temporal (bottom row) configurations for the size III stimulus of (a) the Humphrey Field Analyzer, (b) the frequency-doubling
stimulus of the Humphrey Matrix, and (c) the Gabor stimulus of the cathode ray tube system.
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Procedures

Different algorithms were used in each apparatus to measure
thresholds. In the Humphrey Field Analyzer, thresholds were as-
sessed with the SITA procedure.14 In the Humphrey Matrix,
thresholds were assessed using a ZEST procedure.15 Both proce-
dures assumed probability density functions for the threshold
value. In the VSG-controlled CRT system, sensitivities were mea-
sured with a staircase procedure in which the equivalent sensitivity
of a stimulus (i.e., the reciprocal of stimulus contrast) was varied in
linear steps. The initial step size was 0.5, and it was reduced to 0.25
after the first reversal and to 0.125 after the second reversal. Each
staircase was terminated after six reversals, and the threshold was
calculated as the average of the last four reversals. Eight staircases
(one for each stimulus location) were randomly interleaved.

All four perimetric tests were performed in a single visit with the
same eye with breaks between each test. The order of perimetric
tests was counterbalanced. Before the perimetric tests, patients
were tested with a logarithmically scaled (logarithm of the mini-
mum angle of resolution) visual acuity chart (Lighthouse Low
Vision Products “ETDRS” Cat No 2170; Precision Vision, La
Salle, IL) and a Pelli-Robson contrast sensitivity chart (Clement
Clarke International Ltd., Harlow, Essex, U.K.).

Data Analysis

As a preliminary analysis, we assessed whether SITA 10-2 and
FDT 10-2 tests were concordant by clinical standards. Machine
printouts were compared by one of the authors (MWD) and were
assessed in terms of total sensitivity deviation and probability val-
ues from the machine database (MD and PSD). For each patient,
concordance between the SITA 10-2 and FDT 10-2 tests was
evaluated based on whether the same hemifield and the same quad-
rant had the lowest total sensitivity across all the locations in that
hemifield or quadrant.

The main statistical analyses did not rely on machine databases
or on assessments of the spatial patterns of visual fields. We did a
pointwise comparison of sensitivities obtained with two tests using
the Bland-Altman method.16 For each location and each patient,
we plotted the difference in the two sensitivities as a function of
their mean. Linear regression was used to assess dependence of the
difference on the mean and to generate 95% confidence limits for
the differences. We first compared sensitivities for the SITA 10-2
and FDT 10-2 tests, which used two different stimuli. Then we
compared sensitivities for the FDT 10-2 and Gabor tests, both of
which used sinusoidal stimuli. Finally, we compared sensitivities
for the FDT 10-2 and FDT Macula tests, both of which used the
same stimulus. For the comparison between the two FDT tests, we
also performed an F test on the standard deviation of the sensitivity
differences to evaluate whether the variation was greater across
different stimuli than across the same stimuli.

All comparisons were restricted to test locations that were shared
by both tests in the central �5° of visual field. This yielded a total
of 88 locations (four locations per eye) for comparisons involving
the Gabor test and 352 locations (16 locations per eye) for other
comparisons. Because different locations cannot be considered in-
dependent when they are tested from the same person, we made
conservative estimates of statistical significance by determining the

degrees of freedom based on the number of patients. When a
statistical test found no significant difference, we repeated it with
the degrees of freedom based on the total number of locations to
determine whether the conservative estimates were too limited in
statistical power. We set the significance level to p � 0.01 to take
into account the total number of statistical tests.

The Bland-Altman method was developed for comparison of
two methods of measurement. The examples given in their original
paper16 were for devices that gave results in the same units. For
perimetry, there have been no standard units. To provide a com-
mon unit, we expressed all sensitivities as the reciprocal of Weber
contrast (in logarithmic units, see Appendix, available at http://
www.optivissci.com). For the Gabor test, sensitivity remained the
same. To convert sensitivity for the SITA test, we first subtracted
25 from the Humphrey Field Analyzer printout and then divided
the difference by 10. To convert sensitivity for the FDT tests, we
divided the Humphrey Matrix printout by 20. For FDT and Ga-
bor tests, the maximum stimulus luminance corresponds to 0.0 log
contrast sensitivity, whereas for the SITA 10-2 test, it corresponds
to �2.5 log contrast sensitivity. The apparatus dynamic range,
defined as the difference between the mean sensitivity of control
observers and the minimum sensitivity that can be tested on the
machine, is twice as large for Humphrey Field Analyzer than for
the Humphrey Matrix and the laboratory-designed testing station.
This difference in apparatus dynamic range is a potential source of
artifact for regression analysis. Therefore, in the primary Bland-
Altman analysis, we excluded 19 locations where sensitivity esti-
mates were 0 or lower than 0 dB (in the machine printout) for one
or both tests and 14 locations where mean sensitivities were below
0.0 log unit. In the secondary analysis, we assessed relative sensi-
tivities at these excluded locations.

Model Simulation

Why is the perimetric performance for the three stimuli similar
although their spatial and temporal properties are different? What
does this tell us about the relation between ganglion cell loss and
perimetric sensitivity? Electrophysiological and anatomic studies
have suggested a linear relation between ganglion cell loss and
perimetric sensitivity to size III stimuli.17–20 If the linear relation
extends to the frequency-doubling and Gabor stimuli, this could
explain our results. To explore this hypothesis, we used a two-stage
neural model12 to simulate perimetric sensitivities for size III, fre-
quency-doubling, and Gabor stimuli.

In the first stage of the neural model, the stimulus was centered
on an array of retinal ganglion cells and the response of each gan-
glion cell was computed by multiplying the 2D stimulus with the
cell’s receptive field. In the second stage, ganglion cell responses
were pooled by an array of spatial filters representing populations
of cortical neurons (Fig. 2). The response of each filter was com-
puted by multiplying the ganglion cell responses with a weighting
factor based on the filter’s spatial profile, with excitatory regions
having positive weights and inhibitory regions having negative
weights. The weighted responses of the ganglion cells were
summed to produce the response of the spatial filter. Internal noise
was added only to the cortical filter response, because, for cortical
neurons, internal noise is the primary factor in the output noise
even in the presence of high input noise.21,22 Psychophysical sen-
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sitivity was computed by probability summation as described by
Pelli23 with an exponent of 4.24–27

For the first stage, the receptive field of a ganglion cell was
simulated with a difference of two Gaussian functions. Each gan-
glion cell array was specified by four parameters: Gaussian radii of
ganglion cell receptive field center and surround, ratio of peak
sensitivity for center and surround Gaussian, and spacing between
ganglion cells (Table 2). Based on reports of primate ganglion cell
receptive fields28 and human ganglion cell density,29 we chose
three sets of parameters to represent three types of ganglion cell
arrays: macular, dense, and sparse. The macular array had the
highest density of ganglion cells and the smallest receptive fields
and considerable overlap of receptive field centers. The dense array
had intermediate ganglion cell density with similar overlap of re-
ceptive field centers as the macular array. The sparse array had the
largest receptive fields and the lowest density with least overlap of
receptive field centers. The macular and dense arrays approximated
the density of mixed magnocellular and parvocellular cells at the
fovea and at 9° eccentricity,29 whereas the sparse array approxi-
mated the density of only magnocellular cells at 9° eccentricity.

For the second stage, the receptive field of a cortical filter was
simulated using derivatives of Gaussians, either edge detectors
(D1) or narrow-band filters in sine (D5) or cosine (D6) phase, with
an orthogonal Gaussian envelope.12 The cortical filter was speci-
fied by five parameters: phase (sine or cosine), peak spatial fre-
quency, spatial bandwidth, peak orientation, and orientation
bandwidth. Each filter in an array had the same phase, spatial

frequency, spatial bandwidth, and orientation bandwidth but the
peak orientation varied systematically from 0° to 315° in steps of
45°. We used filter arrays in both sine and cosine phase with peak
spatial frequency varied from 0.25 to 4.0 cpd in octave steps,
spatial bandwidths varied from 1.0 to 2.6 octaves, and orientation
bandwidths varied from 14° to nonoriented. Filter spacing was
determined by ganglion cell spacing with one cortical filter cen-
tered on one ganglion cell.

Perimetric sensitivity of the simulated observers was computed
for three stimuli and for seven levels of ganglion cell loss. The three
stimuli, a 0.43° diameter circle, a 0.5-cpd grating (2° � 2°), and a
1.0-cpd Gabor sine (0.7-octave bandwidth), are referred to as size
III, FDT, and Gabor stimuli although the model does not take into
account their temporal configurations. For each ganglion cell ar-
ray, heterogeneous ganglion cell damage, either as a result of cell
death or reduction of sensitivity because of dysfunction, was sim-
ulated by randomly removing cells to produce 25%, 50%, 75%,
87.5%, 93.75%, 96.87%, and 98.44% cell loss (corresponding to
relative ganglion cell loss from �0.1 to �1.8 log unit). The size III
stimulus was relatively small compared with the sparse ganglion
cell spacing, and small changes in stimulus position could cause
significant changes in sensitivity, especially when the ganglion cell
loss is severe; therefore, the perimetric sensitivity was obtained by
averaging sensitivities at a grid of 13 different stimulus locations
centered within a 2° circle. The Gabor and FDT stimuli were
much larger and stimulus location had little effect on sensitivity, so
perimetric sensitivity was obtained only for a single location.

RESULTS
Clinical Assessment and Case Examples

Clinical assessment of visual field concordance showed good
agreement between SITA 10-2 and FDT 10-2 tests. Printouts were
concordant for 20 of 22 (90%) patients in terms of which hemi-
field had lower total sensitivity. For 18 of 22 (82%) patients, there
was also agreement in terms of which quadrant had the lowest total
sensitivity. The two patients for whom the fields were not concor-
dant had little sensitivity loss (SITA 10-2 MD ��3 dB, PSD �3
dB).

Figure 3 shows gray scale plots for SITA 10-2, FDT 10-2, FDT
Macula, and Gabor tests for two patients. Data from the two
patients illustrate two different patterns of result. For patient no. 1,
at two locations (�1,3 and �3,3), FDT printouts were 23 and 27
dB, whereas the SITA 10-2 printouts were 0 dB. For patient no. 2,
at three locations (�1,3, �1,1, and 1,3), the SITA 10-2 printouts
were between 0 and 6 dB, whereas the FDT 10-2 printouts were

TABLE 2.
Parameters used in the first stage of model simulation: the space constants for ganglion cell’s receptive field center and
surround and their weights and the spacing between cellsa

Condition Center radii rc (°) Surround radii rs (°) Peak sensitivity ratio: center to surround kc / ks Spacing (°)

Macular 0.03 0.18 163.86 0.015
Dense 0.07 0.54 129.67 0.036
Sparse 0.18 1.19 57.5 0.16

aWe used median values for receptive field parameters from Croner and Kaplan28 for parvocellular cells at 0° to 5° and 10° to 20°
(macular and dense conditions) and for magnocellular cells at 10° to 20° eccentricity (sparse condition).

FIGURE 2.
A two-stage neural model. The stimulus is centered on an array of retinal
ganglion cells and the ganglion cell responses are pooled by an array of
cortical filters. Psychophysical sensitivity of the simulated observer is then
computed with probability summation across the cortical filter array. Ci
and THi in the probability summation equation represent stimulus contrast
and threshold contrast, respectively, for the ith channel.
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between 18 and 27 dB, but at two other locations (�1,�3 and
�3,�1), the SITA 10-2 printouts were 26 and 11 dB, whereas the
corresponding FDT 10-2 printouts were only 7 and 2 dB. For both
patients, the patterns of FDT 10-2 and FDT Macula results were
similar in the central �5° of visual field.

Bland-Altman Analysis

Figure 4 shows scatterplots for three sets of comparisons: SITA
10-2 versus FDT 10-2, Gabor versus FDT 10-2, and FDT 10-2
versus FDT Macula. Data points that fall on the x- and y-axes
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FIGURE 3.
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1, at two locations (-1,3 and -3,3), FDT printouts were 23 and 27 dB, whereas the SITA 10-2 printouts were 0 dB. For patient no. 2, at three locations
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FIGURE 4.
Scatter plots for (a) SITA 10-2 versus FDT 10-2 tests, (b) Gabor versus FDT 10-2 tests, and (c) FDT Macula versus FDT 10-2 tests. Data for the SITA 10-2
and two FDT tests are in decibel units as defined by the machines. Data for the Gabor test are in one tenth of log contrast sensitivity units. The ranges
of all axes are chosen to cover 4 log units of contrast sensitivity.
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represent locations where either of the thresholds could not be
measured. Data for the SITA 10-2 and two FDT tests are plotted
in decibel units as defined by the Humphrey Field Analyzer and
the Humphrey Matrix, respectively. Data for Gabor test are plot-
ted in units of one tenth of log contrast sensitivity. To view over-
lapping data points, we jittered data for SITA 10-2 and FDT tests
by up to 1.25 dB.

Figure 5 shows Bland-Altman plots for the three sets of compar-
isons shown in Figure 4. Thresholds that are smaller than 0 dB
(machine units) were treated as 0. All data were converted into
log contrast sensitivity units as described in “Data Analysis.” In
the primary comparison of SITA 10-2 versus FDT 10-2, we
excluded 19 data points where thresholds were equal or smaller
than 0 and 14 data points in which the mean sensitivity (x-axis
in Bland-Altman plot) was lower than 0.0 log unit. Statistical
assessment of sensitivities at individual locations found that
FDT 10-2 sensitivities were higher than SITA 10-2 sensitivities
by an average of 0.75 � 0.31 log unit (Fig. 4A) and were higher
than the Gabor sensitivities by an average of 0.46 � 0.34 log
unit (Fig. 4B). For both comparisons, the difference did not
vary systematically with sensitivity (r2 �0.001, p � 0.5, for df
based on both total number of patients and locations) and the
width of the 95% confidence limits was approximately 1.0 log
unit.

The Bland-Altman comparison for the FDT 10-2 and FDT
Macula tests is shown in Figure 5C. On average, the two FDT tests
showed very similar sensitivity with a mean difference of 0.03 �
0.24 log unit and no dependence of the difference on sensitivity (r2

�0.01, p � 0.1, for df based on both total numbers of patients and
locations). The standard deviation for the sensitivity differences
was smaller between the two FDT tests than between FDT and size
III tests or between FDT and Gabor tests (F � 1.66, p � 0.01, for
df based on total number of locations). This suggests that the test
variation across different stimuli is slightly greater than across same
stimuli. If we assume similar test variation for the FDT 10-2 and
FDT Macula tests, we can assess the standard deviation for each

FDT test based on the standard deviation between the two FDT
tests. This gives an estimated standard deviation of 0.17 log unit,
which is consistent with the 8 dB (Humphrey Matrix unit) 90%
test–retest intervals found by Artes et al. for the FDT 24 to 2 test.3

Bland-Altman analysis shown in Figure 5 is based one measure
with each technique. Does the variability inherent in each tech-
nique limit the usefulness of the Bland-Altman analysis? To ad-
dress this question, we first grouped the data into several bins based
on the mean sensitivity and calculated the average of each bin. For
all three pairs of Bland-Altman comparisons, the average of each
bin was very similar to the overall mean. We also computed the
global indices for each individual observer using the geometric
mean of the perimetric sensitivities at different locations and re-
peated the Bland-Altman analysis using each observer’s global in-
dices. The sensitivity difference between the two FDT tests had a
variability of 0.14 when computed with global indices compared
with 0.24 when computed with individual points; the sensitivity
difference between the FDT 10-2 and SITA 10-2 tests had a vari-

FIGURE 5.
Statistical comparison of (a) SITA 10-2 and FDT 10-2 tests, (b) FDT 10-2 and Gabor tests, and (c) FDT 10-2 and FDT Macula tests. Each cross represents
one test location from one patient. The x and y coordinates of each point were varied randomly by a small offset to reveal overlapping data points. Solid
circles show means for data grouped into 0.2 log unit bins. The solid line shows the mean difference and the dashed lines bracket the 95% confidence
interval. In plot (A), open circles show data points where either one or both thresholds cannot be measured, and open triangles show data points with
mean sensitivities lower than 0.0 log unit. These data points are not included in the primary statistical analysis.
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Distribution of FDT 10-2 sensitivities for the 10 locations where thresholds
could be measured for FDT 10-2 but not for SITA 10-2.
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ability of 0.26 when computed with global indices compared with
0.31 when computed with individual points. Using global indices
significantly reduced test variability as would be expected, but it
had less effect on variability between SITA 10-2 and FDT 10-2
tests. This suggests that variability inherent in each technique does
not affect the usefulness of the Bland-Altman analysis in our study.

We further examined the 33 data points that were excluded
from the primary SITA 10-2 and FDT 10-2 comparison. There
were five data points where sensitivity could not be measured for
both SITA 10-2 and FDT 10-2, 10 data points where only SITA
10-2 sensitivity could not be measured, and 4 data points where
only FDT 10-2 sensitivities could not be measured (SITA 10-2
sensitivity was: 0.1, 0, 0.9, 2.0 log unit). Figure 6 shows the distri-
bution of FDT 10-2 sensitivities for the 10 locations where sensi-
tivity could be measured for FDT 10-2 but not for SITA 10-2. For

the remaining 14 data points where both sensitivities were measur-
able but the mean was lower than 0.0 log unit, the difference
between FDT and SITA sensitivities averaged 2.68 � 0.64 log
unit.

Model Simulation

We used a two-stage neural model to simulate perimetric sensi-
tivities for size III, frequency-doubling, and Gabor stimuli, and the
results are shown in Figures 7 and 8. Figure 7 shows effect of
ganglion cell loss on perimetric sensitivity. The examples are for
D5 cortical filters with 1 octave spatial bandwidth and 54° half-
height orientation bandwidth. Different symbols show simulation
results for different ganglion cell arrays and D5 filters of various
peak spatial frequencies. The gray line with a slope of 1 represents
linearity (i.e., perimetric loss equals ganglion cell loss); points
above the line represent redundancy (i.e., perimetric loss is milder
than ganglion cell loss); points below the line represent cases in
which perimetric loss is more severe than ganglion cell loss. Simu-
lation with D1 and D6 filters gave similar results and data are not
shown.

For FDT and Gabor stimuli, perimetric sensitivities of model
simulations were primarily dependent on cortical filter peak spatial
frequency, and the range of appropriate peak spatial frequencies
was mainly determined by the stimulus spatial frequency. Other
parameters had relatively minor impact on the results. When the
peak spatial frequency of cortical filters was appropriate for the
stimulus, the perimetric sensitivity versus ganglion cell loss func-
tion closely followed linearity until ganglion cell loss was �90%
(1.0 log unit relative density); when the peak spatial frequency was
too high, each filter responded to only a portion of the stimulus,
and a filter that sampled a small patch of surviving ganglion cells
could still have near-normal sensitivity, whereas most filters that
sampled other portions of the ganglion cell array would have lower
sensitivities. This would produce redundancy. The spacing of the
ganglion cells has little effect on the results because the FDT and

FIGURE 7.
Model simulation of perimetry loss as a function of ganglion cell loss for size III, FDT, and Gabor stimuli. Different symbols represent simulation results
for macular, dense, sparse ganglion cell arrays with D5 cortical filters of different peak spatial frequencies. For FDT grating and Gabor stimuli, ganglion
cell spacing has little effect on the results and only simulation results with the sparse ganglion cell array are shown.

FIGURE 8.
Comparison of simulated perimetry sensitivities for size III and FDT stim-
uli. Circles represent conditions in which linearity holds for both stimuli.
The triangles represent conditions in which one stimulus shows redun-
dancy and the other shows linearity.
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Gabor stimuli are large compared with the ganglion cell spacing;
therefore, only simulation results with the sparse ganglion cell array
are shown.

For size III stimuli, perimetric sensitivities of model simulations
were primarily dependent on ganglion cell spacing and cortical
filter peak spatial frequency, and the range of appropriate peak
spatial frequencies was directly related to the ganglion cell spacing;
for the macular array, even 4.0 cpd was appropriate, for the dense
array, 4.0 cpd was too high, and for the sparse array, 2.0 cpd was
too high. Similar to FDT and Gabor stimuli, other parameters had
relatively minor impact on the results.

Figure 8 illustrates possible extremes for differences in sensitiv-
ities to size III and FDT stimuli. When sensitivities for both stim-
uli are mediated by filters with appropriate peak spatial frequen-
cies, sensitivity loss can be approximated by ganglion cell loss and
the perimetric loss is similar for both stimuli (filled circles). When
sensitivity to one stimulus is mediated by inappropriate filters
while sensitivity to the other stimulus is mediated by appropriate
filters, the sensitivity loss is different for the two stimuli and the
difference varies with the mean (triangles).

DISCUSSION

In this study, we compared perimetric sensitivities for conven-
tional (Goldmann size III) and sinusoidal (frequency-doubling
and Gabor) stimuli using both empiric and theoretical approaches.
Our data are consistent with the hypothesis that, in the macula, a
linear relation between ganglion cell loss and perimetric sensitivity
loss holds for all three stimuli; hence, the average perimetric loss is
similar for all stimuli. This relation breaks down for advanced
stages of glaucoma, in which perimetric loss tends to be greater for
size III stimuli than for sinusoidal stimuli. Our data do not support
the hypothesis that redundancy for frequency-doubling stimuli is

less than redundancy for size III stimuli. In fact, for patients with
severe field loss, sinusoidal stimuli may allow assessment of sensi-
tivity at locations where size III can no longer be seen. Swanson et
al.12 have previously suggested that a linear relation between peri-
metric loss and ganglion cell loss holds for size III stimuli at eccen-
tricities �14°. The current study showed that the linearity can also
be obtained in the macula although the macula is served by spatial
filters tuned to higher peak spatial frequencies than in the periph-
ery.30

Artes et al.3 recently compared sensitivities (in machine units as
well as in units of log contrast sensitivity) for size III and frequency-
doubling stimuli in the central �30° of visual field using principle
curve analysis. They found a linear relation between frequency-
doubling and size III sensitivities with a slope of 2.0 when sensi-
tivity to size III was �25 dB. The 25 dB on the Humphrey Field
Analyzer printout corresponds to the 0.0 log unit in Weber con-
trast sensitivity used here. When we restricted our analysis to data
points with mean sensitivity of at least 0.0 log unit, we found that
the difference in sensitivities was independent of mean sensitivity,
which is consistent with the slope of 2.0 from Artes et al.’s study.

To further understand the effect of different machine ranges and
test–retest variation on the Bland-Altman analysis, and to evaluate
whether the 0.0 log contrast sensitivity boundary we set in the
primary Bland-Altman analysis is appropriate, we simulated SITA
10-2 and FDT 10-2 tests for sensitivity loss ranging from 0.0 to 3.0
log units (0% to 99% ganglion cell loss) using Monte Carlo sim-
ulations. The perimetric sensitivity estimate for each location was
randomly drawn from a Gaussian distribution. The mean of the
Gaussian distribution was given by the normal mean and the level
of sensitivity loss. For the FDT 10-2 test, the standard deviation of
the Gaussian distribution was set to 0.17 log unit based on the
estimate from Figure 5C, whereas for the SITA 10-2 test, the
standard deviation was derived from the equation by Henson et
al.31 for test–retest variability versus perimetric sensitivity for size
III stimuli. Figure 9 shows the mean (solid line) and 95% confi-
dence interval (gray area) of the Monte Carlo simulations for the
SITA 10-2 and FDT 10-2 Bland-Altman comparison. Our data
from Figure 5A are replotted here for comparison. The mean of the
Monte Carlo simulations showed a similar trend as our data; it
remained constant when the mean sensitivity was higher than 0.0
log unit but started to increase when the mean sensitivity was lower
than 0.0 log unit. However, when the mean sensitivity was lower
than 0.0 log unit, most of our data fell above the confidence limit
of the Monte Carlo simulations. This indicates that the FDT 10-2
sensitivity was usually higher than the SITA 10-2 sensitivity, and
this difference cannot be explained by difference in sensitivity
and/or test–retest variation.

The implementation of the neural model has an implicit as-
sumption that contrast gain of ganglion cells is linear. However,
magnocellular ganglion cells show response saturation at high con-
trasts where response amplitude stops increasing with contrast.
The response saturation might cause loss of perimetric sensitivity
to be greater than loss of ganglion cells for certain conditions. As a
control, we simulated perimetric sensitivity with the response sat-
uration added to the model. The results showed that, at advanced
stages of ganglion cell loss, response saturation can cause greater
perimetric sensitivity loss than ganglion cell loss. If magnocellular
ganglion cells contribute to the detection of size III stimuli, this
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FIGURE 9.
Monte Carlo simulations of the effects of different machine range and
test–retest variation on Bland-Altman analysis. The solid line shows the
mean of the Monte Carlo simulation and the gray area shows the 95%
confidence limits. Different symbols represent data replotted from
Figure 5A.
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could explain the greater perimetric loss for size III stimuli than for
FDT stimuli when the mean sensitivities are �0.0 log unit, be-
cause for these data points, the stimulus contrast for size III stimuli
is above 2000% Weber contrast and magnocellular ganglion cell
responses are likely to be saturated.

Perimetric sensitivity was on average greater for the sinusoidal
stimuli than for the size III stimulus by 0.8 log unit for the grating
and by 0.3 log unit for the Gabor. Both spatial and temporal
factors may contribute to this difference. The model only addresses
spatial factors, which determine both the relative sensitivities of
filters and the relative number of filters contributing to detection.
Circular stimuli can fill only a portion of the excitatory receptive
field of a filter or fall on both excitatory and inhibitory portions. By
comparison, sinusoidal stimuli with the appropriate orientation
and peak spatial frequency can fill most of the excitatory region
with luminance increments and most of the inhibitory region with
luminance decrements, producing a much stronger response than
for size III stimuli. Furthermore, sinusoidal stimuli cover a larger
spatial area than size III stimuli, so filters at a larger number of
locations will contribute to detection. However, sinusoidal stimuli
have most of their energy at specific orientations and spatial fre-
quencies, whereas circular size III stimuli have their energy distrib-
uted equally across all orientations and across a wide range of
spatial frequencies, so size III stimuli will stimulate filters of a wider
range of orientation angles and peak spatial frequencies. Therefore,
the precise effect of spatial factors on perimetric sensitivity to sinu-
soids and size III stimuli will vary with the parameters of the model.
To approximate the expected effect of spatial factors, we modeled
a sparse mosaic sampled by weakly oriented D5 filters tuned to
orientations from 0° to 330° in steps of 30°. For 1.0-cpd filters,
sensitivity was predicted to be 0.6 log unit greater for the 1.0-cpd
Gabor patterns than for size III. For 0.5-cpd filters, sensitivity was
predicted to be 0.9 log unit greater for the 0.5-cpd grating than for
size III. These values indicate that spatial factors may account for
some of the difference in sensitivity.

APPENDIX

In this article, we defined sensitivity as the reciprocal of Weber’s
contrast,

log(SWeber) � � log�� L

LB
� (1)

where �L is the luminance increment (or decrement) of the stim-
ulus and LB is the background luminance.

For a sinusoidal grating, Michelson contrast equals Weber’s
contrast.

log(SMichelson) � � log�Lmax � Lmin

Lmax � Lmin
��

� log�2(Lmax � Lmean)

2Lmean
�� � log�� L

LB
�� log(SWeber)(2)

where Lmax and Lmin are the maximal and minimal luminance of
the grating, respectively. Lmean is the mean luminance of the grat-
ing, which also equals the background luminance LB .

In the next paragraphs, we start with the definition of sensitiv-
ities in each testing station and show how to convert them to the
reciprocals of Weber’s contrast.

For the Humphrey Field Analyzer, field sensitivity HFV is ex-
pressed as the retinal sensitivity in decibel units (10 dB per log
unit), with 0 dB referring to maximum stimulus luminance and 51
dB referring to the minimum stimulus luminance.

HFV � 10log�Lmax

� L�� � 10log�� L

LB
�� 10log� LB

Lmax
�

� 10log(SWeber) � 25(3)
where �L, LB , and Lmax are the luminance of the stimulus, back-
ground, and the maximal stimulus luminance, respectively.

For the Humphrey Matrix, field sensitivity HM is expressed as
the reciprocal of Michelson contrast in decibel units (20 dB per log
unit), with 0 dB referring to 100% contrast and 40 dB to 1%
contrast.

HM � � 20log�Lmax � Lmin

Lmax � Lmin
�� � 20log� 2� L

2Lmean
��

� 20log� � L

Lmean
�� 20log(SWeber)(4)

where Lmax and Lmin are the maximal and minimal luminance of
the grating, respectively. Lmean is the average luminance of the
grating, which also equals the background luminance LB .

For the CRT system, the contrast of a Gabor stimulus varies as
a result of its Gaussian envelope. Peli32 showed that a Gabor’s
apparent contrast can be estimated by the contrast of its grating
component. Therefore, the threshold sensitivity is expressed as
SMichelson of the grating component, which also equals SWeber .
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