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PURPOSE. Perimetry is used clinically to assess glaucomatous
ganglion cell loss. It has been proposed that frequency-doubling stimuli are better than the conventional size III perimetric
stimulus in preferentially stimulating magnocellular (M) versus
parvocellular (P) ganglion cells. However, little is known about
how primate ganglion cells respond to perimetric stimuli. The
authors recorded contrast responses of M and P ganglion cells
to size III and frequency-doubling stimuli and compared contrast gain of M and P cells to these stimuli to assess the ability
of these stimuli to preferentially stimulate M versus P cells.
METHODS. Data were recorded from 69 macaque retinal ganglion cells, by an in vivo preparation, at eccentricities of 5° to
15°. The size III stimulus was a circular luminance increment
26 min arc in diameter, 200 ms in duration. The frequencydoubling stimulus was a sinusoidal grating (0.5 cyc/deg) temporally modulated in counterphase at 13 Hz. A MichaelisMenten function was fit to each cell’s contrast responses to
assess contrast gain.
RESULTS. For both size III and frequency-doubling stimuli, ganglion cell responses increased linearly at low contrasts, and
then the increase slowed at high contrasts (saturation). The
mean (⫾ SE) difference in estimated log contrast gain between
M and P cells for the size III stimulus was significantly higher
than that for the frequency-doubling stimulus (1.24 ⫾ 0.09 vs.
0.89 ⫾ 0.13; P ⬍ 0.01).
CONCLUSIONS. The size III stimulus was superior to the frequency-doubling stimulus in preferentially stimulating M cells versus
P cells. (Invest Ophthalmol Vis Sci. 2011;52:764 –771) DOI:
10.1167/iovs.10-6158

P

erimetry is used clinically to assess visual loss in patients
with glaucoma by measuring psychophysical detection
thresholds throughout the central visual field. The primary
cause of glaucomatous perimetric defects is damage to retinal
ganglion cells. Perimetric stimuli were standardized by Goldmann,1 who used a 2.4 log unit range of stimulus sizes and a 2
log unit range of stimulus contrasts. When perimetry was

automated, only a single stimulus size was used, which Goldmann termed the size III stimulus, and the range of stimulus
contrasts was increased to ⬎3 log units.2
For several decades it has been proposed that detection of
glaucomatous defects could be improved by using stimuli that
preferentially stimulate the magnocellular (M) ganglion cells
relative to parvocellular (P) ganglion cells, based on the notion
that M cells are selectively damaged in glaucoma.3– 6 This led to
the development of a new form of clinical perimetry using
frequency-doubling stimuli, which were thought to provide
better separation of M and P responses than conventional
perimetric stimuli.7,8 The name derives from the illusion that
there is an apparent doubling in spatial frequency with contrast reversal of gratings at high temporal frequencies (⬎10
Hz). For frequency-doubling stimuli, the range of contrasts
used in clinical testing is approximately 1.5 log units (3%–100%
contrast). Frequency-doubling perimetry was proposed to tap
sensitivity in a hypothetical, separate My ganglion cell class.9 In
reality it taps the sensitivity of standard M cells.10
Nevertheless, early reports that M cells are preferentially
damaged in glaucoma were not confirmed in later studies and
might have been an artifact caused by cell shrinkage.11–14
Psychophysical studies that have directly compared responses
of M and P pathways have found that visual losses are similar
for both pathways.15–19 Clinical studies comparing frequencydoubling perimetry and conventional perimetry have found
that glaucomatous losses are comparable for the two types of
perimetry.20 –31
To better understand how to interpret test results obtained
with frequency-doubling and conventional perimetric stimuli,
it would be useful to assess the responsiveness of M and P
ganglion cells to these stimuli at various contrast levels. We
measured contrast responses of primate M and P ganglion cells
to the conventional perimetric stimulus and a frequency-doubling stimulus and compared contrast gains of M and P cells to
assess the ability of these two types of stimuli to preferentially
stimulate M cells.
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Preparation for Ganglion Cell Recordings
Ganglion cell activity was recorded from the retinas of six juvenile
macaques (Macaca fascicularis). After initial intramuscular injection
of ketamine hydrochloride as a premedication (10 mg/kg), anesthesia
was induced with thiopental (10 mg/kg) and was maintained with
isoflurane in a 70%:30% N2O-O2 mixture (1%–2% during surgery and
0.2%–1% during recording). Local anesthetic was applied to points of
surgical intervention. The electroencephalogram and the electrocardiogram were continuously monitored as a control for anesthetic
depth. Muscular relaxation was maintained by intravenous infusion of
gallamine triethiodide (5 mg/kg/h) together with approximately 6
mL/h/kg dextrose Ringer. End-tidal CO2 was kept near 4% by adjusting
the rate and depth of ventilation, and body temperature was maintained near 37.5°C. Positions of the fovea and the optic disc were
ascertained with the aid of a fundus camera. Clarity of the optic media
Investigative Ophthalmology & Visual Science, February 2011, Vol. 52, No. 2
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was checked frequently, and, if the smaller retinal vessels could no
longer be recognized, recording from that eye was terminated and the
second eye was prepared. On completion of recording, the animal was
killed with an overdose of barbiturate. All procedures were approved
by an on-campus Institutional Animal Care and Use Committee and
conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Neuronal activity was recorded directly from retinal ganglion cells
by an electrode inserted through a cannula entering the eye behind the
limbus. The details of the preparation can be found elsewhere.32 A
contact lens with the internal radius matched to the corneal curvature
was used to focus the eye on a back projection tangent screen that was
226 cm from the animal’s tested eye. The screen was used to identify
and record the loci of cell receptive–field centers. Classification of M or
P cell type was based on the cell’s responses to achromatic or chromatic stimuli presented either on a CRT screen or on a Maxwellian
view optical system.33 M cells were generally identified by their phasic
responses, high responsivity to achromatic contrast, and frequencydoubled temporal responses to red-green chromatic stimuli. P cells
were identified by their tonic responses and spectral opponency.

Apparatus and Stimuli
Visual stimuli were generated (Visual Stimulus Generator; Cambridge
Research Systems, Rochester, UK) and were presented on a CRT
monitor (Trinitron, frame rate 100 Hz; Sony, Tokyo, Japan) that was
226 cm from the animal’s eye. For the conventional size III perimetric
stimulus, we used a circular field (26 min arc in diameter) presented as
luminance increments (200-ms duration, interstimulus interval 300 ms)
on a 10 cd/m2 background. These parameters are the same as the basic
parameters of the size III stimulus used in conventional automated
perimetry. Stimulus contrast was expressed as Weber contrast, ⌬L/L,
with L as background luminance (10 cd/m2), and ⌬L as the luminance
increment of the circular stimulus. The values for ⌬L varied from 0.5
cd/m2 to 50 cd/m2, resulting in a Weber contrast range from 5% to
500%. All cells were tested with stimulus contrasts up to 100%; a subset
was also tested with contrasts of 200% and 500%. Clinically, perimetric
contrast sensitivity (the reciprocal of threshold contrast) for the size III
stimulus is expressed in decibel units, where a contrast sensitivity of 1
(Weber contrast of 100%) is referred to as 25 dB on automated perimetry (Humphrey Field Analyzer; Carl Zeiss Ophthalmic Systems, Dublin, CA)34 and a decrease by 1 dB corresponds to an 0.1 log unit
increase in stimulus contrast. In these units, our stimuli ranged from 38
dB (5% contrast) to 18 dB (500% contrast).
The frequency-doubling stimulus was a 0.5 cyc/deg sinusoidal grating modulated in counterphase at 13 Hz (mean luminance, 30 cd/m2).
These are within the range of spatial and temporal frequencies used for
clinical frequency-doubling perimetry. Stimulus contrast was expressed as Michelson contrast (peak ⫺ trough)/(peak ⫹ trough),
which, for sinusoidal gratings, is equivalent to Weber contrast; contrasts ranged from 0.8% to 100%. For frequency-doubling perimetry,
contrast sensitivity (the reciprocal of threshold contrast for a frequency-doubling stimulus) is expressed in decibel units, where a contrast
sensitivity of 1 (Weber contrast of 100%) is referred to as 0 dB and a
decrease by 1 dB corresponds to a 0.05 log unit increase in stimulus
contrast. In these units, our stimulus contrasts ranged from 42 dB (0.8%
contrast) to 0 dB (100% contrast).

Recording of Ganglion Cell Responses
We recorded spike trains from 69 retinal ganglion cells at eccentricities
between 5° and 15°: 41 M cells (24 M-on, 17 M-off) and 28 P cells (11
red-on, 2 red-off, 12 green-on, 3 green-off). The response histogram for
each cell and stimulus was averaged across 30 stimulus repetitions,
with a 10-ms bin width for the size III stimulus, and was averaged
across 100 stimulus cycles with a 2.4-ms bin width for the frequencydoubling stimulus (77.8 ms per cycle). In most experiments, the
stimuli were centered on each cell’s receptive field. For a subset of 25
cells, further measurements were performed with the size III stimulus

765

positioned at a series of offsets, in steps of 10 to 15 min arc compared
with the center of the receptive field.

Data Analysis
To obtain a cell’s contrast response functions, mean spike rate was
calculated for each stimulus type and each contrast. Mean spike rate
for the size III stimulus was computed as the average spike rate across
all 30 trials at that contrast. We counted spikes for a 40-ms observation
window beginning after a latency of 15 ms after stimulus onset (for
on-cells) or offset (for off-cells). The average number of spikes over the
40-ms window was expressed as firing rate (impulses/s). Spike firing
rates did not increase when the window was made longer than 40 ms,
consistent with a psychophysical critical duration of no more than 40
ms for luminance increments.35 Mean spike rate for the frequencydoubling stimulus was computed as the amplitude of the fundamental
component from Fourier analysis of averaged response histograms. We
only considered first harmonic amplitude, which is dominant compared with second or higher harmonics for contrast levels near threshold. A model for central detection of sinusoidal stimuli using a window
of fixed time width36 yielded results similar to those presented here.
For each cell and stimulus, contrast response functions (i.e., mean
spike rate, number of impulses per second minus baseline firing versus
contrast), were fit with a Michaelis-Menten function:
R共c兲 ⫽ cR max/共c ⫹ Rmax/G兲

(1)

where R is spike rate at contrast c minus baseline firing rate, G is
contrast gain (impulses per second per percentage contrast), and Rmax
is maximum spike rate minus baseline firing rate. At low contrasts, the
spike rate R increases linearly with contrast c with a slope of G, at high
contrasts R asymptotes to Rmax, and when contrast equals the semisaturation contrast (Rmax/G), R reaches half of Rmax. Some of the P
cells showed only small amounts of saturation, which means that Rmax
is poorly constrained by the data and can become unreasonably high
(over 1000 spikes/s). Therefore, a maximum of 500 spikes/s was set for
Rmax; for some poorly responsive P cells, this maximum was reached
because the semisaturation contrast was higher than the maximum
stimulus. In these cases, fits were repeated with Rmax ⫽ 300 spikes/s,
and in all cases G did not change by more than 0.2 log unit.
For each cell and stimulus, the contrast response function was
fitted by minimizing the 2 value using the Levenberg-Marquardt algorithm, with graphing and data analysis software (Igor Pro, version
6.1.2; Wavemetrics, Portland, OR). The fitted contrast gains (in log
units) were then used for statistical analysis. For descriptive analysis,
the means and associated standard deviations are reported. Given that
some cells were measured with both stimulus types (n ⫽ 25; 19 M cells
and 6 P cells) while other cells were tested with only one stimulus
type, we used a mixed linear model to account for potential correlation
among repeated measurements on the same cells. The mixed linear
model tested the effects of stimulus type, cell type, and their interaction on log contrast gain. A significant interaction between cell type
and stimulus type would indicate a difference between size III and
frequency-doubling stimuli in differentiating M cell versus P cell responses. We first conducted mixed linear modeling with all cell data
and then with data only from those cells that were measured with both
stimulus types. The differences in contrast gains and associated standard errors (SE) estimated from the mixed linear model are reported.
The statistical analyses were conducted using statistical software (SAS
9.1.3; SAS Institute, Cary, NC).

RESULTS
We first showed response histograms to size III and frequencydoubling stimuli for both M and P cells. Next we plotted
contrast response functions for M and P cells and estimated
contrast gain by fitting the Michaelis-Menten function shown in
equation 1. Then we compared the contrast gains of M and P
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cells and the semisaturation contrasts. Finally, we examined
the effect of stimulus location for the size III stimulus.
Figure 1 shows response histograms for an M-on, an M-off,
a P-on, and a P-off cell to the size III stimulus at contrast levels
from 5% to 100% (38 –25 dB). At 100% contrast (Fig. 1, top),
spike rates for both M and P cells can be seen to be related to
the temporal presentation of the stimuli; the M-on cell and
M-off cell gave transient responses to the onset and offset of
the pulse, respectively, and the P cells gave sustained responses during stimulus duration (P-on cells) or after stimulus
offset (P-off cells). M cells were more responsive than P cells,
and they showed visible responses at lower contrasts near
psychophysical threshold (e.g., 10% contrast, 35 dB), whereas
P cells did not.
Figure 2 shows response histograms for the same cells
shown in Figure 1, for the frequency-doubling stimulus at
various contrast levels. Each histogram shows cell responses to
two stimulus cycles. When stimulus contrast is at maximum
(Fig. 1, top), both M and P cells gave vigorous responses. At
lower contrasts near psychophysical threshold (e.g., 6.2%), the
response to the stimulus is visible in the M cells’ histograms but
not the P cells’ histograms. In general, M cells were more
responsive than P cells and showed more nonlinearity.
Figure 3 shows contrast response functions for the size III
(Fig. 3, top) and frequency-doubling (Fig. 3, bottom) stimuli for
the same M and P cells shown in Figures 1 and 2. For both size
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III and frequency-doubling stimuli, the firing rates for M cells
increased linearly at lower contrasts and then showed saturation at higher contrasts, particularly with the frequency-doubling stimulus. For P cells the responses increased more slowly
with contrast, and there was little saturation at higher contrasts.
Figure 4 compares log contrast gains from M and P cells for
the two stimuli. For both stimuli, mean contrast gain was
higher for M cells than for P cells. For both cell classes,
sensitivity was higher for the frequency-doubling stimulus than
for the size III stimulus. However, this does not mean that the
frequency-doubling stimulus was better at preferentially stimulating M cells. The estimated differences (⫾ SE) in log contrast
gain between M and P cells are shown (Fig. 4, right); the
difference in contrast gain between M and P cells was larger
with the size III stimulus. Therefore, the size III stimulus was
actually superior to the frequency-doubling stimulus in preferentially stimulating M cells. The mixed linear model for contrast gain indicated a significant interaction effect between
stimulus type and cell type (F(1,67) ⫽ 14.81; P ⬍ 0.001),
demonstrating statistical significance for the superiority of the
size III stimulus.
For some cells the contrast response functions were measured with either the size III stimulus or the frequency-doubling stimulus, but not both stimuli. To exclude variation
caused by intercellular differences, we repeated our analysis

FIGURE 1. Response histograms for the size III stimulus, from four representative cells. Each histogram has 10-ms bin width and is averaged across
30 trials. Bottom: time course of the 200-ms stimulus presentation. Right: stimulus contrasts.

IOVS, February 2011, Vol. 52, No. 2

Responses of Retinal Ganglion Cells to Perimetric Stimuli

767

FIGURE 2. Response histograms for the frequency-doubling stimulus from the same cells shown in Figure 1. Each histogram has 2.4-ms bin width
and is averaged across 100 trials. Bottom: time course of the 13-Hz stimulus presentation over two cycles. Right: stimulus contrasts.

using contrast gains estimated from the 25 cells that were
tested with both stimulus types (Fig. 5). Consistent with the
results from all 69 cells, results from these 25 cells also showed
a significant interaction effect between stimulus type and cell
type (F(1,24) ⫽ 11.73; P ⬍ 0.01).
The fits with equation 1 also yielded a semisaturation contrast (Rmax/G) for each ganglion cell and stimulus. For the size
III stimulus, the mean ⫾ SD for the semisaturation contrast was
0.06 ⫾ 0.22 log contrast for M cells and 0.97 ⫾ 0.66 log
contrast for P cells. For the frequency-doubling stimulus,
mean ⫾ SD for the semisaturation contrast was ⫺0.67 ⫾ 0.37
log contrast for M cells and 0.46 ⫾ 0.13 log contrast for P cells.
Note that the mean value of the semisaturation contrast for P
cells was greater than the maximum stimulus contrast (0.7 log
contrast for the size III stimulus, 0.0 log contrast for the
frequency-doubling stimulus). Some P cells showed clear signs
of saturation at 100% contrast, but many did not. Therefore, the
semisaturation contrasts for many P cells could not be accurately assessed, and the mean values give only lower bounds
for the estimation.
For the size III stimulus, we systematically assessed the
effect of stimulus location on cell responsivity. Figure 6 shows
responses of a typical M and a typical P cell to the size III
stimulus centered at various locations relative to receptive field
center. Spike rates were highest when the stimulus was centered on the receptive field (offset ⫽ 0) and were near baseline
firing rates when the stimulus was offset by 30 min arc from
the receptive field center. It should be noted that the stimulus
size (26 min arc) is large relative to ganglion center size, an

issue taken up in the Discussion. The same pattern was seen
for both M and P cells, indicating little difference in center size
for M- and P-cell receptive fields,37 even though peak firing
rates were higher for M cells. This result is consistent with data
in the literature.32,38,39

DISCUSSION
Clinical Implications
We found that the difference in contrast gain between M and
P cells was larger with the size III stimulus than with the
frequency-doubling stimulus and concluded that the size III
stimulus was superior to the frequency-doubling stimulus at
preferentially stimulating M cells relative to P cells. This contradicts the proposal that frequency-doubling stimuli are
superior in preferentially stimulating M cells. Frequencydoubling stimuli were proposed to be superior in selectively
stimulating M cells because high temporal frequency modulation is potent for M cells.6 However, the temporal presentation for size III has an abrupt onset and offset that give
it high temporal frequency components and make it a very
effective stimulus for M cells. For both types of stimuli, the
lack of a chromatic component causes P-cell responses to be
much weaker because of their low achromatic contrast
sensitivity,40 – 42 and P cells only showed substantial responses to the size III and frequency-doubling stimuli at high
contrasts.

768

Swanson et al.

IOVS, February 2011, Vol. 52, No. 2

FIGURE 3. Contrast responses for the size III stimulus (top) and the frequency-doubling stimulus (bottom) for the same cells illustrated in Figures
1 and 2. Circles: spike rates for different contrasts. Curves: Michaelis-Menten functions fit to the data. For consistency between stimuli, data are
shown only up to 100% stimulus contrast. Right: size III and frequency-doubling stimuli.

This study evaluated responses of individual ganglion cells
to perimetric stimuli, whereas clinical perimetry measures psychophysical responses of human observers. Our data are consistent with psychophysical studies suggesting that M cells
mediate perimetric sensitivity. Harwerth et al.43 measured luminance increment thresholds in macaque monkeys for size III
stimuli filtered to narrow bands of wavelengths and found that,
throughout much of the visual field, detection at all wavelengths was mediated by nonopponent processes. At those
visual field locations at which an opponent process mediated
detection at long and short wavelengths, the nonopponent
mechanism had sensitivity only slightly lower than the opponent mechanism. Thresholds for the nonopponent mechanism
are, therefore, likely mediated by M cells.41,44 This is because

P cells are much more responsive to chromatic modulation
than to luminance; therefore, if P cells mediated detection for
the white luminance increments, the sensitivity difference between opponent and non-opponent mechanisms would be
much larger.45 However, this is not the case.
The conclusion that contrast sensitivities for both size III
and frequency-doubling stimuli are mediated primarily by the
M-cell pathway can account for findings suggesting that glaucomatous losses are comparable for frequency-doubling perimetry and conventional perimetry.20 –31 The differences between
results obtained with size III and frequency-doubling stimuli cannot be attributed to selective stimulation of the M-cell pathway
and instead may reflect the larger stimulus size and smaller contrast range for frequency-doubling stimuli.22,46,47

FIGURE 4. Left: mean contrast gain for size III and frequency-doubling stimuli, for M and P cells. SD (error bars) was similar for all four types of
contrast gain. Right: mean (⫾ SE) differences in log contrast gain for M cells minus P cells, for size III and frequency-doubling stimuli. The difference
was significantly larger for the size III stimulus than for the frequency-doubling stimulus, and the size III stimulus was superior to the
frequency-doubling stimulus in preferentially stimulating M cells.
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FIGURE 5. Scatter plot of contrast gains for the 25 cells tested with
both stimuli (small solid symbols) and the means and 95% confidence
limits for all 69 cells (large open symbols and error bars). The diagonal line has a slope of 1 and passes through the mean for the M cells;
if the frequency-doubling stimulus had been superior to the size III
stimulus in stimulating M versus P cells, the contrast gains for P cells
would have fallen above this line.

Ganglion cell responses increase linearly at low contrasts
and then saturate at high contrasts, increasing more and more
slowly, as shown in Figure 3. Saturation occurs when contrasts
reach or exceed the semisaturation contrast, which for M cells
averaged 115% for the size III stimulus and 21% for the fre-

769

quency-doubling stimulus. When converted to the decibel
units used in clinical perimetry, these contrasts would be 24.4
dB for the size III stimulus and 13.4 dB for the frequencydoubling stimulus, respectively. This is consistent with our
previous prediction22 that ganglion cell saturation occurs
when contrast for the size III stimulus is in the 25-dB to 0-dB
range and accounts for findings that, when perimetric defects
are severe on conventional perimetry, they are often not as
deep on frequency-doubling perimetry.20,22
Response saturation can also account for high test-retest
variability for the size III stimulus when sensitivity is in the
range 25 dB to 0 dB.48 –50 A basic assumption for psychophysical measurements is near-threshold linearity; for stimulus contrasts near psychophysical threshold, the internal response is
assumed to increase linearly with stimulus contrast. When
stimulus contrasts approach the semisaturation contrast, ganglion cell responses show a nonlinear relation with stimulus
contrast and near-threshold linearity is no longer a valid assumption for psychophysical algorithms. For example, the contrast response functions we obtained from M cells increase
dramatically as stimulus contrast increases from 35 dB to 25 dB,
but they increase by a much smaller amount from 15 dB to 0
dB, so the test-retest variability would be much higher at 15 dB
than at 30 dB. This may also account for some of the discordance between perimetric and imaging measures of glaucomatous damage in that ganglion cell saturation at high contrasts
may cause perimetric algorithms with the size III stimulus to
overestimate the amount of visual loss compared with sinusoidal stimuli, which avoid extremely high contrasts.47
For the size III stimulus at contrasts of 25 dB to 0 dB, the
effect of increasing contrast is similar to the effect of increasing
the diameter of the stimulus; for both types of stimulus manipulation, the primary effect is recruitment of cells farther from
the center of the stimulus. Indeed, a recent report on perimetric sensitivity found that, for size III stimulus contrasts of 15
to 0 dB, an increase in stimulus size was approximately equiv-

FIGURE 6. Ganglion cell responses to the size III stimulus when the stimulus was offset from the receptive field center. Symbols: mean spike rate
for each stimulus contrast and offset.
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alent to an increase in stimulus contrast (Goren D, et al., IOVS
2010;51:ARVO E-Abstract 4335).
The data in this study were recorded from ganglion cells in
normal primate eyes; it is possible that ganglion cells in glaucomatous eyes may not behave in the same way. There is a
report of dendritic field shrinkage and a decrease in synaptic
density in monkeys with experimental glaucoma.51 These
changes could lead to decreased contrast gain and increased
semisaturation contrast, as we proposed based on contrast
discrimination data from patients with glaucoma.14 Further
investigation in the glaucomatous retina is warranted.

Physiological Considerations
We presented all our stimuli at the same retinal location over a
period of 2 to 15 minutes, whereas clinical perimetry tests
more than 50 locations in 7 to 15 minutes and stimulates any
given retinal location for only 1 to 3 seconds. However, it is
unlikely that retinal adaptation or fatigue effects could have
affected our measurements. There has been a report of contrast adaptation in the MC pathway,52 but this consists of a
weak fatigue effect that occurs only after a long period of
exposure to high-contrast stimuli. Furthermore, since we estimated contrast gains from low-contrast stimuli only, adaptation
effects would not be anticipated to affect our findings.
Contrary to the textbook view,53 literature estimates of
receptive field center sizes for both M and P cells are similar
(see Ref. 37 for review). In the eccentricity range tested here,
the receptive center sizes for M and P cells range from 4 to 20
min arc.38 The size III stimulus (26 min arc) is thus somewhat
larger than center size. We attempted to estimate center size
from such curves as shown in Figure 6 by convolving a Gaussian center profile with the size III stimulus. However, center
size estimation was not well constrained because of the large
size of the stimulus relative to the receptive field center. Nevertheless, the overall results for center size estimates were
consistent with literature estimates.
Estimation of receptive field dimension using area summation or grating measurements is usually performed using contrasts near cell response thresholds; with suprathreshold stimuli (especially the very high contrasts used in perimetry), light
scatter and other effects might expand effective center size.
We noted an apparent increase in center size with very high
contrasts, probably caused by stray light. In glaucomatous eyes,
retinal physiology may be compromised but light scatter may
be unaffected; hence, a higher contrast stimulus may lead to
more scattered light, stimulating ganglion cells over a larger
retinal area. This would mean that increasing stimulus contrast
would have an effect similar to increasing stimulus diameter.
Based on estimates of ganglion cell density and assuming a
proportion of 10% M cells and 60% P cells, and using center
estimates from the literature, only four to six centers of M cells
would be completely covered by the size III stimulus at an
eccentricity of 10°. Neurometric analysis of cell responses
indicated that central detection mechanisms (for the normal
eye) must therefore be making close-to-optimal use of the size
III stimulus. It was remarkable that the difference between
psychophysical and neurometric thresholds was similar for
frequency-doubling and size III stimuli, despite frequency-doubling stimuli covering a much larger area and hence having a
much larger potential spatial summation. In addition, it is
striking that the degree of saturation of M cell responses apparent in Figure 3 is much less marked for the size III stimulus
than for the frequency-doubling stimulus. We propose that
cortical pooling of ganglion cell responses must behave in such
a way that a dramatic increase in the number of ganglion cells
stimulated by a large stimulus provides only a modest increase
in psychophysical sensitivity.46 This has implications for the
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psychophysical models of detection discussed and for the
pulsed-pedestal paradigm that has been used to isolate M- and
P-cell function.54 Detailed discussion of these issues is outside
the scope of the present study and will be presented elsewhere.
In summary, the size III stimulus was more effective than
the frequency-doubling stimulus in preferentially stimulating M
cells compared with P cells, contradicting the proposal that
frequency-doubling stimuli are more selective for M cells than
the conventional perimetric stimulus. The conclusion that M
cells mediate the detection of both types of stimulus provides
an explanation for findings that defect depth is, on average,
similar for perimetric tests with the two stimuli. Saturation of
ganglion cell responses at high contrasts may contribute to
high test-retest variability in perimetry and to discordance
between perimetric and imaging measures of glaucomatous
damage.
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