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Abstract
Purpose—To evaluate the ability of the cortical pooling model to predict the effects of random,
mild ganglion cell loss, we compared the predictions of the model with the age-related loss and
variability in achromatic and chromatic contrast sensitivity.

Methods—The relative sensitivity to small (0.5°) and large (3.0°) stimuli was compared in older
(mean = 67 years, n = 27) and younger (mean = 23 years, n = 32) adults. Contrast sensitivity for
modulations along the luminance, equiluminant L-cone, and equiluminant S-cone axes was assessed
at the fovea and at four peripheral locations (12°).

Results—When the stimuli were large, threshold measurements obtained from all participants were
reliable and well within the range of modulations along the chromatic axes that could be produced
by the phosphors of the CRT. For the large stimuli, neither long- nor short-term variability increased
as a function of age. Increasing the size of the stimulus did not decrease the magnitude of the age-
related losses when the stimulus was chromatic, and visual losses observed with large chromatic
stimuli were not different from those obtained with small achromatic stimuli. Moreover, chromatic
contrast sensitivity assessments identified significant visual losses in four individuals who were not
identified by achromatic contrast sensitivity assessments and only missed identifying one individual
with significant losses in achromatic contrast sensitivity.

Conclusions—The declines in achromatic and chromatic sensitivity as a function of age (0.4 – 0.7
dB per decade) were similar to those obtained in previous studies of achromatic and chromatic
perimetry and are consistent with the loss of retinal ganglion cells reported in histologic studies. The
results of this study are consistent with the predictions the cortical pooling model makes for both
variability and contrast sensitivity. These findings emphasize that selective visual impairments do
not necessarily reflect preferential damage to a single ganglion cell class and that it is important to
include the influence of higher cortical processing when quantifying the relation between ganglion
cells and visual function.
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An improved understanding of the relation between mild ganglion cell loss and visual function
may aid the development of new tests of visual function to detect loss in the early stages of
glaucoma. Toward this end, the relationship between ganglion cell loss and decline in visual
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function has been studied extensively in patients with glaucoma, and it is well established that
significant declines in visual sensitivity are often present when glaucomatous ganglion cell
loss is mild.1-6 To further our understanding of this relation and how to better detect ganglion
cell loss, we examined the effects of mild ganglion cell loss associated with aging and compared
these findings with the predictions of the cortical pooling model of the relation between
ganglion cell loss and visual sensitivity.

To extend our understanding of the relation between ganglion cell loss and visual sensitivity,
we have chosen to evaluate predictions of the cortical pooling model for mild age-related
ganglion cell loss rather than examining the influence of glaucomatous ganglion cell loss on
visual sensitivity (see Pan et al.7 in this issue for such an examination). Although the normal
variability in ganglion cell measures is high and limits the ability to detect mild ganglion cell
loss in individual subjects, cross-sectional studies have produced strong evidence that mild
ganglion cell losses are a normal part of aging. Both histologic and imaging studies have found
an average of 10% to 30% loss of ganglion cells between the third and seventh decades of life.
3,8-17 Some of the early attempts to quantify the relation between ganglion cell loss and
standard perimetric measures interpreted their data with the idea of a “functional reserve” of
ganglion cells with enough redundancy that a significant loss of perimetric sensitivity required
20% cell loss in the central visual field and 50% cell loss in the macula.4 However, later studies
in humans and monkeys have reported that substantial perimetric defects (on the order of −6
dB) occurred when there was little or no ganglion cell loss.3,18 Recent imaging and
electrophysiological studies in individuals with glaucoma have concluded that visual loss
measured with standard achromatic perimetry proceeds at the same rate as ganglion cell loss
when both histologic and perimetric measures are plotted in linear units.17,19-22 Therefore,
measures of visual function can be used to quantify the loss of ganglion cells even when those
losses are mild.

To assess the effect of age-related ganglion cell loss on visual function in the absence of
histologic counts requires a quantitative model relating behavioral measurements to
neurophysiology. Although a number of qualitative models have been developed based on
empirical findings from studies using different forms of stimuli that tap a subpopulation of the
ganglion cell mosaic,23-39 the relation between ganglion cell loss and visual function as
measured by these tests has not been quantified. Recently, more quantitative models have been
developed based on empirical findings of linear relations between losses in visual sensitivity
and ganglion cell number when both axes are plotted in the same units, either linear units17,
19-21,40 or logarithmic units.3 However, these empirical models cannot be readily applied to
new forms of stimuli because they are derived by fitting data obtained using standard perimetric
stimuli and hence, can provide little guidance in the development of tests that better detect
ganglion cell loss.

We have previously presented a cortical pooling model of glaucomatous damage7,32,41 that
provides a theoretical basis for why the relation between perimetric sensitivity and ganglion
cell loss has been found to be linear when sensitivity and cell loss are expressed in the same
units.3,17,19-21,40 The cortical pooling model is a two-stage neural model that includes both
the effect of the density of the ganglion cell mosaic and the linear summation of information
from that mosaic by spatial filters.41 In the first stage of the model, ganglion cell responses
are computed for perimetric stimuli. The probability of detecting a stimulus was modeled in
the second stage in terms of the responses of spatial filters that linearly sum the weighted
responses from the ganglion cells in the first stage. In addition to accounting for losses in
perimetric sensitivity in individuals with glaucoma,7,32,41,42 the cortical pooling model
overcomes both of the aforementioned difficulties: the model is quantitative, and it can be used
to predict the effects of varying stimulus parameters on the detection of ganglion cell loss. If
the model is successful in predicting the influence of stimulus parameters on the detection of

PEARSON et al. Page 2

Optom Vis Sci. Author manuscript; available in PMC 2007 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



visual losses resulting from ganglion cell loss, the model holds great potential for providing
guidelines for the development of clinical tools for the detection of early ganglion cell loss.
Therefore, studies evaluating whether the predictions of the model can account for the effects
of stimulus parameters on change in visual sensitivity consequent to ganglion cell loss are
imperative.

The two-stage model yields a number of predictions about the influence of stimulus size and
chromaticity on the magnitude and variability of the visual loss that can be expected to
accompany age-related losses in ganglion cells. In this model, sensitivity declines linearly as
the number of ganglion cells decline only when the mechanisms mediating detection are tuned
to spatial frequencies that are low relative to ganglion cell density. That is, the responses of
the spatial filters are more affected by mild heterogenous losses of ganglion cells when the
spatial filters pool the responses from a large number of ganglion cells. In contrast, when spatial
filters pool the responses from a relatively small number of ganglion cells, visual sensitivity
remains near normal until there has been a large amount of ganglion cell death or dysfunction.
If the peak spatial frequency of the filters is relatively low, the model predicts that density of
the mosaic has very little influence on the sensitivity to ganglion cell loss. If the peak spatial
frequency of the filters is relatively high, however, the model predicts, contrary to reduced
redundancy theories,30,43-45 that those tests that isolate the response of dense ganglion cell
mosaics will better detect ganglion cell loss. Based on the greater spatial summation properties
of the chromatic pathways,46,47 it is expected that the age-related visual losses will decrease
in magnitude when the size of an achromatic stimulus is increased but not when the size of a
chromatic stimulus is increased. Therefore, the age-related decreases in visual sensitivity
obtained with the large chromatic stimuli will be similar to one another and to those obtained
with the small achromatic stimuli. It is also expected that the dependence of variability on
sensitivity to small achromatic stimuli48-51 will be lessened as the size of the chromatic and
achromatic stimuli is increased. Finally, similar to the reduced redundancy model, the cortical
pooling model predicts that selective losses in visual sensitivity mediated by different pathways
can result from equal losses in the ganglion cells in the different pathways (i.e., selective visual
impairments do not necessarily reflect selective or greater loss of one type of ganglion cell
over another). Thus, although the age-related loss of ganglion cells is equal across ganglion
cell classes13,14,39,52 (but see53), we expect that selective visual losses will be observed
because the peak spatial frequency of the filters mediating detection of the different stimuli is
varied.

To evaluate the ability of the cortical pooling model to predict the effects of ganglion cell loss,
we compared the relative sensitivity to spatially small and large equiluminant L-M,
equiluminant S-(L+M), and L+M pulses in younger and older observers. In doing so, we
examined whether the cortical pooling model can account for changes in visual sensitivity with
ganglion cell loss resulting from aging and evaluated whether the influence of varying size and
chromaticity of the stimuli on the detection of ganglion cell loss is consistent with the model's
account of the relation between visual sensitivity and ganglion cell loss. This study, therefore,
aims to further our understanding of the relation between ganglion cell loss and visual
sensitivity, extend our understanding of the influence of stimulus size on sensitivity and
variability (which has already been explored for achromatic stimuli) to chromatic stimuli,
provide a theoretical analysis of why sensitivity and variability vary as a function of the
stimulus parameter, and provide some suggestion as to the development of clinical tests to
better detect ganglion cell loss.
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METHODS
Participants

Participants were required to meet the following inclusion criteria: corrected visual acuity of
6/9 or better, a spherical correction within ± 5.5 D, a cylinder correction within ± 3.0 D, normal
visual fields (within the 95% confidence intervals of age-corrected norms on all parameters,
Humphrey 24-2, spot size III), normal contrast sensitivity (a score of 1.554 or better on the
Pelli-Robson charts), normal color vision (failure of no more than two of Ishihara plates and
no more than one major error on the Lanthony desaturated D-15), pupil diameters >3 mm
during contrast sensitivity testing, no first-degree relative with glaucoma, and no ocular disease
known to affect contrast sensitivity or color vision (as determined by a comprehensive eye
examination within the previous year). For those participants completing testing at The
University of Winnipeg (20 younger, mean = 22.7 ± 3.4 years, and 22 older, mean = 70.2 ±
7.8 years), color vision was assessed using Ishihara plates, the D-15, and the Lanthony
desaturated D-15 administered in a dark room under a True Daylight Illuminator that provides
6200° Kelvin illumination (Richmond Products, Boca Raton, FL). For those completing testing
at SUNY College of Optometry (12 younger, mean = 24.8 ± 2.4 years, and eight older, mean
= 60.1 ± 4.5 years), color vision was assessed using Ishihara plates and the SPP-II administered
under tungsten illumination and viewed using C Daylight glasses (Gulden Ophthalmics, Elkins
Park, PA). Fixation errors that exceeded 33%, and/or a false-positive rate that exceeded 20%,
and/or a false-negative rate that exceeded 14% (see procedure for definitions) in more than
two quadrants within all tests led to exclusion of three older participants' data from all analyses.
Thus, achromatic and chromatic contrast sensitivity of 32 younger (mean = 23.4 ± 3 years) and
27 older (mean = 67.2 ± 8 years) observers is reported.

In accordance with the Declaration of Helsinki, written informed consent was obtained from
each participant before testing. The protocol was approved by the Senate Ethics Committee of
The University of Winnipeg and the Institutional Review Board of SUNY College of
Optometry.

Stimuli
Achromatic and chromatic sensitivity for large (3°) and small (0.5°) square targets was assessed
using a custom program run on a CRT-based iMac computer (Apple Computers, Cupertino,
CA). The CRT screen was set to a uniform equal-energy white background with a mean
luminance of 20 cd/m2. Chromaticity of a square region of the monitor was pulsed along either
a luminance axis or one of two equiluminant chromatic axes in Boynton-Kambe relative cone
troland space55,56: an S-cone troland axis and a red– green (L cone troland) axis.

Digitial-to-analog converter (DAC) tables representing luminance and voltage values for each
of the three guns were created by using a photometer (Minolta LS-100; Konica Minolta,
Mahwah, NJ) to measure luminances at different DAC values then fitting these data with
gamma functions. To obtain finer control over chromaticity than possible with the eight-bit
resolution of the DACs, dithering was used. Each stimulus was divided into squares 10 pixels
across, and for each phosphor, the 100 pixels within a square were assigned to one of two
adjacent DAC values. By varying the fraction of pixels assigned to each DAC value, we
produced an effective resolution of 14 bits per phosphor.

Spectral profiles were measured for each phosphor with a Photo Research PR-704
spectroradiometer (Photo Research Inc., Chats-worth, CA). These profiles were used to
calculate the relative luminance required of each phosphor to produce modulations along the
luminance, S-cone (ΔS), and L-cone (ΔL) axes for a standard observer defined by the Smith-
Pokorny cone fundamentals with macular pigment removed.57,58 All stimuli were presented
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on an equal-energy white background to reduce the effects of lenticular density on Tritan
sensitivity.59

To estimate the average effects of age-related changes in density of the crystalline lens, we
used the equations of Pokorny et al.60 for mean normal lens aging. Figure 1 illustrates the
modulations of the ΔS and ΔL stimuli in color space for both young (23 years) and aged (65
years) lenses in Boynton-Kambe relative cone troland space.55,56 Contrast was computed as
Weber contrast and was represented in decibels in which 1 dB = 0.1 log unit. For both young
and aged lenses, the maximum luminance contrast for the luminance stimulus was 4.77 dB.
For the younger lens, the maximum cone contrasts for the ΔS and ΔL stimuli were 3.78 and
−7.03 dB, respectively. The average effect of lens aging was to increase the contrast of the L-
cone stimulus by 0.7 dB and decrease the contrast of the S-cone stimuli by 0.1 dB. Therefore,
we corrected the individual thresholds for each of the older observers for these expected
changes in contrast resultant from lens yellowing.

Procedure
Stimuli were presented on an iMac monitor positioned 33 cm from the observer. Viewing
position and distance were maintained either by using a chin and headrest (Winnipeg) or a
headrest (New York). Contrast sensitivity was measured foveally and at 12° eccentricity in
each of the visual quadrants for luminance, L-cone, and S-cone contrast stimuli. Observers
were asked to hold the computer mouse and click it whenever they saw a stimulus in the central
or peripheral locations. Thresholds were measured at each location using a one-up one-down
staircase procedure in which the contrast was varied in steps of 3 dB before the first two
reversals and 1.5 dB thereafter. The staircases for the five locations tested were randomly
interleaved so that participants could not anticipate the location of the stimulus on any given
trial. The testing session was terminated after the staircases had obtained six reversals for each
of the five locations.

Stimuli were presented for 500 ms and separated by a 1-second interval, although periodically,
a delay of an additional second and a half was added to assess false-positive rates. Participants
were not cued as to the presentation of a stimulus, and failure to respond within 1400 ms of a
stimulus onset was recorded as a miss. In addition to stimulus presentations driving the
staircases, “free trials” (contrast 6 dB above estimated threshold) were randomly interspersed,
which did not affect staircases but were used to improve the ability to estimate false-negative
rates. The Heijl-Krakau method was used to monitor fixation accuracy61: stimuli were
periodically presented in the physiological blind spot (determined independently for each
participant), and responses to these stimuli were evidence of fixation losses.

A maximum likelihood estimation (MLE) technique was used to fit a Weibull function to the
contrast sensitivity data.62,63 False-positive rate was set equal to the fraction of responses to
blank trials, and MLE was used to obtain threshold, false-negative rate, and slope of the
psychometric function. The ratio of MLE threshold to the mean of reversals was used to detect
staircases in which the distribution of stimulus contrasts was inappropriate for threshold
estimation.63 Reliability of thresholds was assessed in terms of fixation accuracy (<33%),
false-positive rate (≤ 20%), false-negative rate (≤ 14%), and the ratio of the MLE threshold to
the mean of the reversals (−0.2 < ratio > 0.2). Participants tested at The University of Winnipeg
completed contrast sensitivity assessments for both large and small sizes, modulated along
luminance, ΔS, and red–green (ΔL) axes. Those tested at SUNY College of Optometry
completed contrast sensitivity assessments for only the large stimuli (along all three axes) but
repeated measurements twice within a 2-week period. Luminance, S-cone, and L-cone contrast
sensitivities were measured in random order. Each measurement required approximately 5
minutes. Participants were urged to take breaks between each of the contrast sensitivity
measurements to prevent fatigue.
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RESULTS
Reliability and Dynamic Range

The reliability of threshold measurements for each of the peripheral locations was evaluated
and those that were unreliable (see procedures for definition) or within 1.5 dB of the maximum
contrast for a given stimulus were also excluded from further analyses.a As mentioned in the
methods, three older participants were excluded from all analyses for all tests resulting from
unreliable measures on all tests. Table 2 illustrates the number of thresholds that were excluded
from analyses for each of the tests in the remaining participants. The primary reason for the
removal of a threshold was that the dynamic range of the test was not large enough to allow
reliable measurement of the thresholds (too close to the maximum contrast or a high false-
negative rate resulting from the MLE not reaching 100% correct). When the stimuli were large,
almost all of the thresholds were reliable and within the dynamic range of the test for both
younger and older viewers. However, it is noted that more chromatic than achromatic
thresholds were excluded for the older viewers. For the small stimuli, it was more difficult to
obtain reliable measurements from participants, especially when the stimuli were chromatic.

Calculation of Average Contrast Sensitivity Used in Ensuing Analyses
For individual observers, a single contrast sensitivity value for each test was calculated as the
average of the reliable measures within the dynamic range of the test across the four peripheral
locations and was used in all ensuing analyses. In the event that a given participant's thresholds
for more than two peripheral locations on a single test were deemed to be either unreliable or
outside the dynamic range of the test, the individual's threshold for that test was excluded from
further analyses. Except for the three participants whose data was excluded from all analyses
(as mentioned in the methods), no other individuals were excluded from the analyses of contrast
sensitivity for large achromatic or chromatic stimuli. Therefore, achromatic and chromatic
contrast sensitivity data from 32 younger and 27 older participants were included in the analyses
involving large stimuli. Because only the participants tested at SUNY College of Optometry
completed contrast sensitivity measurements with the large stimuli twice, 12 younger and eight
older participants' data were included in the assessments of test–retest variability. Because
measurements of contrast sensitivity for small stimuli were only obtained from participants
tested at The University of Winnipeg, data from 19 younger and 19 older participants were
included in the analyses involving small luminance stimuli, 20 younger and 18 older (one
excluded) participants were included in the analyses involving small L-cone contrast stimuli,
and 20 younger and 15 older (four excluded) participants were included in the analyses
involving the small S-cone contrast stimuli.

Variability
Age did not increase between-subject variability for any of the tests with small stimuli but did
for tests with large stimuli. Older observers' thresholds were no more variable than their
younger counterparts' thresholds for the small achromatic stimuli (F[18, 19] = 1.5, p = 0.21)
or for the small chromatic stimuli (ΔL, F[17, 20] = 1.06, p = 0.45; ΔS, F[15, 20] = 0.42, p =
0.95) (it should be noted that 20% of individuals' data were excluded from this analysis as a
result of unreliable thresholds). For the large stimuli, variability among observers was greater
for older than for younger observers (luminance, F[26,31] = 2.1, p = 0.024; ΔL, F[26, 31] =
2.1, p = 0.024; ΔS, F[26, 31] = 1.96, p = 0.037).

Neither long-term variability nor short-term fluctuation showed a significant increase as a
function of age. Long-term (test–retest) variability was assessed in a small subpopulation of

aThresholds within 1.5 dB of the maximum available contrast were excluded to avoid the possibility of artificially reducing estimates of
variability resulting from the inclusion of thresholds close to the ceiling.
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observers by comparing thresholds for the large stimuli obtained in two separate sessions that
were obtained 1 week apart. Figure 2 illustrates that the magnitude and pattern of test–retest
variability for older participants is similar to that for younger participants: test–retest variability
is lowest for the luminance stimulus (lum vs. ΔL, t[19] = 3.5, p = 0.002; lum vs. ΔS, t[19] =
3.7, p = 0.001) and greatest for the S-cone contrast stimulus (ΔS vs. ΔL, t[19] = 2.7, p = 0.01).
The standard deviation of the reversals was used as a measure of short-term fluctuation (see
Fig. 3). Previous studies of the variability of threshold measurements in areas of normal
sensitivity are on the order of 1 dB.59,64-66 In the present study, the short-term fluctuation
was similar to that reported in previous studies, and neither size nor sensitivity was significantly
related to the amount of short-term variability observed.

To obtain a measure of the variability across the four peripheral locations tested, we calculated
the standard deviation of the four peripheral contrast sensitivity measurements for each of the
tests. For achromatic contrast sensitivity, variability across visual quadrants was greater for
small targets than for large ones (F[31, 31] = 2, p = 0.029). For chromatic stimuli, variability
across visual quadrants was not significantly greater for small than for large stimuli (ΔL, F[31,
31] = 0.7, p = 0.84; ΔS, F[31, 31] = 0.75, p = 0.79).

Effect of Age on Sensitivity
Average contrast sensitivity for 12° eccentricity is shown as a function of age in Figure 4, and
the mean effect of age on each of the tests is summarized in Figure 5. An analysis of variance
with stimulus type as a within-subjects variable and size and age as a between-subjects variable
indicated that the interaction between the three variables was significant (F[2, 178] = 3.2, p =
0.04). For the achromatic stimuli, the decrease in sensitivity with age was greater for small
than for large stimuli (t[44] = 3.3, p = 0.002). In contrast, the effect of age was not significantly
influenced by size when the stimuli were chromatic (ΔL, t[43] = 0.86, p = 0.39; ΔS, t[40] =
0.89, p = 0.37). Thus, only for the luminance contrast stimulus did increasing the size of the
stimuli decrease the sensitivity to aging-related losses in contrast sensitivity. Increasing the
size of the stimulus does not detrimentally affect sensitivity to age-related losses when the
stimulus is chromatic.

Figure 5 also addresses the influence of stimulus type. For large stimuli, the use of chromatic
stimuli, rather than achromatic stimuli, yielded greater losses in contrast sensitivity with age
(ΔL, t[26] = 3.7, p = 0.001; ΔS, t[26] = 5.3, p = 0.0001). In contrast, for the small stimuli, there
was no significant advantage of using chromatic stimuli rather than the achromatic stimuli
(ΔL, t[17] = 1.66, p = 0.11; ΔS, t[14] = 1.34, p = 0.2). There was no advantage of the use of
one type of chromatic stimuli over the other for either the large (t[26] = 1.62, p = 0.12) or the
small (t[14] = 0.3, p = 0.8) stimuli. It is also important to note that the visual losses observed
with the large chromatic stimuli were not significantly smaller that those observed with the
small achromatic stimuli (ΔL, t[18] = 0.949, p = 0.36; ΔS, t[18] = 1.37, p = 0.19). Thus, the
use of large chromatic stimuli, which yield a greater number of reliable measurements and
possess a greater dynamic range, has the additional advantage of detecting visual losses similar
in magnitude to those obtained using small chromatic and achromatic stimuli.

To assess the correspondence between the ability of the different contrast sensitivity tests to
detect significant visual losses, all contrast sensitivity measures were converted to z-scores
using the mean and the standard deviation of between-subject differences for the younger
viewers for each of the tests. Figure 6 illustrates the z-scores for large luminance, S-cone, and
L-cone contrast stimuli as a function of the z-score for the small luminance contrast stimulus
that is most similar to the conventional Goldmann size III stimulus. Tests with the large
chromatic stimuli identified loss for all but one participant with significant visual loss with the
small achromatic stimulus and identified significant visual loss in four participants who were
not identified by tests using the small achromatic stimulus. A chi-squared test indicated that

PEARSON et al. Page 7

Optom Vis Sci. Author manuscript; available in PMC 2007 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the number of individuals with larger z-scores for the large L-cone contrast stimulus than for
the small luminance contrast stimulus (n = 15) was greater than could have been expected by
chance (χ2[1] = 6.368, p = 0.012). In contrast, the number of individuals that obtained a larger
z-score for the large S-cone contrast stimulus than for the small luminance contrast stimulus
(n = 8) or a larger z-score for the large luminance contrast stimulus than for the small luminance
contrast stimulus (n = 7) was not significantly greater than can be accounted for by chance (S-
cone: χ2[1] = 0.47, p = 0.5; luminance: χ2[1] = 1.316, p = 0.25).

Isolation of Mechanisms
The stimuli were designed to deliver chromatic pulses deviating from equal-energy white that
would stimulate the L-M and S-(L + M) mechanisms. The color vectors associated with our
S-cone and L-cone contrast stimuli are shown in Figure 1 for both younger and aged (65 years)
lenses. For the younger observers, increasing the contrast of the S-cone stimulus increased the
activation of the S-(L + M) mechanism, whereas the activation of the L-M and L + M
mechanism remained very low. Similarly, increasing the contrast of the L-cone contrast
stimulus increased the activation of the L-M mechanism, whereas the activation of the S-(L +
M) and L + M mechanism remained low (see Table 1). However, the lens yellowing associated
with aging resulted in a shift in the color vectors as shown in Figure 1. By calculating the
change in the cone quantal catches of the stimuli and the background for each of our stimuli,
the influence of lens yellowing on the isolation of the chromatic and achromatic mechanisms
was determined. For older observers, although lens yellowing associated with aging resulted
in some luminance and off-axis contrast in the chromatic pulses, comparisons of the thresholds
for the L-cone and S-cone contrast stimuli revealed that the amount of luminance and off-axis
contrast present in the chromatic displays was insufficient for one of the other mechanisms to
mediate detection (see Table 1).

One of the aims of this study was to evaluate the ability of the different tests to assess mild
ganglion cell loss. If the contrasts presented in this study were high enough that Weber’s law
holds, any decreases in contrast sensitivity associated with aging must be neural in origin rather
than the result of optical properties such as lens yellowing. The amount of lens yellowing that
could be expected within our population of older observers was approximated using a standard
65-year-old lens. These calculations revealed that the mean S-cone quantal catch for our equal-
energy background would be reduced by 0.4 log units, the mean M-cone quantal catch would
be reduced by 0.14 log unit, and the mean L-cone quantal catch would be reduced by 0.11 log
unit. To determine what portion of the age-related change in contrast sensitivity for the S-cone
contrast stimuli could be a consequence of lens yellowing rather than neural factors, we tested
two younger observers with retinal illuminance decreases similar to those that could be
expected for our older observers. The results obtained with these two younger viewers indicated
that as much as half of the age-related loss in contrast sensitivity for the S-cone stimulus (1.5–
2.0 dB) may be the result of the reduction in retinal illuminance rather than neural factors.
Control data collected for both of the luminance and ΔL stimuli with decreased retinal
illuminance indicated that retinal illuminances with aged lenses should still be within the Weber
region. Hence, the age-related decreases in contrast sensitivity for the L-cone and luminance
contrast stimuli were likely the result of neural rather than optical factors.

DISCUSSION
This study examined the influence of normal age-related mild ganglion cell loss on contrast
sensitivity for achromatic and chromatic stimuli of varying sizes. So, let us first examine the
empirical findings. To compare our findings with those of previous studies, we have calculated
a rate of decline in contrast sensitivity as a function of age. To do so required that we implicitly
assume, contrary to a recent argument,67 that the rate of decline is linear.b We found that the
average rate of decline in contrast sensitivity was 0.6 ± 0.06 dB per decade for the luminance

PEARSON et al. Page 8

Optom Vis Sci. Author manuscript; available in PMC 2007 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimuli, 0.7 ± 0.07 dB per decade for the L-cone contrast stimuli, and 0.8 ± 0.09 dB per decade
for the S-cone contrast stimuli after accounting for the effects of lens yellowing on stimulus
contrast. We estimated that reduced retinal illuminance resulting from yellowing of the lens
could account for as much as half of the age effect for the S-cone contrast stimuli but none of
the effect for the ΔL and luminance stimuli. Our rates of decline from neural loss therefore
range from 0.4 to 0.7 dB per decade. These rates are comparable to the rates of 0.6 to 0.9 dB
per decade obtained in previous studies of normal visual fields using achromatic and chromatic
stimuli.3,20,68-73

We can also use models that have demonstrated that the relation between visual sensitivity for
a small achromatic stimulus and ganglion cell loss is linear3,19,20 to estimate the age-related
ganglion cell loss of our participants and compare our results with previous studies. The
contrast sensitivity loss of 0.6 dB per decade for the small achromatic target would be consistent
with ganglion cell losses of approximately 0.3 to 0.7 dB per decade. Reports of aging effects
on ganglion cell number correspond to rates of 0.1 to 0.4 dB per decade over the third to seventh
decades of life.3,8-17 Our data are therefore consistent with the histologic literature while
allowing room for additional factors.

Given that our data are consistent with the age-related changes in visual function and the age-
related decrease in ganglion cells that have been previously reported, we can now assess
whether these empirical data are consistent with the predictions of the cortical pooling model
to further our understanding of the relation between ganglion cell loss and visual sensitivity.
The cortical pooling model41 quantifies the relation between neurophysiology and
psychophysics by modeling the processes underlying the responses of the visual system and
hence can predict how altering the characteristics of visual stimuli should influence sensitivity
to age-related ganglion cell loss. Overall, the cortical pooling model predicts that visual loss
will be equal to ganglion cell loss when the mechanisms mediating detection are tuned to spatial
frequencies that are low relative to ganglion cell density; that is, optimal detection of ganglion
cell loss requires the use of stimuli that tap the responses of spatial filters that pool the responses
from a relatively large number of ganglion cells. When this is the case, heterogeneous loss of
ganglion cells affects all filters similarly. In contrast, for filters that sum the responses of only
a few ganglion cells, heterogeneous ganglion cell loss greatly reduces the response of some
filters while others remain unaffected. Therefore, one of the major strengths of the cortical
pooling model is that it predicts the effect that ganglion cell loss or dysfunction will have on
both visual sensitivity and the variability of contrast sensitivity measurements for a variety of
visual stimuli.

The cortical pooling model predicts that increasing the size of the chromatic and achromatic
stimuli will decrease both the long-and short-term variability and will reduce the increase in
variability associated with low visual sensitivity. In previous studies, both long- and short-term
variability have been shown to increase as contrast sensitivity for small achromatic stimuli
decreases.48-51 Our data on test–retest variability as a function of age clearly show that,
consistent with the predictions of the model, long-term variability does not increase as
sensitivity decreases when the stimuli are large; that is, older observers who exhibited lower
visual sensitivity did not exhibit greater long-term variability for the large chromatic or
achromatic stimuli. The influence of size on test–retest variability and short-term fluctuation
found in this study is consistent with previous studies of achromatic contrast sensitivity66,
74-76 and extend these findings to chromatic stimuli. The results are consistent with the
predictions of the model for the influence of size on variability as a function of contrast
sensitivity.

bIt is important to note that the design of this study does not permit conclusions about the form of the relationship between sensitivity
and age or whether the rate of loss of retinal ganglion cells is uniform throughout the lifespan.
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Although previous studies have suggested that increasing the size of stimuli used in achromatic
perimetry would decrease variability and therefore improve the ability to detect changes in
visual function, the adoption of larger stimuli in clinical tests has been discouraged because
increasing the size of the stimulus has also been shown to decrease the detection of ganglion
cell losses when the stimuli is achromatic.74-77 Consistent with these findings and those of
the current study, the cortical pooling model predicts that increasing the size of the achromatic
stimulus will decrease sensitivity to ganglion cell loss and provides a theoretical explanation
as to why. The achromatic spatial filters are tuned to relatively higher spatial frequencies and
the large achromatic stimulus exceeds the critical area of the largest spatial filter. Hence, the
large achromatic stimuli should be responded to by a greater number of spatial filters of
relatively high spatial frequency. Because these higher spatial frequency filters sum the
responses of fewer ganglion cells, increasing the number of cells that are responsive to the
stimulus increases the likelihood that the stimulus stimulates a filter that has not been affected
by ganglion cell loss.

In contrast to the predictions and findings for achromatic stimuli, the cortical pooling model
predicts that the decrease in variability associated with increasing the size of the stimuli will
not come at a cost in the detection of ganglion cell losses for the chromatic stimuli. The
chromatic stimuli tap the responses of the S-(L + M) and the L-M mechanisms, which both
have greater spatial summation areas than the luminance mechanism.47,78 Hence, the response
to these stimuli should be mediated by a few spatial filters tuned to low spatial frequencies that
sum responses from a larger number of ganglion cells and have been similarly affected by
ganglion cell loss. Therefore, the cortical pooling model predicts that increasing the size of the
chromatic stimulus, and hence recruiting additional spatial filters, should not decrease
sensitivity to ganglion cell loss. The present study confirms that increasing the size of the
chromatic stimuli does not decrease the magnitude of contrast sensitivity losses associated with
ganglion cell loss (also see 7). Moreover, as predicted by the model, the age-related visual loss
observed with the large L-cone contrast stimuli was not smaller than that observed with the
small achromatic stimulus that is similar to that used in standard white-on-white perimetry.

The model also predicts that comparable visual losses should be obtained with the two types
of chromatic stimuli. Although the density of the midget ganglion cell mosaic of the L-M
mechanism is greater than the density of the small bistratified ganglion cell mosaic of the S-
(L + M) mechanism,79 the cortical pooling model predicts that density of ganglion cells should
only affect sensitivity to loss when threshold is mediated by spatial filters tuned to relatively
high spatial frequencies. The density of the ganglion cell mosaic plays a small role when the
spatial filters are tuned to low spatial frequencies such as would be the case for those mediating
the response to large chromatic stimuli. Consistent with this prediction, we found that the visual
losses for the L-cone stimuli were as large as those obtained with the S-cone contrast stimuli.

Finally, similar to the reduced redundancy model, the cortical pooling model predicts that
selective visual impairments can result from equal losses of different subpopulations of
ganglion cells. Studies of glaucomatous eyes have yielded equivocal evidence as to whether
the midget, parasol, and small bistratified ganglion cells of the L-M, L + M, and S-(L + M)
mechanisms are equally subject to glaucomatous ganglion cell death or dysfunction. Whereas
some studies have failed to find evidence of any type of preferential loss of ganglion cells,
80,81 other studies have reported that large-fiber ganglion cells are preferentially lost early in
the disease.1,2,4,6,82,83 One advantage of studying age-related ganglion cell loss rather than
glaucomatous ganglion cell loss is that studies of age-related ganglion cell loss have reported
that ganglion cell types are equally affected by aging.13,14,39,52 The present study, therefore,
supports the prediction that differences in stimulus size (and consequent differences in the peak
spatial frequency of cortical filters mediating detection of the stimuli) can result in visual
impairments that appear to be selective for one mechanism over another despite all ganglion
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cells being affected equally. This finding emphasizes that higher cortical processing should be
considered when attempting to quantify the relation between ganglion cell function and visual
indices (see also 32,84 for a further discussion of similar issues).

This study compared the relative sensitivity to small and large S-cone contrast, L-cone contrast,
and luminance contrast stimuli in older and younger observers to further evaluate the cortical
pooling model's account of the relation between ganglion cell loss and visual sensitivity. These
results extend our understanding of the influence of size on visual sensitivity to chromatic
stimuli, suggesting that large chromatic stimuli can be as sensitive to ganglion cell loss as the
small achromatic stimuli traditionally used in perimetry and have the added benefit of reduced
variability. Moreover, the ability of the cortical pooling model to correctly predict the influence
of age-related ganglion cell loss on sensitivity and variability provides further support (see 7,
42 in this issue for additional evidence) that this model provides an accurate description of the
relation between visual sensitivity and ganglion cell loss, which can be used to guide the future
development of clinical tests for the detection of ganglion cell loss function.
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FIGURE 1.
The relative S-cone and L-cone trolands of the S-cone and L-cone contrast stimuli at maximum
contrast. All stimuli were delivered as pulses from equal-energy white. The triangles depict
the maximum S-cone and L-cone trolands that can be produced by the monitor for the younger
(solid line) and older observers (dotted line) with standard amounts of lens yellowing. The
vertical lines depict the maximum possible modulation of the S-cone contrast stimuli from
equal-energy white (intersection of lines labeled ΔS and ΔL), whereas the horizontal lines
depict the maximum possible modulation of the L-cone contrast stimuli. For the standard
younger observer, the ΔS and ΔL result in increased activation of only the S-(L + M) and L-
M mechanisms, respectively (solid lines). For the standard 65-year-old lens, however, lens
yellowing results in a small amount off-axis chromatic contrast that could lead to activation of
the L-M mechanism by the ΔS cone contrast stimulus and to activation of the S-(L + M)
mechanism by the ΔL cone contrast stimulus (dotted lines). See Table 1 and text for more
discussion of this issue.
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FIGURE 2.
Test–retest variability is shown for both the younger and older observers for each of the
luminance, L-cone, and S-cone contrast stimuli.
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FIGURE 3.
The standard deviation of the reversals is a measure of short-term fluctuation and is shown as
a function contrast sensitivity loss for the large (bottom panel) and small (top panel) luminance,
S-cone, and L-cone contrast stimuli.
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FIGURE 4.
Contrast sensitivity is shown as a function of age for the L-cone (top panel), S-cone (middle
panel), and luminance (bottom panel) contrast stimuli.

PEARSON et al. Page 19

Optom Vis Sci. Author manuscript; available in PMC 2007 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Age-related visual loss is illustrated as a function of both size and stimulus type.
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FIGURE 6.
The correspondence between detection of statistically significant visual loss using small
achromatic and large chromatic stimuli is illustrated. Statistically significant loss was defined
as individual scores that were outside the two-tailed 95% confidence interval for normal (z <
−2). One individual whose data fell within normal limits for both the large S-cone contrast
stimulus and the large L-cone contrast stimulus also had data outside normal limits for the
small luminance stimulus (upper left quadrant). In contrast, four individuals whose data fell
within the 95% confidence limits for the small achromatic stimulus were identified by both of
the large chromatic tests as falling outside the 95% confidence limits (lower right quadrant).
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