
UC Davis
UC Davis Previously Published Works

Title
Senescent changes in parafoveal color appearance: saturation as a function of stimulus 
area.

Permalink
https://escholarship.org/uc/item/00t823ks

Journal
Journal of the Optical Society of America. A, Optics, image science, and vision, 19(1)

ISSN
1084-7529

Authors
Knau, Holger
Werner, John S

Publication Date
2002

DOI
10.1364/josaa.19.000208
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/00t823ks
https://escholarship.org
http://www.cdlib.org/


208 J. Opt. Soc. Am. A/Vol. 19, No. 1 /January 2002 H. Knau and J. S. Werner
Senescent changes in parafoveal color appearance:
saturation as a function of stimulus area
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The chromatic content (saturation) of monochromatic stimuli (480, 505, 577, and 650 nm) was scaled as a func-
tion of field size at three different retinal locations by 58 observers ranging from 18 to 83 yr of age. The dif-
ferent retinal locations (6 deg nasal, 2.5 deg inferior and 6 deg temporal eccentricity) were chosen according to
anatomical studies demonstrating different degrees of senescent losses of cones or ganglion cells. Nine field
sizes were tested, ranging from 0.0096 to 0.96 deg in diameter. The subjects used a percentage scale to judge
the saturation of the flashed stimulus presentations (2 s on, 5 s off). The data analysis demonstrated that
older observers require larger field sizes than younger observers to perceive hue as well as larger field sizes to
reach the same level of scaled saturation. The spatial dependency of color appearance for younger and older
observers was not correlated with senescent losses in retinal cells reported for the different retinal locations.
The data were modeled by using an impulse-response function (i.e., Naka–Rushton equation) so that percep-
tive fields could be compared to electrophysiological measures of receptive fields or dendritic fields of retinal
and cortical cells. © 2002 Optical Society of America

OCIS codes: 330.0330, 330.1720, 330.5510, 330.6130, 330.5310.
1. INTRODUCTION
Color vision, probed with small spots, has been described
as trichromatic in a central region of the human retina
(except for a tiny region of the foveola), surrounded by two
zones, an intermediate dichromatic zone and a far periph-
eral monochromatic zone.1,2 The size of these peripheral
zones depends on the spatial scale of the test stimuli, and,
indeed, when stimuli are suitably scaled in size, fovealike
color vision can be experienced out to at least 45 deg reti-
nal eccentricity.3–7 Abramov et al.6 obtained hue-scaling
data at a series of retinal loci and found that hue in-
creased with field size up to an asymptotic level at each
locus, ‘‘as if some perceptive field was being filled, by anal-
ogy to similar results from receptive fields of neurons’’ (p.
405; see also Refs. 8 and 9). The size of these perceptive
fields increased with retinal eccentricity as would be ex-
pected from spatial summation studies,10,11 but at each
retinal locus the perceptive fields were larger than those
obtained from threshold experiments. Abramov et al. ar-
gued that their findings might be influenced by the num-
ber of spectrally opponent (color-coded) ganglion cells, as
their numbers decrease with eccentricity,12 and many
nonopponent cells become spectrally opponent if the
stimulus size is increased.13,14 More recent evidence for
this hypothesis was reported by Volbrecht et al.,11 who
found a relation between ganglion cell density and psy-
chophysically measured spatial summation of short-wave-
sensitive and long-wave-sensitive cone pathways. The
findings of these studies suggest the hypothesis that age-
related retinal cell loss might influence hue perception if
a stimulus falls below a critical size. As stimulus size is
increased, differences between younger and older observ-
0740-3232/2002/010208-07$15.00 ©
ers would be expected to diminish. Indeed, previous
work15,16 has shown that with 1.2–2 deg stimuli, younger
and older observers differ rather modestly in scaled hue
and saturation.

To determine whether senescent losses of retinal cells
influence the critical spatial dimensions over which hue is
perceived, stimuli were presented at retinal locations for
which there have been demonstrated losses in cone or
ganglion cell numbers, i.e., cone loss at 2.5 deg eccentric-
ity in the inferior retina and ganglion cell loss at 6 deg na-
sal eccentricity.17,18 A third location at 6 deg eccentricity
in the temporal retina served as a reference location, i.e.,
with no significant age-related cone or ganglion cell loss.
Our working hypothesis was that cone losses should lead
to a shallower increase of saturation as a function of field
size. This hypothesis is based on a study by Cicerone
and Nerger,19 who found steeper detection functions when
the stimulus was imaged on larger numbers of photore-
ceptors. Ganglion cell loss might, however, lead to an in-
creased minimum field size for color detection, whereas
the hues of large fields should be relatively constant with
age, owing to an overfilling of chromatic perceptive fields.
The possibility that certain hue mechanisms may be more
affected by senescent cell loss than others was evaluated
by using four different wavelengths near unique-hue loci.
These data may thus be related to the neural weightings
of the cone signals by spectrally opponent mechanisms.
The functions relating saturation to field size were mod-
eled with an impulse-response function (i.e., Naka–
Rushton equation20). We discuss the influence of the
model on estimates of perceptive-field sizes and the neu-
ral loci that might limit age-related changes in detection
of hue for small fields.
2002 Optical Society of America
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2. METHODS
A. Observers
Fifty-eight volunteers (30 females and 28 males) approxi-
mately equally distributed over the range from 18 to 83 yr
of age completed the testing. At the time of testing, none
of the subjects reported having any systemic, ocular, or
neurological disease known to disrupt the visual system.
None of the subjects were taking medications known to
interfere with normal visual functioning. Undilated di-
rect ophthalmoscopy was performed on all subjects to rule
out the presence of retinal disease of the posterior pole
and abnormal ocular media. Additionally, all subjects
>50 yr of age were found to be free of retinal disease by a
licensed optometrist or ophthalmologist using indirect
ophthalmoscopy. All subjects had a corrected visual acu-
ity of 20/30 or better when tested with the Bailey–Lovie
Eye Chart #4. The participants were all normal trichro-
mats according to a battery of tests that included the
Farnsworth Panel D-15 test, the F-2 tritan plate, Ameri-
can Optical Hardy–Rand–Ritter pseudoisochromatic
plates and Rayleigh matches on a Neitz anomaloscope.
Before any testing, written informed consent was ob-
tained from all subjects.

B. Apparatus
Stimuli were produced by two channels of a conventional
Maxwellian-view optical system. The source was a 1-kW
xenon arc lamp powered by a regulated dc supply. Water
baths were used to filter out infrared radiation. The
stimuli were rendered monochromatic by use of narrow-
band interference filters (Ditric Optics) or a holographic
grating monochromator (Instruments SA, V-20) having
8-nm half-band passes. Calibrated neutral density fil-
ters and wedges were placed in collimated and focused
portions of the beams, respectively. Wedge positions
were computer controlled and monitored with potentiom-
eters and a linear readout system. Mirrors were front
surfaced, and lenses were achromatic doublets. Presen-
tations of square-wave test flashes were controlled by a
calibrated mechanical shutter (Vincent Associates) and
custom timing circuitry. To produce square-wave flicker
for heterochromatic flicker photometry (HFP), two light
channels were combined using a rotating sectored mirror.
A 0.04-mm-diameter aperture illuminated by a white
LED served as a fixation point. The final Maxwellian-
view lens focused a 1.5-mm-diameter image onto the
plane of the observer’s pupil. Observers were aligned
with respect to the optic axis of the Maxwellian-view op-
tical system by use of a dental-impression bite bar
mounted to a milling-machine table that permitted ad-
justments along three orthogonal directions. The posi-
tion of the subject’s eye in relation to the Maxwellian-view
image was evaluated with a pupil viewer.

C. Calibrations
Radiometric measurements of the spectral lights and cali-
brations of the neutral density wedges and filters were
made using a silicon photodiode and linear read-out sys-
tem (United Detector Technology, 81 Optometer) that was
calibrated relative to the standards of the National Insti-
tute of Standards and Technology. Photometric measure-
ments were made with a Minolta Chroma meter (CS-100)
and barium sulfate plate and were then converted to reti-
nal illuminance by the method outlined by Westheimer.21

The monochrometer was calibrated at a series of spectral
lines emitted by Hg and Ne low-pressure calibration
lamps (Oriel, Hg 6034, Ne 6032).

D. Procedure
The primary goal of this study was to measure age-
related changes in scaled saturation for younger and
older observers by using stimuli varying in retinal area
and wavelength. The retinal illuminance of the test
stimuli was held approximately constant across different
wavelengths and observers by equating them to a 2.6-log-
troland, 560-nm standard, by means of HFP. At each
tested location, the target (0.5 deg diameter) was flickered
at 20 to 25 Hz in square-wave counterphase to the refer-
ence light. No background was used. The subject’s task
was to find a flicker null by using the method of adjust-
ment. It has been shown that rods do not influence hue
perception at this retinal illuminance.22,23 At least three
flicker-null settings were gathered for each condition (i.e.,
three retinal locations and four different wavelengths),
presented in randomized order. In control experiments,
the influence of target size on HFP settings was tested
and found to be negligible, at least for the target sizes us-
able for HFP, and within the range selected for hue scal-
ing.

Before collecting scaling data, we explained the task to
the subject by showing samples from the Natural Color
System NCS of the Scandinavian Color Institute, Stock-
holm (med A9 färghäften, 1992). Subjects were provided
practice sessions before data collection commenced. Dur-
ing these sessions, the pupil viewer was used to check for
good fixation. Data collection started after reliable per-
formance was achieved.

Scaling data were obtained following 8 min dark adap-
tation, using test flashes of 2 s duration with 5 s inter-
stimulus intervals. The subject was asked to assign per-
centages to describe the chromatic content of stimuli,
with zero implying an achromatic appearance. Stimuli
were repeated until the subject could make a confident re-
sponse as to the saturation of the test stimuli. Four dif-
ferent test wavelengths (480, 505, 577, and 650 nm) and
nine field sizes (0.0096, 0.019, 0.041, 0.063, 0.11, 0.14,
0.24, 0.5, and 0.96 deg diameter) were presented in a ran-
domized order for each retinal location (2.5 deg inferior, 6
deg temporal, and 6 deg nasal eccentricity). The first
three wavelengths correspond to the mean values of spec-
tral unique hues previously determined for 50 subjects,
varying from 13 to 74 yr of age.24 Unique red is ex-
traspectral. At least three saturation estimates were col-
lected for each condition, requiring four to six 2-h sessions
per subject.

E. Data Analysis and Modeling
An arcsine transformation was applied to the raw data of
each subject and condition before averaging in order to
equalize the variances. To quantitatively describe the re-
lation between saturation and field size, we used an
impulse-response function, i.e., the Naka–Rushton equa-
tion [Eq. (1)].20 There is no theoretical significance at-
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tached to our use of this function, but from different mod-
els tested (e.g., the Michaelis–Menten equation used by
Abramov et al.6), the Naka–Rushton equation provided
the best fits to the data with the least number of param-
eters. The equation was

r

rm
5

dian

dian 1 kn , (1)

where r 5 response (%), rm 5 maximum response (%), n
is related to the slope of the function, dia 5 stimulus field
size (deg), and k (deg) 5 0.5rm ; i.e., k equals the field size
at which scaled saturation reaches half of its maximum
value. To compare our results with those of Abramov
et al.6 we chose 75% of the asymptotic value rm as the
critical field size (corresponding to 3k) for a given test
wavelength and retinal location. The fitting procedure
was based on a least-squares minimization by using the
Marquard–Levenberg algorithm implemented in Sigma
Plot 2000 (SPSS). Fits with Eq. (1) to data from two ob-
servers are shown in Fig. 1.

In addition to parameters for the maximum saturation
(rm , in %) and the field size corresponding to 50% of rm (k
in deg), which were derived directly from the Naka–
Rushton equation, we also calculated the first derivative
of the function and a tangent line to the maximum slope
(s in % deg21). The intersection of the tangent line with
the x axis represents the field size (parameter I in deg),
where saturation rises significantly above zero. Al-
though the value of n of the Naka–Rushton equation was
treated as a free parameter for fitting the data, we sum-
marized the rising part of the fitted function in terms of s,
as described above, because n is complex and offers no
easy interpretation. We also analyzed the minimum
stimulus size at which hue was first reported (h in deg) by
each observer, using the raw data independently of any
model fits.

The various parameters at each wavelength and retinal
locus were correlated with age using least-squares linear
regression. Before statistical evaluation, outliers were

Fig. 1. Saturation scaling data of a younger (19 yr, open circles)
and an elderly (79 yr, solid circles) subject plotted as a function of
field size for a 480-nm stimulus, presented at 2.5 deg inferior
retina. Smooth curves show model fits with a Naka–Rushton
function [Eq. (1)]. The parameters used to describe the data are
also illustrated for the older subject.
identified by objective criteria [Cook’s Distance, Studen-
tized Deleted Residuals also implemented in Sigma Plot
2000 (SPSS)] and removed. On average, six outliers
were identified per stimulus condition, but these were not
related to particular individuals or age groups. In gen-
eral, the calculated slope of the Naka–Rushton model was
responsible for the largest number of outliers per condi-
tion. We return to this point in the next section. A p
value <0.05 was required in a t test for the slope of the
line to be judged as significantly different from zero. The
same tests and criteria were applied to determine
whether there were significant differences between differ-
ent retinal locations or stimulus wavelengths.

3. RESULTS
At all retinal locations tested, the perceived saturation of
each test wavelength increased with field size up to an
asymptotic level. Figure 1 illustrates data sets from a
younger and an older observer for the 480-nm test light at
2.5 deg inferior eccentricity. The solid and dashed curves
correspond to the Naka–Rushton model fitted to each
data set. Scaled saturation of the younger subject shows
an immediate steep rise, whereas the elderly observer re-
quired larger field sizes before hue was first reported (pa-
rameter h). Even then, the saturation stayed at a lower
level until a certain stimulus size (parameter I) was
reached. Thereafter, the two data sets show approxi-
mately the same slope (parameter s) until they level off at
approximately the same saturation level (parameter rm).
This level appears to be stable with further increases of
stimulus size but was less than 100%, as expected from
previous work.6

Although there is substantial inter-individual variabil-
ity, the pattern of results seen in Fig. 1 is representative
for all subjects at corresponding ages. This is made ob-
vious in Figs. 2–6, where we show parameter values for
all subjects based on a 505-nm test light presented at 6
deg temporal eccentricity. Figure 2 demonstrates that
during aging, increasingly larger field sizes are needed to
perceive hue (parameter h). Plotted are the mean ages of
those subjects for whom the stimulus size corresponded to
their minimal field size for perception of hue. The solid
line illustrates the increase of parameter h with age.
Note that this parameter is based on the raw data, not on
modeling. This explains the localization of the data
points on the x axis around the target sizes of 0.0096,
0.019, and 0.041 deg diameter and also that the error bar
must be calculated for the age variable and not for the
field size. The senescent increase in minimal field size
for hue perception is statistically significant ( p , 0.05).
This finding holds for all wavelengths and retinal loca-
tions tested. Almost the same is true for parameter I,
which indicates the field size at which saturation rises
steeply with increasing field size (see Fig. 1 and Subsec-
tion 2.E for details). The values of this fitting parameter
for the entire pool of subjects for our 505-nm, 6 deg tem-
poral test condition are presented in Fig. 3.

The field size I is plotted in Fig. 3 as a function of age
with a linear regression line showing a small but statisti-
cally significant age-related increase of this parameter
( p , 0.05). Although all test conditions revealed an in-
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crease of intersection I with age, not all of them reached
the criterion statistical significance level. There are four
exceptions: (i) 650 nm, 2.5 deg inferior; (ii) 480 nm, 6 deg
temporal; and (iii) 480 nm and (iv) 650 nm, 6 deg nasal.
Figure 4 demonstrates what happens for larger field
sizes, defined by the fitting parameter k, which represents
the field size at which the Naka–Rushton model has
reached 50% of the maximum (rm). Here the age-related
increase in required field size diminishes and is not sta-
tistically significant, although for all different test condi-
tions the fitted regression line had a positive slope (illus-
trated for one condition in Fig. 4).

As test field size increased, saturation leveled off and
the fitted Naka–Rushton model finally reached its maxi-
mum saturation value rm . This parameter showed a
large degree of individual variability, and for all condi-
tions tested it did not change significantly with age. The

Fig. 2. Mean age at which hue was first detected (parameter h)
plotted as a function of test stimulus size (deg) for a 505-nm test
light presented at 6 deg temporal eccentricity. Error bars de-
note 61 SD of those subjects for whom the corresponding stimu-
lus size was the minimal field size to perceive hue. The solid
line is based on a least-squares linear regression, which was sta-
tistically significant (r 5 0.96).

Fig. 3. Intersection I, corresponding to the stimulus size at
which the Naka–Rushton model fit starts to rise significantly
from zero. This parameter shows a statistically significant
change with age. The data are from the 505-nm test light pre-
sented at 6 deg temporal eccentricity. A linear regression fitted
to the data points is shown by the solid line (r 5 0.4). This cor-
responds to an increase of ;10% per decade.
results of our exemplary condition (505 nm, 6 deg tempo-
ral eccentricity) are shown in Fig. 5. Note that the final
level of saturation rm is reached at relatively large field
sizes, though in this case we do not compare the field sizes
themselves but the saturation estimate in percent. The
relation between field size and maximum saturation is de-
ferred to Section 4. There we discuss the critical
perceptive-field size defined by the stimulus size at which
saturation reaches 75% of the maximum.

The parameter s plotted in Fig. 6 corresponds to the
maximum slope of the Naka–Rushton model. This pa-
rameter shows a strikingly large inter-individual vari-
ability, but no statistically significant age-related change
was found for any test condition. Of course, we cannot
exclude the possibility that another fitting function would
be more sensitive to small age-related changes in the
slope, as expected from our hypotheses.

Table 1 summarizes the mean parameter values for all
subjects in all test conditions, with two exceptions. For

Fig. 4. Naka–Rushton equation parameter k, corresponding to
the field size where 50% of the maximum saturation rm was
reached, is plotted as a function of age. Symbols show the val-
ues for a 505-nm test light presented at 6 deg temporal eccentric-
ity. The solid line is based on the least-squares linear regres-
sion, which was not statistically significant.

Fig. 5. Maximum saturation value rm derived from the Naka–
Rushton model plotted as a function of age. Data are based on a
505-nm test light presented at 6 deg temporal eccentricity. The
slope of the least-squares linear regression equation was not sta-
tistically significant.
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the parameters h and I corresponding to very small field
sizes, we found a significant age-related change. Thus,
in the table we present the slope of the fitted regression
line. We do that also for the four conditions that did not
reach statistical significance (0.06 , p , 0.09). Each
wavelength and retinal location revealed about the same
rate of increase in field size during aging. This is true for
both the field size at which hue was first perceived, h, and
the intersection, I, where saturation rises significantly
from zero. In general, the age-related increase of param-
eter I per decade is a bit larger than for parameter h.
For the different wavelengths, the 577-nm stimulus re-
quired the largest size before hue was detected, while hue
in the 650-nm stimulus was detected with the smallest
field size. The semisaturation parameter k shows the
same characteristic. We will return to that when we
compare our results with other studies in Section 4. For
the maximum saturation value rm the 650-nm test stimu-

Fig. 6. Data points correspond to the maximum slope of the
Naka–Rushton modeling for a 505-nm test light presented at 6
deg temporal eccentricity. The solid line is based on a linear re-
gression fit, which was not statistically significant.
lus was perceived as more saturated compared to the
other wavelengths. The largest difference was found for
the 2.5-deg inferior location. Finally, for the maximum
slope s, the 577- and 650-nm test wavelengths are again
the most extreme conditions, with 577 nm having the
shallowest and 650 nm the steepest slope of the model fit
at each location.

There seems to be a difference for the maximum slope s
and the field size of the semisaturation parameter k for
the three retinal locations. The slope of the Naka–
Rushton model was about twice as large for the 2.5 deg
inferior locus compared with the 6 deg nasal or temporal
loci. The opposite is found for the parameter k; here the
inferior location required field sizes about half the size of
the two other locations. We could not, however, correlate
the age-related changes with specific retinal locations at
which senescent cone or ganglion cell losses were reported
(2.5 deg inferior and 6 deg temporal eccentricity, respec-
tively).

4. DISCUSSION
The results indicate that for observers of all ages, satura-
tion increases with increasing field size up to an
asymptotic level, in agreement with earlier results of
Abramov et al.6 Our study differed from that of Abramov
et al. in two respects: (1) It focused on age-related
changes in hue perception, and (2) it employed much
smaller test stimuli. The latter difference led us to use a
different impulse-response function (i.e., Naka–Rushton
equation) to model the data. The Michaelis–Menten
function did not capture the shallow rising part of the
function for small field sizes, which was exhibited by most
data sets from elderly people (see Fig. 1). On the basis of
these analyses, we conclude that for a fixed luminance
level and retinal location, elderly observers require larger
field sizes to perceive hue than do younger people (param-
eter h). This finding seems to be independent of test
Table 1. Parameters Used To Describe the Data Setsa

Retinal
Location

Stimulus
Wavelength

(nm)

Slope of h
First Hue
(deg/yr)

Slope of I
Intersection

(deg/yr)

k
Semisaturation

(deg)

rm

Max. Saturation
(%)

s
Max. Slope

(%/deg)

2.5 deg Inferior 480 0.238 3 1024b 0.283 3 1024b 0.0438 6 0.032 83 6 14 2483 6 2428
505 0.188 3 1024b 0.417 3 1024b 0.0408 6 0.025 82 6 15 1646 6 1360
577 0.168 3 1024b 0.30 3 1024b 0.0759 6 0.064 81 6 15 1524 6 1882
650 0.195 3 1024b 0.287 3 1024 0.0210 6 0.016 91 6 10 2718 6 1934

6 deg Temporal 480 0.257 3 1024b 0.284 3 1024 0.0838 6 0.057 82 6 15 1488 6 1402
505 0.276 3 1024b 0.404 3 1024b 0.0840 6 0.052 82 6 13 1304 6 1274
577 0.265 3 1024b 0.323 3 1024b 0.1004 6 0.067 86 6 14 693 6 482
650 0.215 3 1024b 0.298 3 1024b 0.0492 6 0.047 89 6 10 1570 6 1171

6 deg Nasal 480 0.172 3 1024b 0.409 3 1024 0.0713 6 0.036 82 6 15 1169 6 1011
505 0.160 3 1024b 0.413 3 1024b 0.0777 6 0.043 83 6 11 100 6 830
577 0.20 3 1024b 0.418 3 1024b 0.1017 6 0.062 86 6 14 756 6 545
650 0.191 3 1024b 0.260 3 1024 0.0487 6 0.050 89 6 11 1462 6 1364

a Parameters are defined in Section 2 and by Fig. 1. Note that for the parameters k, rm , and s the mean values of the tested population are presented,
as there was no age-related change. For parameters h and I, the slopes of the regression lines are presented, as these two parameters increase with age.

b p , 0.05.
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wavelength and retinal location. Elderly individuals also
tend to require larger field sizes to perceive more-
saturated colors. This is indicated by parameter I and
corresponds to the beginning of the steep rise in the
Naka–Rushton model. For this parameter there were
significant age-related changes for all but four conditions.
The latter cases might be due to the high variability in
parameter I even with small changes in the quality of the
fit. The slope of the age-related increase in required field
size is about the same for the different test wavelengths,
with an average value of 0.00034 for the intersection I
and 0.0002 for parameter h. These slopes correspond to
a 10% per decade increase in field size for both param-
eters.

Although not statistically significant, the perceived
maximum saturation (rm) was always highest for the
650-nm test stimuli. For all test conditions, rm was not
correlated significantly with age. Individual data sets
span ranges between 40% and 100% maximum saturation
for the different wavelengths and retinal locations. The
failure for some subjects to perceive 100% saturation is
not surprising. Scaled saturation of monochromatic test
flashes varies from about 60% to 80% for foveal
viewing3,25 and is less for peripherally viewed stimuli.3

These variations in saturation with wavelength represent
a balance of chromatic and achromatic response. These
differences are likely to also influence the maximum slope
s of the Naka–Rushton model, which revealed two inter-
esting findings. First, at all retinal locations, the steep-
est slope was found for the 650-nm test lights and the
shallowest slope for the 577-nm stimulus. Second, the
inferior location showed significantly steeper slopes than
the two other locations, which were of the same magni-
tude. A steeper rise for the 2.5 deg inferior location is
consistent with a dependence on the overall receptor den-
sity and ganglion cell density (independently of age), and
differences among the putative underlying hue mecha-
nisms may be related to relative chromatic and achro-
matic sensitivity. Importantly, for a fixed retinal eccen-
tricity, a single spatial scalar cannot be used to model
responses to all wavelengths.

The ‘‘critical’’ perceptive-field size, operationally de-
fined by Abramov et al.6 as 3k, is shown in Fig. 7, which
is adapted from their paper. This figure presents our re-
sults for the 6 deg temporal and nasal locations as open
symbols. The results of Abramov et al. are denoted by
solid symbols, and the dendritic tree sizes or receptive-
field sizes originating from nonhuman primate
studies26–28 are denoted by solid lines. We also show
dendritic field sizes from human in-vitro studies29,30 as
dotted lines.

Our working hypothesis was that enlarged stimuli com-
pensate for lower ganglion cell density beyond the fovea,
producing similar cortical representations. Consistent
with this hypothesis is a comparison of the results of the
2.5 deg inferior location to the 6 deg nasal and temporal
locations. The inferior location (closer to the fovea)
showed significantly smaller critical field sizes for each
wavelength tested, whereas the temporal and nasal loca-
tions required about the same size (nasal–temporal asym-
metries are larger at more peripheral eccentricities). At
each location, the smallest field size was obtained for
650-nm stimuli and largest for 577-nm stimuli. More
ganglion cell input to cortex may be required for the latter
wavelength because it is less effective in stimulating
chromatic mechanisms.

Abramov et al.6 calculated perceptive-field sizes, which
they found to always be larger than dendritic field sizes of
neurons in the primate retina and in some cases closer to
receptive-field sizes measured electrophysiologically in
cortical area V4. Thus, they concluded that the physi-
ological substrate underlying their findings must be lo-
cated at a cortical level. This is consistent with recent
color-naming studies that imply a rotation of the genicu-
late axes in cortex, albeit cortical area V1.31 The
perceptive-field estimates of Abramov et al. are much
larger for green and yellow than for red and blue. Their
perceptive-field estimates for blue and red are within the
range of human midget and bistratified cell dendritic field
areas. We did not find such remarkable differences in
perceptive-field sizes among putative hue mechanisms.
All of our estimated critical field sizes for the different
stimulus conditions fall somewhere between the
receptive-field sizes of V1 and dendritic tree sizes of reti-
nal ganglion cells in nonhuman primates, which project to
the magnocellular layer of the lateral geniculate nucleus.
A comparison with studies on human tissue reveals that
our data fall between the dendritic field sizes of midget
and bistratified cells. This comparison between physi-
ological and psychophysical data is somewhat precarious,
however, because of the arbitrary choice of 75% as the
maximum value; other criteria would shift the cell type
that is most similar to the empirical data. In general,
perceptive-field sizes based on the Naka–Rushton model
are smaller than those obtained using the Michaelis–
Menten function. In addition, the stimulus sizes that ex-
hibit an age-related increase such as parameters h (small-

Fig. 7. Critical perceptive-field sizes, defined as 3k, are com-
pared with monkey and human dendritic and receptive-field
sizes as a function of retinal eccentricity. Solid lines refer to
nonhuman primate studies as summarized by Abramov et al.6

with P (parvocellular), M (magnocellular), V1 (striate cortex),
and V4 representing receptive field sizes at different levels of vi-
sual processing. Dotted lines show dendritic field sizes for hu-
man parasol, bistratified, and midget ganglion cells.29,30 Solid
symbols show the perceptive-field sizes calculated by Abramov
et al.6 Open symbols represent the perceptive-field sizes for the
6 deg temporal and nasal locations calculated in the present
study.
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est field size, where hue is detected) and I (field size,
where the steep slope of the Naka–Rushton model starts)
are ;0.02–0.03 deg in diameter, which would fit reason-
ably well with the speculation that the critical spatial
constraint with respect to age-related changes in hue per-
ception may have a retinal origin.

In conclusion, senescent changes of color perception are
evident when they are probed with small field sizes, are
reduced for increasing field sizes, and are not detectable
at large field sizes. Contrary to our working hypothesis,
age-related changes in color appearance could not be cor-
related to retinal asymmetries in senescent losses of pho-
toreceptors or ganglion cells. One explanation might be
that the retinal locations tested are based on anatomical
studies, but inter-individual differences are prominent in
both the anatomical and the psychophysical data. What-
ever the mechanism, this study demonstrated significant
age-related changes in the critical field size for perception
of hue.
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