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Color appearance remains remarkably stable in the aging visual system despite large changes in the spectral distribution of
the retinal stimulus and losses in chromatic sensitivity (P. B. Delahunt, J. L. Hardy, K. Okajima, & J. S. Werner, 2005; J. S.
Werner, 1996). This stability could reflect adaptive adjustments in peripheral or central chromatic mechanisms that
compensate for sensitivity losses in senescence. We asked whether similar compensatory adjustments play a role in
maintaining spatial vision—and whether the adaptation itself shows changes with aging—by examining the effects of
adaptation on judgments of image focus. Perceptual aftereffects following adaptation to a uniform field and blurred or
sharpened images were compared between younger adults and older observers. Subjects adapted to a sequence of blurred
or sharpened images for 120 s, and a two-alternative forced-choice staircase task was used to vary the filter exponent of the
test to define the subjective point of best focus. There was a small but significant difference between younger and older
observers in the level perceived as best focused in all three adaptation conditions, possibly reflecting differences in the
ambient blur level the groups are routinely exposed to. However, the magnitude of the blur aftereffect did not differ between
the two age groups. These results suggest that although there may be small differences in the long-term adaptation to blur,
younger and older observers do not differ in the strength of adaptation to transient changes in blur. The neural processes

mediating adaptation to blur thus appear to remain largely intact with aging.
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Introduction

Senescent changes in low-level visual mechanisms are
well documented (Werner & Schefrin, 2000). Retinal
mechanisms suffer not only from age-related optical
deterioration but also from neural losses in sensitivity as
well. Optical alterations, such as a decreased pupil size
(Kadlecova, Peleska, & Vasko, 1958), increased density
of the lens (Weale, 1988; Werner, 1982), as well as
increased higher order optical aberrations and scatter
(Guirao, Redondo, & Artal, 2000; Hennelly, Barbur,
Edgar, & Woodward, 1998), will contribute to a reduction
in illumination and contrast of the retinal image. When
these factors can be accounted for, neural losses become
evident. Slowed photopigment regeneration in the foveal
cone photoreceptors (Coile & Baker, 1992) as well as rods
(Jackson, Owsley, & McGwin, 1999) is believed to
underlie a decreased rate of dark adaptation. Schefrin,
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Shinomori, and Werner (1995) have shown that losses in
chromatic discrimination are light dependent, a result
consistent with differences between young and old at early
stages of retinal processing.

Sensitivity of early stage spatial vision mechanisms also
decreases with age. Contrast sensitivity loss appears to be
greatest for intermediate to high spatial frequencies,
especially at low illumination levels (Owsley, Sekular, &
Siemsen, 1983; Sloane, Owsley, & Alvarez, 1988; Tulunay-
Keesey, Ver Hoeve, & Terkla-McGrane, 1988). Optical
factors can only partially explain losses in contrast
sensitivity under photopic conditions (Burton, Owsley, &
Sloane, 1993; Owsley et al., 1983); when optical factors
are corrected, losses persist and may be attributed to neural
factors (Elliott, Whitaker, & MacVeigh, 1990; Higgins,
Jafe, Caruso, & deMonasterio, 1988; Sloane, Owsley, &
Alvarez, 1988; Sloane, Owsley, & Jackson, 1988).

Although these findings demonstrate losses in detection
and discrimination for stimuli at threshold, only minor
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deficits are found when the same stimuli are above
threshold (Werner, Delahunt, & Hardy, 2004). At higher
levels of § cone excitation, chromatic discrimination
losses wane (Schefrin et al., 1995). Contrast-matching
functions show no evidence of sensitivity loss where
contrast sensitivity functions show selective losses at high
spatial frequencies (Delahunt, Hardy, Okajima, & Werner,
2005; Tulunay-Keesey et al., 1988). One possible expla-
nation for this stability is that mechanisms of adaptation
within the visual system adjust neural responses to
maintain perceptual constancy for a variety of visual
stimuli (Webster, Werner, & Field, 2005). One such
adaptive adjustment is the constancy of the achromatic
point across a lifetime. Stimuli that appear achromatic or a
unique hue remain surprisingly stable despite large age-
related losses in the short wavelength light reaching the
retina as the lens becomes brunescent (Schefrin &
Werner, 1990; Werner & Schefrin, 1993). This example
of adaptation occurs over a relatively protracted time
course due to slow optical changes, although chromatic
adaptation can also be very rapid when the stimulus
changes (e.g., when the illuminant changes). The possi-
bility of analogous age-related changes in a “set point” for
spatial blur has not been explored. Evaluating the integrity
of different adaptation processes in aging is thus funda-
mental to understanding the perceptual consequences of
senescence as well as age-independent normalization
processes.

Previous studies have documented changes in the
dynamics of adaptation with aging in early retinal
processes of light and dark adaptation (Coile & Baker,
1992; Jackson et al.,, 1999) and have also explored
changes in perceptual motor adaptation (Buch, Young, &
Contreras-Vidal, 2003; Paige, 1992; Roller, Cohen,
Kimball, & Bloomberg, 2002). However, surprisingly little
is known about the effects of aging on the types of pattern-
selective aftereffects that are thought to be mediated by
response changes at cortical levels. Aging may differen-
tially affect visual performance due to senescent losses
at either early or late stages of processing, or differences
in processing requirements (Faubert, 2002; Habak &
Faubert, 2000). For example, a recent study (Rivest, Kim,
Intriligator, & Sharpe, 2004) found that older observers
exhibited a reduction in shape distortion interactions—
which are potentially diagnostic of adaptation in high-
level vision (Suzuki, 2005)—although there were no
differences in elementary shape perception.

In this study, we used adaptation to image blur in order
to assess the integrity of the mechanisms underlying
spatial adaptation. Blur is an important and salient feature
of natural images and has a well-defined neutral point (i.
e., the point of subjective focus). In natural viewing,
observers are often exposed for short or long periods
to blur either because of blur in the physical stimulus
(Field & Brady, 1997), or much more importantly because
of blur in the retinal image owing to the optical
imperfections of the eye. Brief exposure to image blur
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has been shown to influence acuity (Pesudovs & Brennen,
1993; Mon-Williams, Tresilian, Strange, Kcohar, & Wann,
1998) as well as contrast sensitivity (Mon-Williams
et al., 1998; Webster, 1999; Webster & Miyahara, 1997).
In addition, Webster, Georgeson, and Webster (2002)
recently demonstrated that adaptation to blur will bias the
perceived focus of normally focused images: adaptation
to images of faces or outdoor scenes that had been
spatially filtered to appear either blurred or sharpened
produced strong aftereffects in the opposite direction
when viewing “in focus” stimuli. For example, adaptation
to a blurred (sharpened) image caused a physically
focused image to appear too sharp (blurred). These
aftereffects presumably reflect response changes at a
cortical locus because they depend on spatial frequency
or scale-selective changes in sensitivity, and thus the
aftereffects allow us to use an intuitive and functionally
important visual judgment that might reveal how adapta-
tion is affected by aging at cortical sites. Accordingly, we
compared the magnitude of this aftereffect between
younger and older observers to test whether changes in
brief blur adaptation reveal senescent changes in short-
term pattern-selective adaptation.

Subjects

Ten younger (mean age of 25.4, range of 20-33,
5 female) and 10 older (mean age of 73.9, range of 67—80;
6 female) observers participated in this experiment. Young
observers reported having an eye examination within the
last year and were free from ocular disease. Refractive
errors did not exceed £5 D sphere or 2.5 D cylinder.
Younger observers wore their habitual correction during
the study.

Prior to testing, each older observer was screened in
the Department of Ophthalmology at the University of
California, Davis, by slit lamp examination, direct and
indirect ophthalmoscopy to rule out the presence of
abnormal ocular media and retinal disease. Color fundus
photographs of the macula and optic disc (ETDRS
Fields 1 and 2) were evaluated by a retinal specialist.
No participant had more small (<63 um) drusen than is
considered normal for their age or any abnormal vascular,
retinal, choroidal, or optic nerve findings. Intraocular
pressure was <22 mm Hg. Refractive errors did not
exceed 5 D sphere or 2.5 D cylinder, and corrected
visual acuity was 20/25 or better with the use of trial
lenses. Older observers were refracted for the test distance
by adding +0.87 D to their best optical correction. Written
informed consent was obtained following the Tenets of
Helsinki and with approval of the Institutional Review
Board of the University of California, Davis, School of
Medicine.
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Apparatus and stimuli

Stimuli were presented on a 17-in. CRT monitor (Sony
Trinitron multiscan G220) driven by a PC with 8 bits of
color resolution. The experimental software was written in
Visual Basic.Net. Observers adapted to a uniform gray
field of 15 cd/m? for 2 min before proceeding with the
experiment.

Ten grayscale images of natural scenes were used as
stimuli (Webster & Miyahara, 1997); examples are shown
in Figure 1. Natural images can be described by a power
spectrum where the amplitude falls as the frequency (f)
increases, thus defining a slope of —1(1/f) on a log-
amplitude versus log-frequency plot (Field, 1987). Each
image was filtered by multiplying the original amplitude
spectrum by f% with a controlling the magnitude of
change of the spatial frequency distribution (Field &
Brady, 1997; Tadmor & Tolhurst, 1994). For all stimuli, a
was varied relative to 1/ffrom —1 (image appears strongly
blurred) to +1 (image appears strongly sharpened) in steps
of 0.5 for adapting stimuli. Two images chosen at random
to be used as test stimuli were filtered in steps of 0.01 to
allow for finely graded adjustments in blur magnitude.
After filtering, all images had a maximum frequency of
32 c/deg with root mean square contrast equated to be
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equivalent to the original image to prevent subjects from
using image contrast as a cue. Images had a resolution of
256 x 256 pixels and a mean luminance of 20 cd/mz.

Procedure

Natural image stimuli were presented in a 4° square
patch centered on a uniform gray background with an
average luminance of 15 cd/mz. The observer viewed the
display binocularly at a distance of 110 cm in a window-
less, dark room. The three experimental conditions
included adaptation to (1) a random sequence of blurred
images (@ = —0.5), (2) a random sequence of sharpened
images (¢ = +0.5), and (3) a uniform field (used as the
neutral adaptation condition). Each condition was repeated
three times. The random sequence included all 10 images,
was resampled every 0.25 s, and was used to prevent
afterimages from local light adaptation. This initial
adaptation period lasted for 120 s, followed by a 0.5 s
blank screen. An “in focus” (o = 0) test image was then
presented for 0.5 s. The test image was chosen before the
session began so it would remain constant for each
observer. The subject’s task was to press one of two keys
to indicate whether the focused test image appeared too

Figure 1. Examples of the natural images used for tests of blur adaptation. a denotes the slope. The top row presents original images
before filtering (¢ = 0). The middle row presents the same images after filtering with attenuating high and amplified low spatial
frequencies (e = —.5). The bottom row presents the images after filtering with amplified high and attenuated low spatial frequencies

(a = .5).
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blurry or too sharp as compared to their individual internal
reference for image focus. Test images were interleaved
with a 0.25 s uniform field followed by a 6 s top-up re-
adaptation period. Using a two-alternative forced-choice
staircase, this process continued until a point of subjective
neutrality (PSN) was found. The PSN was the average a
of the last 6 of 8 reversals averaged over the three sessions
per condition.

The neutral PSN (best focused filtered slope) is plotted
in Figure 2 as a function of age. Younger and older
observers are shown by filled and unfilled gray circles,
respectively. Black circles (filled for young, unfilled for
older) present the mean for each age group +1 standard
error of the mean (SEM). Due to the overlap between
younger and older observers and the tendency of both
groups toward a PSN that was slightly blurred, the neutral
PSN settings were not significantly different for the two
groups, #(18) = 1.31, p < .2 two tailed. Compared to the
physically focused image, however, the two groups do
appear different. The neutral PSN for younger observers
was not significantly different from a physically focused
image, #(18) = —0.44, p < .6 two tailed; mean PSN =
—0.013 £ 0.028 SEM. The neutral PSN for the older age
group, however, did show a significant shift toward blur
when compared to a physically focused image, #(18) =
—2.33, p <.03 two tailed; mean PSN for older = —0.070 =
0.026 SEM.

The mean PSN for both age groups for all three
adaptation conditions are shown in Figure 3. Strong
adaptation effects were observed for both blurred and
sharpened adaptation conditions, with PSN settings in
both conditions shifting away from a physically focused

0.2
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Best-focused filtered slope
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byl
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0 20 40 60 80 100

Age (years)

Figure 2. Neutral PSN for younger and older observers are shown
by filled and unfilled symbols, respectively. Dark circles represent
the mean PSN for younger (filled) and older (unfilled) observers.
Error bars are +1 SEM.
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Figure 3. Mean PSN across all adaptation conditions for younger
(filled circle, bold line) and older (unfilled circles, dashed line)
observers. Error bars are +1 SEM.

image, F(2, 17) = 98.02, p < .001 MANOVA. Older
observers exhibit an overall shift in perceived focus
toward blur when compared to the younger observers, F
2, 17) = 6.21, p < .02 MANOVA; however, the
interaction between adaptation condition and the two age
groups was not significant.

To compare the adaptation for the two age groups more
directly, data for each subject were normalized to the
image slope that they perceived as in focus, described by
their neutral PSN. Individual neutral PSN settings were
subtracted from each observer’s blur and sharpened PSN
settings. These data are presented in Figure 4 (filled
circles for young, unfilled circles for older). With the data
normalized, it is evident that the pattern of aftereffects
produced by blur adaptation does not differ between the
two age groups, F(2, 17) = 1.14, p < .3 MANOVA. The
average shift in PSN for all observers after adaptation to
blur was —0.149 + 0.01 SEM (young = —0.137 £ 0.017;

0.3

TTIIlTTIIlIIIIlTII‘TTIIlTIIIl

Best-focused filtered slope

-0.3— : :
No adaptation a=0.5

Adaptation condition

Figure 4. Normalized mean PSN across all adaptation conditions
for younger (filled circles, solid line) and older (unfilled circles,
dashed line) observers. The data were normalized to each
subject's neutral PSN. Error bars are +1 SEM.
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older = —0.161 + 0.025). For the sharp adaptation
condition, the average PSN shift was 0.226 + 0.03 SEM
(young = 0.25 £ 0.029; older = 0.17 £ 0.05). The degree of
aftereffect produced by adaptation to the sharp images did
appear slightly reduced for older observers, but this
difference was not significant, #(18) = 1.52, p < .14 two
tailed.

Control experiment for potential effects of
age-related contrast constancy loss

The neural mechanisms responsible for blur adaptation
are unknown. We wondered whether the differences in
PSN between young and old could simply be an
epiphenomenon of age-related changes in the contrast
sensitivity function. Owsley et al. (1983) reported that
peak contrast sensitivity, usually lying near 4 c/deg in
young individuals at photopic levels, shifts to a peak
spatial frequency of 2 c¢/deg near the age of 60. The ability
to detect spatial frequencies above 4 c/deg is greatly
diminished in older observers, being more pronounced in
low illumination levels (Owsley et al., 1983; Sloane,
Owsley, & Alvarez, 1988; Tulunay-Keesey et al., 1988).
The filtering process used in this study inherently
enhances (sharp images) or attenuates (blurred images)
high spatial frequencies in the natural image stimuli. It is
therefore possible that any results obtained after adapta-
tion to image blur may be simply due to losses in contrast
sensitivity for our older observers.

Losses in contrast sensitivity with age are reduced when
the stimuli are above threshold, as measured with contrast-
matching functions (CMFs) where contrast discrimination
losses are absent (Delahunt et al., 2005; Tulunay-Keesey
et al., 1988). Contrast sensitivity is thought to reflect early
stage cortical processing (Georgeson & Sullivan, 1975);
however, CMFs at suprathreshold levels may reflect a
different stage of processing where the gain is altered for
the range of spatial frequencies where sensitivity is low
(Georgeson & Sullivan, 1975; Tulunay-Keesey et al.,
1988). This mechanism provides contrast constancy and
compensates for losses at threshold. To evaluate any
losses in contrast constancy and the influence this may
have on our blur adaptation results, we obtained a CMF
for each observer.

Apparatus and stimuli

Stimuli were presented on a 17-in. CRT monitor (EIZO
FlexScan T566) driven by a Macintosh G4 400-Hz
computer with 10 bits of color resolution. The experi-
mental software was written in MATLAB 5.2.1 and used
the Psychophysics Toolbox extensions (Brainard, 1997;
Pelli, 1997). Subjects adapted to a uniform gray field with
a mean luminance of 30 cd/m2 for 2 min before
proceeding with the experiment.
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All stimuli were vertically oriented static sinusoidal
gratings subtending 8° visual angle, viewed at 100 cm. A
spatial frequency grating of 2 c/deg at 0.1 Michelson
contrast was used as the standard. Spatial frequency
gratings of 0.25, 0.5, 1, 2, 4, and 8 c/deg were used to
make the perceptual match.

Procedure

Sinusoidal gratings modulated in luminance were
presented in the center of the monitor and alternated
continuously between the standard and the test. Observers
adjusted the contrast of the test grating until it matched
the contrast of the standard. Test gratings were accom-
panied with a beep so they were easily distinguished by
the observer. Five matches were made for each spatial
frequency.

Results

CMFs for both age groups are presented in Figure 5.
Each point represents the mean contrast value for the
observers in each age group (solid circles, solid lines for
younger; unfilled circles, dashed lines for older). There
appears to be a small difference between the two age
groups, but the effect of age was not significant, (5, 13) =
1.97, p <.14 MANOVA, with a mean difference of 0.023.
This is consistent with previous data on luminance CMFs
exhibiting increasingly band-pass characteristics in senes-
cence with the highest sensitivity at 2 c/deg (Delahunt
et al., 2005; Georgeson & Sullivan, 1975; Tulunay-Keesey
et al., 1988). This is evidence that contrast sensitivity
losses are not entirely responsible for the shifted PSNs
observed for older observers after adaptation to image

0.25—

Contrast

005 1 | L1
025 05 1 2 4 8

Spatial frequency (c/deg)

Figure 5. Mean CMFs for younger (filled circles, solid line) and
older (unfilled circles, dashed line) observers. The standard
grating was 2 c/deg presented at 0.1% Michelson contrast. Error
bars are +1 SEM.
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blur. The contrast-matching results for these subjects
confirm that contrast constancy is maintained in
senescence.

The blur aftereffects we observed are strong and
consistent with previous studies (Webster et al., 2002).
When subjects are adapted to blurred (sharpened) images,
they perceive a physically focused image as appearing too
sharp (blurred). Here we show that these aftereffects
remain strong with aging, albeit starting from somewhat
different neutral states. Specifically, when adapted to
blurred or sharpened natural images, the changes in
subjective focus were similar for both age groups. These
results indicate that the mechanisms mediating blur
adaptation are robust to senescent changes associated
with losses of sensitivity at early stages of processing.

It is interesting to note that a change in the mechanisms
of adaptation with aging could potentially have led to
either greater or weaker aftereffects in older observers.
The neural basis of pattern-selective adaptation remains
poorly understood but is thought to involve both intra-
cellular and synaptic processes and both fatigue and active
recalibration (Carandini, 2000; Ibbotson, 2005). A process
based on simple fatigue might predict stronger adaptation
in older observers if aging somehow compromised neural
function or resources. That is, the cells might fatigue more
readily leading to larger perceptual shifts. Conversely, any
loss in the efficiency or plasticity of intercellular inter-
actions might be expected to weaken the aftereffects. As
such age-related changes with adaptation have the
potential to test for alternative models of the adaptation.
However, our present results are silent about the possible
mechanisms because we did not observe age-dependent
adaptation effects.

The fact that blur adaptation remained robust suggests
that this adaptation could play an important role in
maintaining perceptual constancy across the life span for
image focus, analogous to the role that compensatory
adjustments are thought to play in color vision. For many
stimulus dimensions, the visual system may anchor
appearance relative to a norm defined by the distribution
of stimuli in the observer’s environment (Webster et al.,
2005). When the mean level of stimulation changes,
whether due to changes in the observer or in the environ-
ment, neural responses are altered to remain consistent
with the new mean. In the case of blur, this norm may
represent the expected spatial scaling of natural images.
Natural images have a characteristic structure, and the
sensitivity of cells in primary visual cortex appears well
matched to this expectation (Field, 1987). However, the
blur caused by the optics of the eye or by environments
with altered structure will introduce a mismatch. A gain
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control mechanism that acts to normalize neural responses
to the mean spatial statistics of images would therefore be
necessary to preserve the spatial appearance of images.
This adaptation may be particularly important for com-
pensating for long-term changes in sensitivity during
development and aging. However, the extent to which
adaptation renormalizes focus judgments (analogous to
the renormalization of the white point in chromatic
adaptation) versus merely reducing sensitivity to the
adapting blur level (analogous to conventional spatial
frequency adaptation; Blakemore & Sutton, 1969) remains
uncertain (Elliott, Georgeson, & Webster, 2005).

The current results suggest that this compensation may
in fact occur for spatial properties of the stimulus in the
same ways that have been demonstrated previously for
color appearance. Related mechanisms and their main-
tained integrity in senescence have already been described
in early stage vision for changes in chromatic discrimi-
nation along a tritan axis (Schefrin et al., 1995), as well
as CMF settings (Delahunt et al., 2005; Tulunay-Keesey
et al., 1988). This type of recalibration also appears to
maintain color appearance over a life span. The aging lens
reduces the amount of short wavelength light reaching the
retina and therefore should theoretically cause the achro-
matic point to shift toward blue. This is not the case,
however, as achromatic settings remain similar in older
and younger observers (Werner & Schefrin, 1993). The
chromatic gain control mechanisms may have a rather
protracted time course because renormalization of the
achromatic point requires several months following cataract
surgery (Delahunt, Webster, Ma, & Werner, 2004). Such a
long time course is not expected from retinal mechanisms.
It would be interesting to test whether renormalization to
blur has a similar time course, as this process is even more
likely to be due to sensitivity changes at cortical sites.

Although the results for the two age groups were similar,
we did find a small difference in the subjective focus points,
with older observers choosing stimuli that were slightly
more physically blurred. Note that this means that older
observers actually judged the physically focused image to
be too sharp, implying if anything an overcompensation for
any increased blur in their visual system. (Interestingly, an
overcompensation is also seen when observers judge blur in
the periphery; Galvin, O’Shea, Squire, & Govan, 1997.)
The shifted PSNs toward blur for older observers could
have several explanations. It is possible that the differ-
ences reflect differences in sensitivity to high spatial
frequencies. However, the CMFs obtained from each
subject do not reveal a greater loss of sensitivity to high
spatial frequencies in senescence for the population we
tested. Another alternative is that the stimuli used in this
experiment could expose important optical differences
between younger and older observers. Such optical errors
are largely responsible for losses in contrast sensitivity to
luminance patterns under photopic conditions (Burton
et al., 1993; Owsley et al., 1983). The effects of decreased
pupil size (Kadlecova et al., 1958) and increased ocular
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media density (Weale, 1988; Werner, 1982) in senescence
may lead to a decrease in retinal illuminance under these
conditions. In addition, the loss of accommodation could
produce prolonged blur adaptation, similar to that seen in
chromatic adaptation (Delahunt et al., 2004). That is, if
they were already correctly normalized for the blur at near
distances so that these distances appeared more nearly
focused to them, then our correction for the test distance
may have actually caused the test images to appear too
sharp for the older observers when compared to their
normal visual state. (In this regard it is of note that it is
possible to induce blur adaptation effects that are con-
tingent on perceived distance; Battaglia, Jacobs, & Aslin,
2004.) Further evaluation is needed to test this possibility.
However, this difference is again small, and what is
striking is instead the similarity in the focus settings by
observers despite the large presumed differences in vision
across the two age groups.

Conclusions

We used adaptation to image blur to investigate the
integrity of mechanisms underlying spatial adaptation in
senescence. Results indicate that although older subjects
chose a slightly blurred subjective point of focus, the
pattern of adaptation does not differ between younger and
older observers. These results suggest that the mechanisms
mediating blur adaptation are robust to senescent changes
associated with losses of sensitivity in early stages
mechanisms.
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