1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Vision Res 2012 March 1; 56: 49-56. doi:10.1016/j.visres.2012.01.012.

Fixation light hue bias revisited: implications for using adaptive
optics to study color vision

H. J. Hofer,
University of Houston, College of Optometry, 4901 Calhoun Rd., Houston, Tx, 77204,
hhofer@optometry.uh.edu

J. Blaschke,
University of Houston, College of Optometry, 4901 Calhoun Rd., Houston, Tx, 77204

J. Patolia, and
University of Houston, College of Optometry, 4901 Calhoun Rd., Houston, Tx, 77204

D. E. Koenig
University of Houston, College of Optometry, 4901 Calhoun Rd., Houston, Tx, 77204

Abstract

Current vision science adaptive optics systems use near infrared wavefront sensor ‘beacons’ that
appear as red spots in the visual field. Colored fixation targets are known to influence the
perceived color of macroscopic visual stimuli(Jameson, D. and Hurvich, L. M., 1967. Fixation-
light bias: an unwanted by-product of fixation control. Vis. Res. 7, 805 — 809.), suggesting that the
wavefront sensor beacon may also influence perceived color for stimuli displayed with adaptive
optics. Despite its importance for proper interpretation of adaptive optics experiments on the fine
scale interaction of the retinal mosaic and spatial and color vision, this potential bias has not yet
been quantified or addressed. Here we measure the impact of the wavefront sensor beacon on
color appearance for dim, monochromatic point sources in 5 subjects. The presence of the beacon
altered color reports both when used as a fixation target as well as when displaced in the visual
field with a chromatically neutral fixation target. This influence must be taken into account when
interpreting previous experiments and new methods of adaptive correction should be used in
future experiments using adaptive optics to study color.
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1. Introduction

Adaptive optics can remove nearly all the effects of the eye’s aberrations while displaying
arbitrary stimuli to the retina, making this technology a promising tool not only for studying
the impact of the eye’s aberrations on vision (Dalimier et al., 2007; Liang et al., 1997;
Lundstrom et al., 2007; Marcos et. al, 2008; Piers et al., 2007; Sawides et al., 2010; Yoon
and Williams, 2002) but its retinal and neural limits as well (Brainard et al., 2008; Hofer et
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al., 2005; Rossi et al., 2007; Rossi and Roorda, 2010a, 2010b). Within this latter category,
adaptive optics allows experimental investigation of the topography of the retinal mosaic
and its impact on color as well as spatial vision (Brainard et al., 2008; Hofer et al., 2005).
All vision science adaptive optics systems use near infrared wavefront measuring ‘beacons’
that, despite having near infrared wavelengths, are visible and salient in the visual field. This
is potentially problematic since it has long been known that colored fixation lights can
impact the perceived hue of a visual stimulus. For example, Jameson and Hurvich (1967)
demonstrated a marked difference in the reported appearance of large (44”) colored fields
with changes in fixation target color from red to blue. Given their findings, it is possible that
the red wavefront beaconmay also impact the perceived hue of visual stimuli displayed with
adaptive optics.

We sought to determine whether the presence of a dim, red wavefront beacon impacts
reported color appearance when viewing monochromatic, small spot stimuli. Since the
wavefront beacon can be used as a fixation point (for non-foveal stimuli- as in the
experiments described by Hofer et al., 2005) or displaced from the visual axis (typical when
presenting foveal stimuli) we performed experiments to assess the perceptual impact in both
situations. If the adaptive optics wavefront beacon impacts perceived color then this bias
must be taken into account when interpreting previous experiments and new methods of
adaptive correction should be developed and used in future experiments involving color.

2. Methods

2.1 Subjects

Five subjects participated, subjects 1, 2, and 5 were authors; subjects 2, 3 and 4 were
inexperienced observers, and subjects 3 and 4 were naive to the purposes of the study.
Subjects 1,3 and 5 were female and subjects 2 and 4 were male. All subjects had normal
vision correctable to at least 20/20 and normal color vision as assessed by the HRR 4t
edition plates. The research followed the tenets of the Declaration of Helsinki and all
subjects gave informed consent after an explanation of the study procedure and any possible
risks. All study procedures were approved by the Institutional Review Board of the
University of Houston.

2.2 Apparatus and Stimuli

Subjects used hue-scaling to rate the appearance of brief (6 msec), monochromatic (580
nm), small spot stimuli. Stimuli were created by illuminating a 25 micron pinhole,
subtending ~0.2’, with a white-light LED. (Subject 5 acquired data with an older stimulus
configuration using a weaker broadband halogen light and 34 msec duration, data acquired
in subjects 1 and 2 with both configurations showed no observable differences in color
reports.) Stimulus wavelength was chosen based on previous research (Cicerone and Nerger,
1989; Krauskopf and Srebro, 1965) to maximize variability in color appearance and was
controlled either with a monochromator (subject 5) or with a narrow band (10 nm
bandwidth) interference filter (subjects 1-4). Since effective adaptive optics correction
cannot be achieved without the wavefront beacon, stimuli were displayed with conventional
refraction through a 2 mm artificial pupil. These stimuli have retinal size of ~1” full-width at
half-maximum (fwhm), which is roughly the smallest stimulus size achievable with
conventional optical means.

Stimuli were monocularly presented to the central fovea after at least 10 minutes of dark
adaptation in an otherwise completely dark visual field, save for 2 dim fixation dots
presented in Maxwellian view. Subjects fixated midway between these two dots, which were
separated by 2.25°. This fixation target was chosen to minimize interference at the fovea
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without introducing large fixation errors. Reported accuracy of fixation for similar targets is
3 -6 (Rattle, 1969), which is not significantly different from that reported by Ditchburn
(1973) for central fixation targets. Subjects wore their habitual spectacle correction, or were
corrected with either trial lenses and/or by translating a movable stage in a Badaloptometer.
No dilating agents were used, since subjects’ natural pupils were always larger than the 2
mm artificial pupil. This small pupil size also provided a large depth of focus, minimizing
the potential impact of accommodative drifts and fluctuations on the retinal stimulus profile.
The negligible influence of accommodative fluctuations under these conditions was
confirmed in one subject (subject 1) by calculating the retinal stimulus profile as a function
of time from time-resolved wavefront measurements.

To assess the applicability of our findings for stimuli even smaller than possible with
conventional optics (i.e. those produced with adaptive optics), one subject (subject 5)
acquired data under two additional conditions: 1. with foveal stimuli displayed through a 6
mm artificial pupil with static (or open-loop) adaptive optics correction of higher order
aberrations, and 2. with conventionally refracted stimuli presented through a 2 mm artificial
pupil 1° from fixation, where stimulus and cone size are more comparable. The subject
foveated a single fixation dot in this second condition.

In the first condition (aberrations corrected, foveal stimuli) the subject’s pupil was dilated
(1% tropicamide) to allow aberration correction over a 7 mm pupil. Static (or open-loop)
aberration correction was achieved with direct-slope (Jiang and Li, 1990) control of a 97
channel deformable mirror (Xinetics) run in closed-loop until the root-mean-square
wavefront error over a 7 mm pupil was below 0.12 microns. At this point the mirror was
held fixed, allowing the wavefront beacon to be turned off. Correction was updated prior to
the start of each new trial block. Static correction of the eye’s aberrations as described here
is known to be less effective than dynamic closed-loop aberration correction due to the
inherent instability of the eye’s optics (Hofer et al., 2001). Calculations from temporally
resolved wavefront measurements acquired with static correction in this subject (subject 5)
indicated a relatively stable retinal stimulus profile of ~0.5” fwhm.

In the second condition (conventionally refracted stimuli presented 1° from fixation) all
trials took place in the 4-11 minute interval following a full bleach of rod and cone pigment
(the “cone plateau’) to minimize any potential impact of rods. Bleaching was achieved with
a diffused halogen source (color temperature ~1900K) of ~7.4 log photopic Troland-
seconds, a strength calculated to bleach at least 99% of both L and M cone pigment
according to Rushton’s pigment kinetics equations (1968). These stimulus conditions closely
mimic those used in the study reported by Hofer et al. (2005).

2.3 Psychophysics

2.3.1 Procedure—We performed two sets of experiments to assess the impact of the
adaptive optics wavefront beacon (840 nm, 1 microWatt) on reported color appearance of
dim, monochromatic, point stimuli. In Experiment 1 we sought to determine whether color
reports are impacted when using a red fixation target, as is the case when using the beacon
as a fixation point with non-foveal stimuli. In Experiment 2 we sought to determine whether
the influence of the wavefront beacon can be avoided or diminished by displacing the
beacon in the visual field and using a chromatically neutral stimulus to guide fixation.

In Experiment 1, subjects performed blocks of trials alternating between red and white
fixation target conditions. In Experiment 2 a white fixation target was used to guide fixation
and the wavefront beacon was displaced from the visual axis by ~1.25° (horizontal
displacement for foveal stimuli, vertical displacement for subject 5 when viewing stimuli at
1°). Subjects then performed blocks of trials alternating between beacon absent and beacon
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present conditions. Each block consisted of 50-100 trials, including blanks, at 4 or 5
intensity levels spanning the psychometric function. Appearance of these stimuli is known to
depend somewhat on both intensity and the subjective detection criterion (Koenig and
Hofer, in press). Testing at multiple intensities allows disambiguation of the impact of
fixation target, or beacon related hue bias from any potential shifts due to differences in
either sensitivity or criterion across conditions. Stimulus timing and intensity were
controlled by a custom Matlab program (The Mathworks, Natick, MA) incorporating
Psychophysics Toolbox routines (Brainard, 1997; Pelli, 1997). Data collection was typically
spread over 2—4 days and most subjects performed 600-700 trials per condition. Prior to the
start of the experiment, a series of frequency of seeing data was acquired to select the most
appropriate stimulus intensities and to appropriately focus the subject. Subjects used these
preliminary sessions to practice rating color appearance, and the ratings data from these
sessions were discarded.

2.3.2 Hue-scaling response framework—Subjects rated the color appearance of each
stimulus, if seen, by distributing 10 key presses among 5 categories: white, green, blue,
yellow, or red; in any manner they felt best reflected the appearance of the stimulus on each
trial (Koenig and Hofer, in press). Subjects were instructed to rate stimuli according to
apparent hue and saturation and not apparent brightness. A stimulus appearing saturated
green, for example, would be rated by placing all 10 key presses in the green category,
whereas a moderately desaturated orange might be rated as 3 red, 2 yellow, and 5 white. In
the event that a “colorless’ or ‘indescribable’ stimulus was seen (Bouman and Walraven,
1957; Krauskopf, 1978; Hofer et al., 2005) subjects were instructed to use the white
category. Stimuli rated purely white (all ten key presses in the white category) therefore
reflected all stimuli without a discernable hue, including both “colorless’ or ‘indescribable’
stimuli as well as those appearing white or gray.

Trials were self-paced and subjects entered color ratings either with a game controller or a
small handheld numeric keypad. In both cases each key press was accompanied by an
auditory tone, with the final key press sounding a distinct ‘completion’ tone. Subjects were
unable to proceed to the next stimulus until completing the requisite number of key presses.
Only certain keys were recognized during color rating, and unexpected key presses were
accompanied by an error tone and flagged as a mistake. Finally, subjects were able to
intentionally flag individual trials by means of an additional key press in the event that a
known rating mistake occurred. Rating mistakes were excluded from analysis.

2.4 Data Analysis

Frequencies of seeing were computed at each stimulus intensity for each subject and
condition. No significant differences in sensitivity or criterion were observed for any subject
in either the red vs. white fixation target or beacon present vs. beacon absent conditions. The
impact of the granularity of the cone mosaic should be most evident with these stimuli near
the detection threshold (Brainard et al., 2008; Hofer et al., 2005; Krauskopf, 1978) and prior
work with similar stimuli has suggested a qualitative shift in color appearance for stimuli
with frequencies of seeing above ~85% (Hofer et al., 2005). Consequently, we restricted our
data analysis to stimuli with frequencies of seeing between 20 and 85%, which generally
included 2 or 3 stimulus intensities per subject (actual numbers of stimuli seen and retained
for data analysis are reported in tables 1, 2, and 3).

Mean ratings were computed for each subject and condition after performing an arcsine
transform (Abramov et al., 2009) to insure appropriately distributed variance. Ratings were
inspected for each subject as a function of stimulus intensity, and while mean hue was
generally found to shift with increasing intensity (most notably decreasing in blueness and
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increasing in yellowness with smaller changes in the red-green balance), any differences in
the red vs. white target or beacon absent vs. beacon present conditions were consistent at all
intensities examined. Data for all the threshold stimulus intensities (20-85% frequency of
seeing) was subsequently binned to allow easier visualization of the impact of the colored
fixation target, or beacon, on reported color appearance. Two-tailed z-tests were then used to
assess the significance of any differences in mean ratings across conditions, the validly of
this method for our data was confirmed with permutation tests (Good, 2005).

In addition to computing and plotting mean ratings in each color category, data were also
visualized with Uniform Appearance Diagrams (also described by Abramov et al., 2009) by
plotting the difference in green and red ratings on the y axis and the difference in yellow and
blue ratings on the x axis. Figure 1 shows one example of the variation in color appearance
of individual 580 nm foveal small spot stimuli for one subject (subject 1). Stimuli that
appeared achromatic fall at the origin and stimuli that appeared completely saturated lie
along the edges. The variation in color appearance shown in this diagram is typical of small,
threshold, foveally presented monochromatic stimuli and similar to that previously reported
(Krauskopf and Srebro, 1965; Koenig and Hofer, in press). Stimuli varied markedly in both
hue and saturation, were most commonly blue-green or orange, were never purple or violet,
and were only rarely yellow-green.

3.1 Experiment 1: red vs white fixation targets

Figures 2 and 3 show that all subjects rated the monochromatic yellow point stimuli redder,
on average, when the fixation target was red than when it was white (see also Table 1).
Figure 2, which presents the distribution of ratings reported in each color category, shows
that the average red rating significantly increased, the average green rating significantly
decreased, or both, for all subjects with the red compared with white fixation target. An
alternative way of viewing the data is presented in figure 3, which shows the mean ratings
for each subject plotted on the Uniform Appearance Diagram. The data displayed in these
figures includes all threshold stimuli seen at frequencies of seeing from 20 to 85%, with an
average frequency of seeing of ~65%.

The magnitude of the hue shift caused by fixating the red target was comparable for all
subjects, despite significant individual differences in mean hue. That the same hue shift was
also found in subject 5, who viewed a stimulus presented at 1°, suggests that decreasing the
size of the stimulus relative to the underlying photoreceptors does not lessen the impact of
fixation target color on perceived hue. The similarity of the results of subject 5, who
foveated a fixation point, to those of the other subjects, who fixated midway between two
fixation dots, also suggests that the impact of the fixation target is insensitive to the retinal
position of the elements comprising the target. It is also important to note that the hue shift
caused by fixating a red target showed no evidence of decreasing with decreased fixation
target intensity (data not shown), and in fact these data were taken with dim fixation dots
just bright enough for accurate fixation. Fixating a red target, as when fixating the wavefront
sensor beacon, causes the color appearance of tiny monochromatic yellow (580 nm) stimuli
to become more similar to the beacon color (redder). Interestingly, this shift in appearance is
opposite to that reported by Jameson and Hurvich (1967), whose subjects rated the
appearance of their larger (44°) suprathreshold yellow (578 nm) stimuli as less red and less
yellow when viewed with red than with blue fixation dots.
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3.2 Experiment 2: beacon present vs beacon absent

3.2.1 Threshold stimuli—Displacing the beacon from the visual axis is a typical strategy
used in adaptive optics psychophysical experiments to mitigate its impact (Putnam et al.,
2005; Chen et al., 2006, 2007). We sought to determine whether employing this strategy
with a chromatically neutral fixation target would eliminate the impact of the beacon on the
color appearance. Figures 4 and 5 show that 2 of 4 subjects rated threshold (frequency of
seeing from 20 to 85%, average frequency of seeing ~50%) monochromatic yellow point
stimuli greener, on average, when the wavefront correcting beacon was present ~1.25° from
the stimulus in the visual field. Figure 4, which presents the distribution of ratings placed in
each color category, shows a significant increase in green ratings for subjects 1 and 2 when
the beacon is present, compared with absent (see also Table 2). This was accompanied by an
increase in overall saturation (decrease in white ratings). The magnitude of the hue shift for
these subjects, shown in Figure 5, was roughly equal and opposite to that caused by fixating
a red target.

Although color reports for subject 5 were not significantly different in the beacon present vs
beacon absent conditions, they did differ for foveal stimuli displayed with conventional
optics compared with those displayed with a static aberration correction (Table 2). There
were significantly fewer green ratings when viewing the smaller stimuli produced with
aberration correction. Assessing the significance and the generalizability of this finding
require further study.

3.2.2 Parathreshold stimuli—We took additional data with brighter stimuli in subjects 1
and 2, the subjects for whom the wavefront beacon caused a significant increase in the
reported green component of the stimulus, to determine whether the beacon’s impact might
lessen with small increases in stimulus intensity (Fig. 6). Subject 1 viewed stimuli ~0.45 log
units above threshold (bright enough to be seen 100% of the time), while subject 2 viewed
stimuli at a frequency of seeing of 89%. A shift in the green direction was still observed for
both subjects, with no apparent decrease in magnitude. It is possible that larger increases in
stimulus intensity may diminish the impact of the beacon for these subjects, however very
bright stimuli cannot be effectively confined at the receptor scale and will be less effective
for probing the impact of the granularity of the retinal mosaic on vision. We conclude that at
least some subjects are significantly impacted by the presence of the beacon when viewing
small threshold stimuli, even when the beacon is not fixated, and that the technique of using
a chromatically neutral fixation target and displacing the beacon in the visual field is not
generally sound.

4. Discussion

4.1 Color appearance of small foveal stimuli

Our data show significant individual differences in color appearance of foveal,
monochromatic, point stimuli, with these differences occurring in both the red-green and
blue-yellow color directions. That most subjects reported a significant blue component to the
color appearance of these stimuli, despite the paucity of S cones in the central fovea and
their relative insensitivity at 580 nm, supports prior work suggesting an M cone contribution
to the sensation of blueness (Brainard et al., 2008; DeValois and DeValois, 1993; Drum,
1989; Hofer et al., 2005; Schirillo and Reeves, 2001, see also the work of Knoblauch and
Shevell, 2001, which cautions against the general association offixed hues with specific
cone types). Individual differences in the blue-yellow direction may be partially due to
differences in the criterion for deciding whether or not stimuli were seen.

Vision Res. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

4.3 Implications for AO psychophysics

Fixating a red target, as when fixating the adaptive optics wavefront correcting beacon,
causes a robust shift in the appearance of threshold, 580 nm, point stimuli toward the beacon
hue. This effect occurred in all subjects regardless of naiveté or the amount of prior
psychophysical experience. That the same effect was also observed subject 5, who viewed
stimuli at 1° while foveating a single fixation dot, suggests that the fixation hue bias is not
strongly sensitive to the geometry of the fixation target and is unlikely to be lessened by
decreasing the size of the stimulus relative to the underlying photoreceptors. We observed a
similar effect in preliminary experiments when using a large (1°), dim, red concurrent
imaging flash, as is required to localize individual retinal stimuli in either a flood-
illuminated system (Putnam et al., 2005) or adaptive optics confocal scanning
ophthalmoscopes (Arathon et al., 2007; Rossi and Roorda, 2010a). This suggests that the
imaging fields required with these stimulus localization strategies will also interfere with
color judgments until it becomes possible to image with wavelength and intensity
combinations that are not visible to subjects.

An opposite and roughly equal shift towards the green direction occurs in some, but not all,
subjects when the beacon is not fixated but present in the visual field ~1.25° from the
stimulus. For these subjects, one of which was naive and the other highly experienced, the
effect was not reduced by modest increases in stimulus brightness. It may be possible to
eliminate this effect by further displacing the beacon in visual field, but this will not allow
effective adaptive optics correction since the quality of correction decreases with increasing
separation between the beacon and the system axis (Bedggood et al., 2008).

The differing impact on perceived stimulus color when fixating a red target compared with
having a red spot (the wavefront beacon) displaced in the visual field (with the same
distance between the stimulus and target/beacon in both cases) indicates the effect is not
purely retinal or adaptational and suggests a central component. One possibility is that
subjects viewing a colored fixation target attend to its color, which may increase its
perceptual salience (Blaser et al., 1999; Tseng et al., 2004, 2010). That reported appearance
was, on average, more similar to the fixation target color is consistent with this account,
although somewhat in contradiction to findings that color appearance itself is not altered by
attention (Prinzmetal et al., 1998), at least for large, suprathreshold stimuli.

Another potential strategy for reducing the impact of the wavefront sensor beacon (or
imaging light in the case of a concurrent localization experiment) on color appearance is to
perform experiments on a bright white background, just bright enough to mask the red
imaging or beacon light. Another variant of this strategy would be to precisely superpose a
green field on top of the red light. We explored the former strategy in one subject (subject 1)
and found a significant difference in color reports for stimuli presented on light and dark
backgrounds (Fig. 7), with reported color appearance for threshold stimuli viewed on the
white background becoming more similar to that expected for macroscopic stimuli. This
suggests that even if a masking or hue canceling strategy is feasible it may not be desirable,
as it does not appear to produce conditions favorable for probing the granularity of the
retinal mosaic.

5. Conclusions

Small, dim colored lights in the visual field significantly impact perceived hue of threshold
small spot stimuli and the nature of this impact depends on whether the lights are serving as
fixation targets or simply present in the visual field. When fixating a chromatically neutral

target, the additional presence of the red beacon either had no impact or shifted appearance
of a 580 nm small spot stimulus in the green direction, with the magnitude and significance
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of the effect varying considerably across subjects. A more robust and dramatic impact
occurred when fixating a red target, with appearance for the same stimuli shifting markedly
in the red direction. We conclude that it is inappropriate to use visible wavefront beacons, or
imaging lights, in color-related adaptive optics experiments, especially with threshold
stimuli. Ideally, alternative methods, such as longer wavelength beacons or wavefront
sensorless schemes (Biss et al., 2007; Booth, 2007; Hofer et al., 2011; Zommer et al., 2006),
will be developed and employed for psychophysical experimentation.

Highlights
1. Adaptive optics wavefront correcting beacons alter stimulus color reports
2. The nature of the impact depends on whether or not subjects fixate the beacon

3. Valid color appearance measures require adaptive optics without a visible
beacon
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Figure 1.

Uniform Appearance Diagram illustrating typical variation in appearance of monochromatic
(580 nm), threshold (20-85% seen), foveally viewed point stimuli for one subject (subject
1). The green minus the red rating (after the arcsine transform) is plotted vs the yellow
minus the blue rating for each of 297 seen stimuli. Stimuli rated as purely white fall at the
origin, while stimuli rated as purely colored (saturated) lie along the edges (diagonal lines)
of the diagram. The weight of each point indicates the number of stimuli with that rating,
with the darkest points representing the most stimuli. The variation in color appearance
reported by this subject is typical, with stimuli often appearing white, green, blue-green,
blue, yellow, red, or orange; seldom appearing yellow-green; and rarely appearing purple or
violet.
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Figure 2.

A. Distribution of color ratings among the 5 categories: red, yellow, green, blue, and white;
for 580 nm, threshold (20-85% seen), foveally presented point stimuli viewed when fixating
red or white targets. B. Distribution of color ratings among the 5 color categories for subject
5, who viewed 580 nm, threshold (20-85% seen) stimuli at 1° while foveating a red or white
fixation dot. Red ratings increased for all subjects when using the red fixation target than
with the white target. The magnitude of the effect was roughly equal for all subjects,
including subject 5 who used a foveal fixation point and more eccentric stimuli.
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Figure 3.

Mean hue is significantly redder for each subject when viewing foveally presented (1° for
subject 5) 580 nm stimuli with red fixation targets (reddish points) than with white fixation
targets (black points). Points are labeled with subject number and represent the average of
seen stimuli (Table 1), error bars are plus or minus 1 standard error. Note that only the
central portion of the Uniform Appearance Diagram is shown.
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Distribution of color ratings among the 5 categories: red, yellow, green, blue, and white; for
580 nm, threshold (20-85% seen), foveally presented point stimuli with and without the
correcting beacon in the visual field (1.25° from the stimulus). Color reports were not
significantly different for subjects 3 and 5 in the two conditions, but green ratings increased
significantly for subjects 1 and 2. This increase in green ratings was accompanied by an
increase in overall saturation.
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Mean hue is significantly greener for 2 subjects (1 and 2) when viewing foveally presented,
threshold, 580 nm stimuli with the correcting beacon present (reddish points) than without
(black points). Mean hue was not significantly different for the other two subjects (3 and 5-
only data for foveal stimuli displayed with conventional refraction are shown for subject 5,
results with static aberration correction and stimuli presented at 1° were similar). Points are
labeled with subject number and represent the average of all seen stimuli (Table 2), error
bars are plus or minus 1 standard error. Note that only the central portion of the Uniform

Appearance Diagram is shown.
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Figure 6.

Mean hue is significantly greener for 2 subjects (1 and 2) when viewing foveally presented,
parathreshold (subject 1: 100% frequency of seeing, 0.45 log units above threshold; subject
2: 89% frequency of seeing), 580 nm stimuli with the correcting beacon present in the visual
field than without the beacon. A) Distribution of color ratings among the 5 categories: red,
yellow, green, blue, and white; shows increased green ratings accompanied by an increase in
overall saturation (reduced white ratings). B) The magnitude of the hue shift is similar to
that seen in the same two subjects with dimmer stimuli. Data with more intense stimuli were
not acquired for other subjects. Points are labeled with subject number and represent the
mean of all seen spots plus or minus 1 standard error. Note that only the central portion of
the Uniform Appearance Diagram is shown.
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Figure 7.

Impact of a white background (1.16 Trolands) on color reports for one subject (subject 1)
with threshold (percent seen < 85%), foveal, 580 nm point stimuli. The distribution of color
reports is different for stimuli displayed to the dark adapted fovea (left) than stimuli
displayed on a white background (right). As in Fig. 1, the weight of each dot reflects the
number of stimuli rated similarly. Stimulus intensity was adjusted to maintain threshold
performance in both conditions. Variability decreases on the bright background and mean
hue (represented by the black and blue diamonds, error bars are plus or minus one standard
error and are smaller than the size of the markers) shifts significantly in the yellow direction,
which is the expected hue for a macroscopic stimulus of this wavelength. As in Figs 1,3,5,
and 6, stimuli were displayed through a 2 mm artificial pupil with conventional refraction
and color rating data were arcsine transformed prior to plotting.

Vision Res. Author manuscript; available in PMC 2013 March 1.



Page 18

Hofer et al.

“ . Q
100> "

‘50°0>d
.

UHM ‘SUOIIPUOD OMI B} Ul S3OUIBKIP JuedIyIubIs aresipul sydiiosiadng

#900¥S50  BT0F660 oroFpoT L00F620 900F8E0  Buires mojjak uesw
90'0 7850 0 100F8T0 #1C¥86T  zroTogT Buires an|q uesw
LOTOFTIOT  ggorgon  LLC0F62C ,S00FCT0  40T0FS60  fupes usesb uesw
T0F 2T WI0FVS0  grozzeo +LT0F9CT  4ZT0FS80 BuIyes pai ueaw
fFUOFT09  40C0FS¥8  9z0F8ss  ¥Z0FSE9 6T0F¢89  Buies amym uesw
fPTF66E  HO0CFSTT gzrzvyr vZTFSE 6TFTCE uolye.nyes ueaLl
$0CFL0c  g8SFETS  gzxUT5  @ZFY¥Ss  9CTFLE  ONewolydeusosad
62 9L TEE v1g 9ee usss Jaguinu

(1) g 18lgns ¥ 308lgns ¢ 109[gns Z199lgns T 108[qgns

19b6.e] uoiexiy pay

S00F9E0  STOFIS0 9T0F80T GOOF6T0 LOOFGr0  Buies mojjek uesw
L00FEL0  L00FS8T0 YO0OF800 TZ0F28Z +TOTF8ST Bunes anjq uesw
600 F£L0 0 vZ0F867 800FEEL0 CTOFPET  Bunes usaib uesw
600F¥60 €00FE00 ZTOFY90 800F8E0  800F6ED Bure. pa1 uesw
ZUOFVrL  OTOFIV6  920F2ZS 2Z0FO089 €Z0FT59  Bumel anym uesw
ZTF9SC 9TFEL 97FQLy  TTFELE  ETFESE uone.INYES UesL
vZFeSE  O0GFSLL  9CFLSY  STFSYS  6CFvey  onewodydelusddad
174 zL 65 107 162 usss Jsquinu

(1) gwalgns  y108lgns € 1algns z alans 7 100[gns

180.e) uoIex1y sUYM

'g 108[qns 10} ,T 12 pue ‘p—T $108[qns 1o} A|[2an0) Pajuasaid a1am IjNWINS "00T—0 JO 9[eds B

UO 1NWINS U33s |[e Jo4 (311yMm uey) Jayio sBules || Jo wns) uoneinyes afelaAe sy s, UoneInes uesiy, “(A106a1e0 a)iym auyy ul QT Jo Buies e) ayym se Ajuo
pajel a1aM 18y ‘00T—0 JO 9]LdS B U0 ‘Ijnwins uaas Jo 1uadJad ay) S ,d11eWOIYDL 1U824ad, "0T—0 WOo4) 8[eds e uo ate A106ayed yoea Jo) sBultey '1o41s prepuels
3y snutw 1o snjd (MmojjaA pue ‘anjq ‘usalb ‘pas ‘alliym) satioBares g ayl Jo yaes ul 193lgns yoes Joy s1ods usas [Je Jo) (Wiojsuel) uisale ay) Jaye) Bunel
ueaw ay st umoys “(T Juswiiadxa) s1ebiel uonexiy pas Jo auym yim iinwns juiod ‘(wu 0g8g) o1rewolysouow (Usss 9458—0z) PIOYSaIyl 1o} eep a[eas-anH

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vision Res. Author manuscript; available in PMC 2013 March 1.



Page 19

Hofer et al.

‘Job.Je1 uonexiy pas ayy
yum (g pue ¢ 10algns) pajelnyes aiow pue MojjaA aiow Jo (¢ pue g 103lgns) anjq ssa| s1ods pares osfe s198lgns swos 1ebue) uolexiy pal ayr Yyim usaib ssaj 1o pas alow Ajpuediyiubis sjods paes s198lqns ||v

“(1s91-Z pa|re1-om1) 10000 > d +

pue qoo.onm

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Vision Res. Author manuscript; available in PMC 2013 March 1.



Page 20

Hofer et al.

‘50°0>d
.

UHM ‘SUOIIPUOD OMI B} Ul S3OUBISKIP 1uedIyIUBIS a1edipul sydiiasladng

Y00 F6T0 SO0FOT0  SO0F8E0 LTOFPST #C0FLVT  11oxor0  Bunes mojeA uesw
ETOFITT ETOTY80  900F090 900FEZ0 O9YOFTIIY  BEOFGET Buires an|q uesw
TT0F 9.0 8T0F62T  TTOTF6TT 0z0Fpeg $5€0%00C LSOFEST  Bunes usesb uesw
TT0F8L0 ZU0F9L0  ZTOFYIT  OTOFYS0 OT0FZE0 SGOFSOT Bunes pas uesw
8T0 TS ZZ0FeTL  TZ0FE0L €zoFees #8C0FCOT  growTeg  Bunes snym uesw
8TF59C 777882 fIe*CLS  gzrzoy  #8CF8E8 g zeop uolye.nyes ueaLl
0EF o8y SEFEYY gzFeee  9zFoey #0CFIV  pergos  onewodyoeusoded
982 €0z o1e viE 16 9z usss Jaguinu

(OV ‘Aoy) Galans  (nog) G00lgns (1) G303fgns g 308lgns 2 algns 1 09[gns

1ussaad uooeag

VOO T LT VOOTTITO  GO0FLE0 LTOFLET 6TOFLS0 PTOFGZO  Bumes mojeA uesw
ET0F 92T VT0T.60  L00F6G0 B800FO0S0 6r0FS8ZS 250FZST Bunes anjq uesw
600 ¥ /G0 ITOF9ZT  TT0F20T 020FS0Z TU0F2Z0 ¥EOFOTT  Bunes usesb uesw
800 ¥ 290 600F VS0  CTOFLIT ZI0OF890 8Z0FZ80 TTOFOTO Bunes pas uesw
9T 0T IGL TZ0¥S2.  YTOF6TL €20F29S gr0Fele T180F2TZ  Bunesanym uesw
9TF6VC T2FG.2 VIFT8. €C¥8Ey Cv¥889  T8F88L uoIIENIES UBaW
9TF V6V VET Ly LTF6VE  LTFEEy  TYFZLT  ZOTFO0CS  Omewoyde jusdsad
oee 812 v0e 9ee 18 5z usss Jsquinu

(OV ‘nog) Galans  (nog) Gefans (1) G08lgns g 308lgns z alans 7 100[gns

jussqge uodeayg

"JuswiLadxa SIy1 ul

aredion.red j0u pIp ¢ 198lgnS *,T 12 pake|dsip 1INWINS J10j pue uoiaa4i09 sando aandepe onels e yum pake|dsip 1NWNS [2aA0y) YIM G 193[gns 10 UMOYS oS|e
e1eq "A|[eanoy pajuasaid a1am 1NWNS "00T—0 JO 9[LIS B UO I[NWINS Udas | Joj (311ym uey Jayio sBurel |[e J0 wns) uomeinies abeleAe syl s uoneinyes
ues|Al, "(A10681e2 aym sy ul 0T Jo Bunel ) ajym se Ajuo paled a1am Jeyl ‘00T—0 JO 8[B9S B U0 ‘Ijnwis usas Jo Juadiad sy SI ,011WoIYdR JUsdiad, 0T

—0 WoJj 3[eas & uo aJe A106aed yoes o) sBuirey *1011a prepuels ayr snuiw 1o snjd (Moj[aA pue ‘anjq ‘usalb ‘pas ‘allym) sarioBares g ayl Jo yaes ui 198lgns
yoes Joy sjods uass |[e 40} (WJojSueLY BUISIIR 8y} Jaye) Buirel uesw ayl SI UMoyS *(z Juswiiadxa) SniNWIS [ensiA ayl Woly .Gz T~ Juasge Jo Juasaid Jayis
uo9eaq BUI193.1100 JUOILBARM PaJ 8y} pue 18618 UoIEX1) 1IYM B YA 1inwins Julod ‘(Wu 0g8g) a1rewolydouow (Usss 9458—0Z) PIOYSaly) 10} e1ep ajeas-anH

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vision Res. Author manuscript; available in PMC 2013 March 1.



Page 21

Hofer et al.

“JUBSqe Sem 11 UsyM Uey) Juasaid sem uodeaq ay) usym z pue T s108lgns 1oy taybiy Apuesisiubis aisym sbuiies ussio

“(1s91-Z pa|1e1-0m1) 10000 > d s

ue ‘710°0>d
pue ‘10°0 4

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vision Res. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hofer et al. Page 22

Table 3

Hue-scale data for subjects 1 and 2 when viewing foveal, parathreshold (>85% seen), monochromatic (580
nm), point stimuli with a white fixation target and the red wavefront correcting beacon either present or absent
~1.25° from the visual stimulus (experiment 2). Shown is the mean rating (after the arcsine transform) for all
seen spots in each of the 5 categories (white, red, green, blue, and yellow) plus or minus the standard error.
Ratings for each category are on a scale from 0-10. *Percent achromatic’ is the percent of seen stimuli, on a
scale of 0-100, that were rated only as white (a rating of 10 in the white category). ‘Mean saturation’ is the
average saturation (sum of all ratings other than white) for all seen stimuli on a scale of 0-100.

Beacon absent Beacon present

subject 1 subject 2 subject 1 subject 2

number seen 90 310 90 343
percent achromatic  33.3+5.0 158+2.1 221+44 41+1.1%

mean saturation 282+3.0 624x21 335+3.0 779+ 16%
mean white rating  7.18£0.30 3.76+0.21 6.65£0.30 500+ 0.16F
mean red rating 0.33+0.09 0.44+0.10 0.27+0.09 0.64 +0.12
mean green rating  1.03+£0.19 0.73+£0.12 5004+ 026% 1.40+0.148
mean blue rating 051+0.14 396+024 043+0.12 3.76 £ 0.24
mean yellow rating  1.17+0.22 115+013 107020 503+0.15%

Superscripts indicate significant differences in the two conditions, with
#p<0.005,
§

p<0.001, and

ip < 0.0001 (two-tailed z-test).

Green ratings were significantly higher for both subjects when the beacon was present than when it was absent.
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