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SUMMARY

For over 150 years, spectrally selective filters have been proposed to improve the vision of observers with
color vision deficiencies [1]. About 6% of males and <1% of females have anomalies in their gene arrays
coded on the X chromosome that result in significantly decreased spectral separation between their middle-
(M-) and long- (L-) wave sensitive cone photoreceptors [2]. These shifts alter individuals’ color-matching and
chromatic discrimination such that they are classified as anomalous trichromats [3, 4]. Broad-band spectrally
selective filters proposed to improve the vision of color-deficient observers principally modify the illuminant
and are largely ineffective in enhancing discrimination or perception because they do not sufficiently change
the relative activity of M- and L-photoreceptors [5, 6]. Properly tailored notch filters, by contrast, might in-
crease the difference of anomalous M- and L-cone signals. Here, we evaluated the effects of long-term usage
of a commercial filter designed for this purpose on luminance and chromatic contrast response, estimated
with a signal detection-based scaling method. We found that sustained use over two weeks was accompa-
nied by increased chromatic contrast response in anomalous trichromats. Importantly, these improvements
were observed when tested without the filters, thereby demonstrating an adaptive visual response. Normal
observers and a placebo control showed no such changes in contrast response. These findings demonstrate
a boosted chromatic response from exposure to enhanced chromatic contrasts in observers with reduced
spectral discrimination. They invite the suggestion that modifications of photoreceptor signals activate a

plastic post-receptoral substrate that could potentially be exploited for visual rehabilitation.

RESULTS AND DISCUSSION

The method of maximum likelihood difference scaling (MLDS)
was used to obtain suprathreshold contrast scales that have
the property that equal ordinate differences are perceptually
equal [7, 8]. The method is based on a paired comparison of
perceptual intervals. When three Gabor patterns (Equation 1)
are presented as in Figure 1A, observers can readily indicate
which of the two bottom patterns appears more similar to the
standard above. Triplets chosen from 9 suprathreshold contrast
levels spanning a 30-fold range were used to test contrasts that
were varied in luminance or chromaticity (M- and L-cone modu-
lation). When over repeated trials the observer chooses the left or
right stimulus with equal frequency, we assume that the standard
bisects the perceptual interval between the two lower stimuli.
Based on a signal-detection model (Equations 2, 3, and 4),
perceptual scales (parameterized as d’) were estimated for
each of the 9 patterns by maximum likelihood that best predicted
the observer’s choices over the full set of 84 ordered triplets. The
resulting difference scale varies nonlinearly as a function of

contrast and was fitted by nonlinear least-squares with a
Michaelis-Menten function (Equation 4) so that the two parame-
ters controlling the maximum response and rate of increase, Ry,
and ¢, respectively, could be estimated for each subject
(example subject shown in Figure 1B). Figure 1C shows average
curves obtained from 27 well-characterized participants (9
deuteranomalous, 9 protanomalous, and 9 normal trichromats)
for contrasts modulated along each of two axes in color space
[9]. The curves for luminance modulation (solid) are more similar
for normal and anomalous trichromats than the curves for chro-
matic modulation (dashed), which show striking differences
among the groups both in Ry, (maximum contrast response or
response gain) and ¢ (contrast at which the response attains
half of the maximal asymptotic response or inverse of contrast
gain). Effective contrast reduction at the input due to the
decreased spectral separation of the photopigments (Figure 1D)
does not suffice to explain either the smaller R, or smaller ¢ of
anomalous trichromats (Figure S1) [9].

Early-stage retinal processing involves a differencing opera-
tion between the M- and L-cone classes [13], illustrated by
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Figure 1. Experimental Design, Typical Results and Theoretical Analysis

(A) An ordered triplet of Gabor patterns varying in chromatic contrast from an MLDS trial. Observers fixated the cross and indicated which of the lower two stimuli
was most similar to the standard on top. In separate sessions, the procedure was repeated using Gabor patterns varying in luminance contrast.

(B) Difference scale estimates from one normal trichromatic observer for luminance Gabor patterns. The results are means (x95% conf. int.) from 4 sessions,
repeated on 2 separate days. The solid curve is the Michaelis-Menten model fit to the points by nonlinear least-squares; the parameters of the fit are shown by the
inset.

(C) Average curves for normal (black), protanomalous (red), and deuteranomalous (green) trichromats. Solid curves denote response along a luminance (L+M)
axis and dashed for chromatic (L—M) modulation (replotted from [9]) (also, see Figure S1). Contrast is specified, here and elsewhere in this article, as the nominal
value with respect to the maximum attainable on the display.

(D) Spectral sensitivity of normal S, M, and L cones. M’ and L’ indicate sensitivity curves of anomalous observers (based on [4]). These estimates are for average
observers, but polymorphisms result in individual differences in peak separation for both normal and anomalous trichromats [10-12].

(E) Difference spectra modeled for normal (L — M) and anomalous trichromats (Protan: M’ — M; Deutan: L — L’) with weights adjusted for a null response from an
equal-energy light.

(F) Optical density (- log1o transmission) plotted against wavelength for commercial filters designed to increase the differential stimulation of M and L cones. The

dotted curve shows the spectral density of the control neutral density filter.

Figure 1E. Compared to normal trichromats, the reduced spec-
tral separation on average attenuates the peak-to-trough signal
to 41% and 25% of the normal, respectively, in protanomalous
and deuteranomalous individuals. It might be expected that
this signal loss would reduce perceived color differences along
a post-receptoral L-M axis [14-16]. Evidence that the perceptual
compression along an L-M axis is less than predicted has been
proposed to be due to neural recalibration that generates
compensatory post-receptoral gain amplification [9, 16-18], a
hypothesis that is also supported by the steeper rise of the
anomalous chromatic response curves in Figure 1C.

The proposition that by modifying the spectral distribution of
light reaching the photoreceptors, color filters could affect
chromatic discrimination and color perception, has had a
long history. Maxwell [1] proposed the possibility of improving
color discrimination with red and green filters placed over the
eyes of a dichromat who entirely lacked M or L cones, but
this approach has been shown to be of limited efficacy [19].
Even though such methods cannot lead to normal color vision,
it might be thought that anomalous trichromacy would be more
amenable to improvements with filtering by spectral reshaping
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of the three present classes of cone sensitivities. Broad-band
filters may, indeed, help individuals with M- or L-cone defi-
ciencies to defeat standard color vision tests by modifying
the test illuminant. However, this does not imply that they
improve color vision [5, 6]. In theory, a notch filter can achieve
this.

We tested the long-term effects of wearing a commercial
notch filter (EnChroma®), henceforth referred to as the test filter,
on contrast response. The absorption spectra for indoor and out-
door versions of the filter are shown in Figure 1F. Participants
(classified as described in STAR Methods) were male volunteers
(8 anomalous and 2 normal trichromats) invited to wear glasses
with either of the two notch filters shown. One of the anomalous
trichromats was given a neutral density filter having approxi-
mately the same overall light attenuation as the indoor test filter.
Observers kept a diary and reported estimated daily usage of the
glasses (mean = 7.7 h/day, SD = 3.61). The participants mostly
preferred the indoor version because they worked indoors and
because some of the testing occurred during the worst wildfire
in California history (known as the Camp Fire). Although it was
about 100 km from the lab, the air was smoke filled, and the
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The panels in the top row show mean MLDS values + 1 SEM for achromatic (black symbols) and chromatic (red symbols) contrast response plotted against
stimulus contrast for each day of testing. The curves are the least-squares best-fitting Michaelis-Menten functions. The lower panel shows the ratio of chromatic
to estimated maximum achromatic response for each session. The dashed line shows the ratio from the baseline session in order to emphasize systematic
changes in chromatic response over the period the glasses were worn (Additional results in Figure S2).

sun was hidden for several weeks, minimizing the time spent
outdoors.

Figure 2 presents MLDS results from one protanomalous
observer evaluated without the test glasses on day 0 and on 3
subsequent tests after wearing the glasses. All tests were per-
formed without the glasses. The top panels show the contrast re-
sponses estimated for chromatic (red points) and achromatic
(black points) stimuli for each session. The solid curves are indi-
vidually fitted Michaelis-Menten functions. To control for day-to-
day variation in the estimated R, of the fitted functions, the chro-
matic (L-M) scale was normalized to the daily estimated R,,, of the
achromatic scale (luminance), shown in the lower panels. Note
that the ratio at the maximum contrast tested increased on day
2 and was above the day 0 baseline (dashed red line) on all sub-
sequent days of testing.

Spontaneous comments followed the changes in objective
testing. On day 2, this participant said, “I wear the glasses very
often... | am certain that | am seeing differences in everything
that has red in it (flowers, leaves, cars).” On day 4, he reported
that “Autumn foliage colors are what is most noticeably
changed.” On day 11, his relative chromatic response was lower
than on day 4. Nevertheless, his relative chromatic response was
still 72% above baseline. The small drop between days 4 and 11
may reflect his report that he only had worn the glasses once
since the previous test date.

The pattern of results was consistent across subjects
(Figure S2), although we did not identify differences between
deuteranomalous and protanomalous observers (mean percent-
age change at day 11 for all subjects: 71%, 95% conf.
int. = 45%-96%). Individual differences may reflect the amount
of time observers wore the glasses as well as the recognized
variability in anomalous cone spectral sensitivities [10, 11]. Six
of the 7 anomalous observers who wore the test glasses made
spontaneous comments indicating enhancement of the

appearance of color with the glasses and when removed (Fig-
ure S2). Figure 3 shows average R, ratios (black circles) from
all anomalous observers fitted with an exponential function
(black curve). The results cannot be attributed to practice
because the protanomalous observer wearing neutral density fil-
ters showed no changes over days and reported no changes in
his color vision (Figure 3, green points, and Figure S3). As the
neutral density filter reduced the overall intensity similarly to
that of the test filter, the effect cannot be attributed to sensitiza-
tion due to an average reduction in retinal illuminance.

The filters were designed to enhance chromatic contrasts for
observers with anomalous cone photopigments. Analysis of their
effects on chromatic contrast indicates that the filters effectively
sharpen the 2 lobes of the L-M function and increase the sepa-
ration of their peaks for both normal and anomalous observers.
Normal observers sometimes report an effect of the filters on co-
lor appearance, but the two normal trichromats who wore the fil-
ters displayed no change in their chromatic contrast response
relative to their achromatic contrast response (Figure 3, blue
points, and Figure S3). Despite the small sample, the percentage
change of the anomalous who wore the test glasses differs
significantly from the combined normal and placebo groups (per-
mutation test: n = 10,000, p = 0.008). The data of the normal ob-
servers provide a reference for evaluating the improvement
observed for anomalous observers. From the fitted function
(Equation 5), the R, of the average anomalous observer
increased to 50% of its asymptotic value by 5.9 days.

For all anomalous subjects, there was no statistically signifi-
cant change in response gain along the luminance axis (likeli-
hood ratio test: x2(1) = 3.38, p = 0.07). Along the L-M axis, anom-
alous observers showed a negative linear trend in the log
contrast gain over days (x?(1) = 4.58, p = 0.03), but the slope
indicated that the change per day was quite modest (0.021,
95% confidence interval (—0.040, —0.002). Over 11 days, this
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Figure 3. Change in Maximum Chromatic Response over Time
Average (+1 SEM) relative increase in maximum chromatic contrast response
for all anomalous trichromats (black points) plotted against days wearing the
test glasses. These data were fitted with an exponential function f(d)= R+
k(1 — exp(—d /7)), where Ry is the observer’s response on day 0, and k and 7
are parameters estimated by a nonlinear mixed-effects model. The curve is the
population response. The time constant, T, indicates the day at which the
change reached 63% of its maximum and was estimated at 8.5 days. Normal
trichromats (blue, error bars indicate range) wearing the test glasses showed
no evidence of change over time (linear regression: slope = 4e-4, t(5) = —0.12,
p = 0.92), and their data are fitted with a horizontal line. A protanomalous
control (green) wearing neutral density glasses showed no evidence of change
over time (linear regression: slope = —0.008, t(2), p = 0.14); the fitted function is
a horizontal line at the mean value. Results for controls in Figure S3.

predicts a change of the log gain of 0.231. Given our previous
demonstration of a linear relation between log gain and R, [9],
this predicts a change in response gain of 26%, which is about
half of the change shown in Figure 3. Considering the uncertainty
in these values, however, we cannot exclude the possibility that
asmall compensatory change in contrast gain drives an increase
in response gain. Taken together, along with the fact that all
testing was performed without the test filter, these findings
demonstrate increases in L-M response over time for anomalous
trichromats from extended wearing of the test glasses.

The results show an increase in the maximum response to
chromatic contrast in anomalous trichromats following long-
term usage of spectrally selective filters that effectively reduce
the overlap in stimulation of their two long-wave cone sensitiv-
ities. This is a neural effect that may lend itself to adaptation in
visual therapies, not just for color vision, but perhaps for other
visual modalities as well. Given that MLDS yields a measure of
the strength of appearance, the results suggest that the ob-
servers’ experience of color intensity or saturation will have
increased. This effect would not be possible with broadband
filters. It is unclear how long the improvement lasts, but the ev-
idence shows that the effect persists without the filters.
Indeed, no participant arrived at the lab wearing the glasses,
and we emphasize that all testing was performed without the
glasses.

Previous proposals that the anomalous visual system adjusts its
chromatic gain to match the range of chromaticities encountered
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inthe world [18, 20] have received some empirical support[17, 19,
21]. While we recently reported higher chromatic contrast gain in
anomalous observers [9], the results here demonstrate that the
mechanism controlling chromatic response gain also displays
plasticity when exposed to an enhanced chromatic environment.
Thus, the current results align more closely with changes in lumi-
nance contrast discrimination obtained from long-term filtering of
contrast [22] that could be described solely by a change in
response gain. While the sensitivity improvements reported in
this previous study resulted from extended exposure to contrast
reduction, paradoxically, the increased response gain reported
here is found subsequent to long-term exposure to contrast
enhancement. This apparent contradiction suggests an alternate
explanation based on a perceptual learning mechanism. In spite
of evidence supporting gain amplification at low contrasts, anom-
alous trichromats display a lower maximum response to chro-
matic contrast [9], indicating an attenuated chromatic response
system. The contrast response enhancements generated by the
filters may have led the observers to become more aware of
weak perceptual signals and, thus, to have learned to be more
attentive to them. Under this hypothesis, the increased chromatic
response gain might persist indefinitely. Indeed, intensive behav-
joral training methods have been reported to improve vision in
amblyopia and stereoblindness via perceptual learning mecha-
nisms [23, 24]. In the current study, however, the increases in
contrast response remarkably resulted from only passive usage
of the filters.

More than 160 years ago, James Clerk Maxwell tested
whether red and green lenses could help a dichromat discrimi-
nate colors by binocular color mixtures. He was hoping that
“the mental processes may become so familiar ... as to act un-
consciously like a new sense,” ([1], p. 287) causing lasting
improvement in color vision. This study tested anomalous tri-
chromats who may indeed experience sustained improvements
in their color vision. In this regard, the comment of a deuteranom-
alous observer is telling when he reported, “lI now see that my
girlfriend’s brown hair has hints of red...; | now notice it even
without wearing the glasses.”
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