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Human pattern resolution is limited by optical blurring1 as
well as neural filtering1–3 by a cascade of retinal and cortical
sites4–6 with progressively lower resolution limits. Curiously,
pattern structure can influence perceived color: a high-
contrast, monochromatic (single wavelength) pattern appears
desaturated (closer to white) relative to a uniform field of the
same wavelength3,7,8. Here we show that this desaturation is
evident even when the pattern’s frequency is too high for con-
scious perception, implicating a nonlinear process—namely
light adaptation—at the level of single cone photoreceptors.
We propose a neural mechanism in which fast, involuntary eye
movements serve to shift control over perception between two
competing cone populations, each operating at different lev-
els of adaptation.

Saturation refers to the depth, or richness, of a color: pas-
tels are examples of highly desaturated colors. At the photore-
ceptor layer, saturation originates from imbalances in the
relative response magnitudes of the three types of cone pho-
toreceptor: long- (L), medium- (M) and short-wavelength (S)
sensitive cones. Colors appear less saturated (more desaturat-
ed) when the responses of the three cone types are highly sim-
ilar. The desaturated appearance of monochromatic patterns is
substantial, and is evident even when the bars of the pattern are
too finely spaced to be consciously perceived (Fig. 1).

We found that pattern desaturation was maximal at full pat-
tern contrast (the difference in brightness between the light
and dark bars), and declined steeply with decreasing contrast.
Under normal viewing conditions, the colors in patterns do
not look noticeably different from those in uniform patches
because blurring by the eye’s optics substantially reduces the

contrast in the retinal image. In these experiments, however,
the eye’s optics were bypassed by projecting interference fringe
patterns1–3 directly onto the human subjects’ retinae. All exper-
iments were approved by the Human Subjects Protection Pro-
gram at the University of California, San Diego; informed
consent was obtained from all participants.

Subjects were presented with a reference pattern of 20 cycles
per degree (cpd) alternating with a full-contrast test pattern
of variable frequency, from 10 to 90 cpd. The 20 cpd frequen-
cy was selected because pilot data showed it to be near the fre-
quency at which pattern desaturation was maximal. Each
pattern was presented for 750 ms. Subjects adjusted the con-
trast of the reference pattern until a color match between the
bright bars of the reference and test patterns was reached.
When the test pattern was unresolvable, a match was made to
its space-average color. For each test frequency, the matching
reference contrast was taken as a measure of ‘contrast sensitiv-
ity’ to that frequency. Although patterns were unresolvable
above about 45 cpd, contrast sensitivity for pattern desatura-
tion was reduced by less than 20% (0.1 log unit) at that fre-
quency, and by only 50% (0.3 log unit) at 90 cpd, twice the
limit for conscious perception (Fig. 2). Contrast sensitivity at
the level of the cone photoreceptor4 was virtually identical to
that for desaturation (Fig. 2), implicating the photoreceptor
layer as the neural site at which pattern desaturation originates.
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Fig. 1. The perceptual phenomenon. The left column shows three stim-
uli: a physically uniform monochromatic field (bottom), and two high-
contrast patterns, one below (middle) and one above (top) the limit for
pattern resolution (cpd, cycles per degree). All stimuli were produced as
laser-interference fringe patterns, projected directly onto the observers’
retinae. The right column shows the color appearance of each stimulus:
pattern stimuli appeared desaturated relative to the uniform field, even
when the pattern was imperceptible.

Fig. 2. The frequency response. Contrast sensitivity for pattern per-
ception (filled symbols) obtained using two-alternative forced-choice
orientation discrimination, and for pattern desaturation (open sym-
bols), as a function of pattern frequency. Within each of two observers,
settings were averaged across three to five sessions. Data points and
error bars show the average across observers ± 1 standard error. The
frequency response at the level of the cone photoreceptor (obtained by
measuring the spatial frequency-dependence of observers’ sensitivity to
the temporal modulation of pattern contrast)4 is shown by the thick,
solid curve. All curves are normalized to the peak at 10 cpd.
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Fig. 3. Perceptual and neural dynamics. 
(a) Pattern contrast, selected to produce a color
match to a uniform field, as a function of exposure
duration, for three pattern frequencies: 10
(squares), 20 (circles) and 40 cpd (triangles). Data
points and error bars show the average across
observers ± 1 standard error. The vertical dashed
lines mark the exposure durations at which the
reduction in pattern contrast, needed for a color
match, was at 95% of the asymptotic value. These
durations are shown in (b) by the open symbols;
the solid line traces the durations predicted from
the dynamics of involuntary eye movements15.

of stimulus exposure15. Pattern desaturation should be com-
plete by the time the median eye movement spans one bar of
the pattern. At this duration, cones within the pattern interior
will have moved, on average, between two adjacent bars (one
light and one dark). This predicted duration depends on pat-
tern frequency and is in close agreement with our observations
(Fig. 3b), providing strong support for the proposed role of
involuntary eye movements in explaining the dependence of
perceived color on invisible pattern structure.

Acknowledgments
This research was supported by grant EY-01711 from the National Institutes of

Health. We wish to thank A. Shady, D. Hood, A. Holcombe and D. Beer for their

comments on an earlier manuscript.

Competing interests statement
The authors declare that they have no competing financial interests.

RECEIVED 20 FEBRUARY; ACCEPTED 31 MAY 2002

1. Campbell, F. W. & Green, D. G. Optical and retinal factors affecting visual
resolution. J. Physiol. (Lond.) 181, 576–593 (1965).

2. Sekiguchi, N., Williams, D. R. & Brainard, D. H. Nonlinear distortion of
gratings at the foveal resolution limit. J. Opt. Soc. Amer. A 10, 2118–2133
(1993).

3. He, S. & MacLeod, D. I. A. Local luminance nonlinearity and receptor
aliasing in the detection of high frequency gratings. J. Opt. Soc. Amer. A 13,
1139–1151 (1996).

4. MacLeod, D. I. A., Williams, D. R. & Makous, W. A visual nonlinearity fed by
single cones. Vision Res. 32, 347–363 (1992).

5. McMahon, M. J., Lankheet, M. J., Lennie, P. & Williams, D. R. Fine structure
of parvocellular receptive fields in the primate fovea revealed by laser
interferometry. J. Neurosci. 20, 2043–2053 (2000).

6. He, S. & MacLeod, D. I. A. Orientation-selective adaptation and tilt after-
effect from invisible patterns. Nature 41, 473–475 (2001).

7. Burton, G. J. Evidence for nonlinear response processes in the human visual
system from measurements on the thresholds of spatial beat frequencies.
Vision Res. 13, 1211–1225 (1973).

8. Williams, D. R. Aliasing in human foveal vision. Vision Res. 25, 195–205
(1985).

9. He, S. & MacLeod, D. I. A. Contrast-modulation flicker: dynamics and spatial
resolution of the light adaptation process. Vision Res. 38, 985–1000 (1998).

10. Hayhoe, M., Benimoff, N. I. & Hood, D. C. The time course of multiplicative
and subtractive adaptation processes. Vision Res. 27, 1981–1996 (1987).

11. Krauskopf, J. Effect of retinal image stabilization on the appearance of
heterochromatic targets. J. Opt. Soc. Amer. 53, 741–744 (1963).

12. Ditchburn, R. W. Eye Movements and Visual Perception (Clarendon Press,
Oxford, 1973).

13. Byford, G. H. A sensitive contact lens photoelectric eye movement recorder.
I.R.E. Trans. Med. Electron. 9, 236–243 (1962).

14. Ditchburn, R. W. & Ginsborg, B. L. Involuntary eye movements during
fixation. J. Physiol. 119, 1–17 (1953).

15. Riggs, L. A., Armington, J. C. & Ratliff, F. Motions of the retinal image
during fixation. J. Opt. Soc. Amer. 44, 315–321 (1954).

To test the dynamics of the neural mechanism involved, sub-
jects repeated the color match—with a uniform field as the ref-
erence—for a wide range of exposure durations, from 12 to 
750 ms. Pattern desaturation was not instantaneous; a minimum
exposure duration of 40–50 ms was required before desaturation
was evident at any pattern frequency (Fig. 3a). With increasing
pattern frequency, desaturation was maximal (the needed reduc-
tion in pattern contrast reached an asymptote) at progressively
shorter exposure durations (Fig. 3a).

These data suggest a neural mechanism that integrates three
fundamental aspects of human visual function. First, the visual
system adapts to different ambient light levels through a recip-
rocal adjustment of luminance sensitivity. This ‘light adaptation’
operates on signals from single cone receptors4,9 and is nearly
complete within 20–50 ms9,10. Second, visual perception is sus-
tained entirely by ‘neural transients’ produced by rapid changes
in stimulation11. Finally, involuntary eye movements serve to
maintain the production of neural transients when the stimulus
is static11. These eye movements are extremely brief (20–
30 ms)12,13 and fast (up to 10 deg/s)13,14, and span as much as 40
min·arc (1 deg = 60 min·arc)12,13.

Because of involuntary eye movements, all cones within view
of a pattern’s interior are alternately exposed to both dark and
light bars of the pattern. This light–dark alternation elicits a con-
tinuous stream of on and off neural transients, and, over time,
exposes all cones to the same time-average luminance. The time-
average stimulation triggers a reciprocal adjustment of sensitiv-
ity (light adaptation). While the unadapted (dark) sensitivities
to a long-wavelength light differ substantially between the L and
M cones, the light-adapted L and M cone sensitivities are nearly
equal, as are their response magnitudes. This leads to the percept
of a highly desaturated color.

In contrast, involuntary eye movements across a uniform field
do not change the local stimulus for, and thus elicit no neural
transients from, cones restricted to the field interior: this large
population of light-adapted cones is perceptually silent. Percep-
tion, in this case, is supported solely by neural transients from a
few cones, exposed mostly to the dark surround, which are occa-
sionally brought, by eye movements, into view of the field inte-
rior. These cones are not light adapted: their neural transients
are much larger from L than from M cones, and thus lead to the
percept of a highly saturated color.

We tested how well the dynamics of involuntary eye move-
ments match the behaviorally measured dynamics for pattern
desaturation (Fig. 3). The median span of involuntary eye
movements increases roughly proportionally with the duration
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