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Color vision is the ability to discriminate a light
stimulus as a function of its wavelength, Various
sensory and cognitive processes combine to result
in the sense of color. The cooperative physical ef-
fects of light and object, the physiologic reaction of
the visual organ to light, and the psychologic con-
text of color perception together produce the pic-
ture of our surroundings, thus influencing our re-
lationship and attitude toward our environment.
This chapter focuses specifically on the reaction of
the retina to hght stimulus, The details of physical
events outside of the body known as optical physics,

theories of color, and the higher-order processing
of the visual signal in the brain to produce visual

experience are beyond the scope of this chapter.

COLOR AND LIGHT

Electromagnetic energy is wavelengths between
approximately 380 and 760 nm and causes pho-
toreactions on the human retina, which leads to
the experience of vision. Although the perceptions
caused by light waves cannot be directly measured,
optical physics describes the origin of colors as a
breaking down of light into its spectral con-
stituents.! A prism, a transparent solid body with a
triangular cross section, causes white, or neutral,
light to be refracted so that it is divided into the
spectrum of rainbow colors. Short-wavelength vis-
ible light causes the sensation of violet, and in an
uneven transition, the colors blue, blue-green,
green, yellow-green, yellow, orange, and red are
perceived. For example, red does not noticeably
change in perception from approximately 680 nm
onward. Monochromatic light is colored light of a
single wavelength. The remixing of all colors of
light created by a prism, for example with a convex
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lens, will create the sensation of white, The sensa-
tion of white can also be created from the mono-
chromatic light rays from the short-, middle-, and
long-wavelength zones of the spectrum. For exam-
ple, mixing blue (435 nm), green (545 nm}, and
red (700 nm) light produces white. These three
light rays can also be combined to create any other
color by changing the relative intensities of the in-
dividual components. Thus violet-blue, green, and
red are called the additive primary colors.

The light rays from the mixing of any two thirds
of the spectrum cause the sensations of yellow, ma-
genta-red, and cyan-blue. Thesc three colors are the
so-called subtractive primary colors. Magenta-red,
the mixing of rays of the short- and long-wavelength
ends of the spectrum, does not itself exist in the nat-
ural spectrum. Any two colors are called complemen-
tary colors if their additive mixing forms white.
Therefore it follows that blending any one additive
primary color with the corresponding subtractive
primary color forms the whole spectrum. The mix-
ing of color pigments or dyes is an example of sub-
tractive color mixing, The mixing of a cyan-blue
dye and a yellow dye produces green. The cyan-
blue dye absorbs, or subtracts, the long-wavelength
part of the spectrum; the yellow dye absorbs the
short-wavelength part. Because both dyes reflect the
middle-wavelength light, green color is appreciated.

Color mixing (subtractive, additive, or propor-
tional mixing of pairs of the six primary colors)
produces the nearly limitless range of color hues
that can be perceived. In addition to additive or
subtractive mixing, color can be produced through
the scatter of white light. One example is the deep
blue-colored sky that is apparent at midday in the

- summer when the air is clean and dry. The sun’s

- rays pass vertical
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vy through the earth’s atmosphere:




Chapter 23

and the longer wavelengths are scattered. However,
at sunrise and sunset the sun’s rays {all on an acute
angle and their pathlength is longer, giving rise to
mmtense red color depending on prevailing atmo-
spheric conditions. Finaliv, color can result {from in-
terference on thin films. Color perception changes
with slight changes in the thickness of a film or with
the angle of vision. The mother-of-pearl color of

soap bubbles or the feathers of iridescent birds are

examples of sa-called interference colors.

The human eye differentiates colors according
to the color itself (its wavelength), the brightness,
and the saturation. Therefore a systematic organi-
zation of all colors would be possible only in the
three-dimensional system. There is no perceptual
basis for a hierarchy of colors, but color wheels gen-
crally are used to organize and group chromatic
colors according to their appearance.

The existence of color 1s at some level a topic
that 1s equally relevant to philosophy and science.
Throughout recorded history, great philosophers
and scientists have written on theories of color and
color sense and have provided a rich literature on
the subject. Isaac Newton (1642-1727) carried out
experiments with a prism that transformed the sci-
ence of ¢color from the study of objects to the study
of light, Johann Wollgang von Goethe (1749-1832)
wrote extensively on the experience of color.
Thomas Young {1773-1829) proposed a theory of
color vision based on three receptors in the retina
that arc sensitive to different spectral regions,
David Brewster (1781-1868) introduced the term
color blindness, which was formerly known as dal-
tonism, after John Daiton (1766-1844), who de-
scribed in detail his own inability to distinguish
red. The genetic basis of Dalton’s color blindness
was recently determined, by polymerase chain reac-
tion analysis of DNA extracted from his preserved
postmortem eye, to be deuteranopia (see following
discussion).® Arthur Schopenhauer (1788-1860)

expanded on the work of Goethe and Immanuel

Kant (1724-1804). Joseph Antoine Ferdinand
Plateau (1801-1883) studied afterimages and color
mixing and proposed the Talbot-Plateau law of
color intensity perception. Hermann Ludwig
Ferdinand von Helmholtz (1821-1894) extended
Young’s hypothesis, henceforth called the Young-
Helmholtz hypothesis, and devised spectral absorp-
tion curves for three visual photoreceptors.
Herman Rudolf Aubert (1826-1892) was one of the
key contributors to physiologic optics in addition
to measuring absolute visual sensitivity and light
and dark adaptation. He demonstrated that color
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perception was largely restricted to the foveal re-
gion and depended on context in other parts of the
retina. James Clerk Maxwell (1831-1879) was
largely responsible for making the study of color vi-
sion a quantitative science. He devised methods to
study additive and subtractive color mixing and
color-defective subjects and developed many of the
classifications that are still used today.

BIOCHEMISTRY OF COLOR VISION

All human visual pigments share a common chro-
mophore, which is chemically related to vitamin A,.
The 11-cis-structural isomer of the aldehyde of vit-
amin A, reacts with an opsin protein to form a pho-
toreceptor-pigment complex. The rod and cone cell
pigments are all complexes of the same chro-
mophore with different, but related, opsin proteins.
Interestingly, the genes encoding the opsin proteins
are members of a superfamily of related receptors
called G protein—coupled receptors. These receptors
are involved in different sensory and intercellular
signaling pathways across a wide range of organ-
isms, The receptors are integral membrane proteins
that all share a common structural motif—seven-
transmembrane segments—and they all communi-
cate with cellular biochemical signal-transducer
proteins in the cellular cytoplasm called het-
erotrimeric G proteins. In the case of rod and cone
cells, the G proteins are called fransducins. Specific
forms of transducins are found in rods and cones,
although the three cone cell types share a common
form of transducin.

The unique properties of the chromophore in its
opsin-bound state contribute to the key physiologic
properties of vision, including color vision. Spectral
tuning at a molecular level is related to the so-called
opsin-shift. The opsin-shift refers to the change in
the absorption of the chromophore when it be-
comes bound to a particular opsin. The magnitude
of the opsin-shift varies with each particular visual
pigment.

In the biochemical amplification cascade of the
photoreceptor cells of the vertebrate visual system,
the capture of a photon causes irreversible photo-
chemical isomerization of the chromophore in the
visual pigment. A series of protein conformational
changes ensues, and the active pigment becomes-a
catalyst that converts transducin into its active
form. Active transducin modulates cyclic guano-
sine monophosphate (GMP) phosphodiesterase,
c¢GMP levels drop, and plasma membrane—cation.
conductance through a cGMP-gated membrane
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channel protein decrcases. The resulting hyperpo-
larization of the photoreceptor cell causes synaptic
modulation, and downstream retinal signal pro-
cessing can occur. Thus the basic clements of the
biochemical transduction cascade are pigment,
protein, phosphodiesterase, and channel. However,
numerous other regulalory proteins participate in
various modulations of the signal, including signal
rurn-off, dark adaptation, and light adaptation,
Much of the biochemistry of visual signal trans-

duction has been elucidated through the study of

rod cells. One of the most salient and striking re-
sults of biophysical studies 1s that through coupled
amplification cycles, the absorption of a single pho-
ton by the photopigment in a rod cell, rhodopsin,
prevents approximately 107 ions from crossing the
plasma membrane. However, despite their histo-
logic and physiologic differences, the gains of trans-
duction in rods and cones appear to be similar.
Whereas rods are specialized for sensitivity, cone
physiology is specialized for rapid temporal re-
sponse, rapid recovery after exposure to Intense
light, and nonsaturable function over a wide range
of luminosity.

The electrophysiology of cone photoreceptors
and their associated retinal circuitry in the primate
and human retinas are of considerable interest.
One key component for futare study is to elucidate
the mechanism of photopic desensitization with
background illumination. For example, because the
magnitude of desensitization cannot be accounted
for by the observed reduction of cone photocurrent
or voltage, adaptation might somehow affect cone
cell synaptic signaling,

Photoreceptor Cells and the Concept

of Trichromacy

The retina can be thought of as the point of contact
between radiated ¢nergy, light, and the human ner-
vous system. In the initial step of color perception,
light must be converted into a neurochemical signal
by photoreceptor cells. As detailed in other chapters
of this text, the photoreceptor cell layer is the in-
nermost layer of the retinal neuronal cells. The two
main classes of photoreceptor cells are rods and
cones. Rod cells primarily mediate scotopic (dim-
light) vision. Rods differentiate light intensity with
‘a maximum response at approximately 510 nm.
Cone photoreceptor cells are responsible for pho-
topic (bright-light) color vision. Cones are signifi-
cantly less sensitive than rods, but they can mediate
differentiation of colors. Humans can distinguish

two monochromatic light rays as close as approxi-

mately 2 nm apart, giving an effective color palette
of up to 300 distinct spectral colors. The human
retinal fovea contains a high density of cones but
essentially no rods.

The part of the electromagnetic spectrum that
makes up the sensory visible spectrum varies
among organisms and species. For example, insects
generally possess ultraviolet perception but lack
long-wavelength sensitivity. The mammalian retina
is actually highly evolved for scotopic vision as op-
posed to color vision. Among land mammals, only
humans and old-world primates possess true
trichromatic vision. Relatively recent gene duplica-
tion and unequal homologous recombination most
likely produced the potential for trichromatic color
vision in humans and certain nonhuman primates.
The topics of ccology and evolution of visual pig-
ment sensitivity are of considerable interest but are
not discussed further here.

The most salient feature of normal human color
vision is that it is trichromatic. Trichromacy results
from the physiology of the retina—it is not a phys-
ical property of light, The three physiologic detec-
tion systems are the three classes of photoreceptor
cells—each class containing a different photorecep-
tor pigment molecule—those being blue or short
(S)-sensitive, green or middle {M)-sensitive, and
red or long (L)-sensitive cones.» The three human
cone types represent the three additive primary col-
ors: blue, green, and red. Each pigment has a dis-
tinct absorption spectrum where absorbance is
plotled as a function of the wavelength (A} of inci-
dent light (see Color Plate 12). The peaks of ab-
sorbance vary for the three cone cell pigments, but
their absorbance spectra overlap considerably so
that a combination of one, two, or three cone types
reacts more or less strongly to a given light stimulus,

A key fact is that the response of a particular
cone cell is the same no matter what the energy is of
the photon that it captures. Only the efficiency of
photon capture varies with photon energy, and the
dynamic output relates only to the rate of photon
capture. For example, in the simplest case of a
retina with only three individual cone cells, one of
each class, chromatic lights would be perceived to
be identical if they produce the same absorptions in
all three cells, and different if they did not. Thus
trichromatic viston is the result of three indepen-
dent comparisons of rates of photon absnrptmn by
the three cone types. e

Luminosity curves can be constructed as a fum:—
tion of wavelength for both scotopic and phﬂtﬂp:lc
vision. The e11t1re 'ﬂmble spe::tmm ranges ﬁ*@m ap-
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proximately 400 to 700 nm. Howcever, the peak of
the photopic curve (555 nm) 1s red-shitted relative
to that of the scotopic curve (505 nm). The scotopic
curve essentially represents the photosensitivity of
a single pigment, rhodopsin, whereas the photopic
curve is a compaosite {essentially a weighted average
ol overlapping cone sensi{ivities). The boundaries
of color sensitivity as projected on the retina de-
pend on the distribution of the cone types, which
are not uniform (sce Color Plate 13). Of course, be-
cause the distribution of cone types varies, the pho-
topic luminosity curve varies depending on the ex-
perimental conditions,

Signal Processing in the Retina
In development, the retina arises from an evagina-
tion of neural tube to form the optic vesicle, which
subsequently invaginates to form the optic cup. The
optic cup thus conststs of two juxtaposed layers:
The inner layer differentiates into the neural retina
{rods, cones, bipolar cells, ganglion cells, horizontal
cells, amacrine cells, ghal cells) and the outer layer
differentiates into the pigment epithelium, The
neural retina is extensively laminated, but three
matin layers are easily appreciated. The deepest layer
contains the photoreceptors. The inner nuclear
layer (in the middle} contains perikarya of bipolar
cells and interneurons {(horizontal and amacrine
cells) and ghial cell nuclei. The most superficial layer
is the ganglion cell layer, containing cell bodies of
ganglion cells whose axons form the optic nerve,
These three layers are relatively easy to identify
because they contain mainly cell bodies and are
separated by thin neuropil layers: the outer plexi-
form layer between photoreceptors and inner nu-
clear layer and the inner plexiform layer between
the inner nuclear and ganglion cell layers. The pro-
portion, distribution, and patterning of rods and
cones over the retina vary among species. In hu-
mans, cones are concentrated in the central retina.

The unigue biochemistry and ultrastructural -

anatomy of photoreceptor cells accounts for their
unusual physiology: They are neurons that do not
generate all-or-none action potentials. Rather, light
causes a graded response, a membrane hyperpolar-
ization that is detected by ganglion cells that do
produce action potentials, The most simplified lin-
ear axis of retinal signaling is photoreceptor cell to
bipolar cell to ganglion cell. |

In addition to the response of threshold of an
individual photoreceptor cell to light, the phenom-
ena of convergence and divergence are functionally
important neural mechanisms for determining

COLOR VISION 581

acuity and spectral sensitivity, Convergence, or
pooling, refers to the projection of multiple pho-
toreceptor cells on a lesser number of bipolar cells.
Lhivergence refers to the projection of a single pho-
toreceptor cell on multiple cells in the next layer.
For example, one cone may form functional
synapses to three bipolar cells. One key difference
between rod and cone systems is their respective
degrees of convergence. Poveal cone celis tend to
have so-called private-line communication—no di-
vergence. In the retinal periphery, the photorecep-
tor ceils, including mostly rods but also some
cones, greatly outnumber the ganglion cells.
Convergence is the rule in the periphery; the result
is high sensitivity but low acuity.

The amacrine and hortzontal cells are interneu-
rons that permit iateral interactions within the
retina. Although amacrine and horizontal cells are
separate and distinct cell types, it should be noted
that a wide range of distincily different morpho-
logic cell types exists in the primate interneuron
layer. For example, there may be 20 to 50 types of
amacrine cells, and the physiology of only a few of
these cell types has been studied in any detail. A
presentation of the precise topographic organiza-
tion of the retina, the central visual pathways, and
the subcortical and cortical visual center is beyond
the intended scope of this chapter.

An understanding of the connections between
retinal physiology and peripheral fechanisms in
general and the associated central mechanisms to
color perception is incomplete in any case. Color
perception does, of course, require photon absorp-
tion by the three classes of receptors with different
spectral responses. The chemical results of the pho-
ton capture are then transmitted to so-called oppo--
nent processes. A great deal is known about the
process of proton absorption and subsequent sig-
naling in the retina. Significant signal processing re-
lated to color perception occurs in the neuronal cell
layers of the retina, and the peripheral mechanisms
underlying color perception, in contrast with. the
central mechanisms, are generally well understood.
Although a number of significant questions remain
to be answered, psychophysical studies have pro-
vided a well-defined framework, Retinal neurons re-
spond reliably to chromatic stimuli. Neurons of a
particular class tend to behave reproducibly, and if -
not linearly, they at least display straightforward
nonlinearities. However, understanding color per- -
ception requires the study of higher-order color: -
mechanisms, primarily through psychophysical . :
experiments.
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The Young-Helmholtz theory of color vision
emphasizes trichromacy and was essentially con-
firmed by the discovery of three cone photorecep-
tor systems as described previously. Historically,
however, another theory was proposed to describe
the process of color perception. Karl Hering (1834-
1918) developed the opponent theory of color vi-
sion based on the hypothetical existence of three
oppositional color pigment pairs.* These opposi-
tional pairs arc now known not to exist, but
Hering’s theory was correct in the sense that the
signals from the three cone types are combined, not
at the pigment level as he had suggested, but at the
level of neurons to produce opposing pairs of red-
green, blue-yellow, and black-white. Later work
confirmed the role of opposing excitatory and in-
hibitory interactions 1n color perception.

Herings proposals concerning opponent pro-
cesses arose from relatively simple observations, but
more recently, detailed definitions of a variety of
concepts have advanced the study of second-stage
mechanisms of color perception (i.e., mechanisms
subsequent to activation of the cone cell biochemical
signal-transduction pathway}. The concepts relevant
to second-stage mechanisms include definitions of
color space useful for both psychophysical and elec-
trophysiologic experiments and the identification ot
neural mechanisms that essentially transtorm m
some way the retinal image (e.g., edge enhance-
ment, spectral differencing, contrast induction,
adaptation to steady background or temporally
varying illumination, interference of motion and
three-dimensional shape, perceptual constancy). H
the most important task of visual perception is to
segregate different objects from each other and
from background, it follows that any visuai process
that enhances the perception of a difference be-
tween two contiguous fields will be benefictal. In
this regard, color cues provide useful information
in the perception of both shape and motion.

Opponent processes refer to apparently antago-
nistic responses within the retina that can be best
understood by considering the concepts f’Jf neu-
ronal excitation and inhibition. In the retina, op-
posing positive excitatory and negative itjthilzutqf:.»}-},r
effects are organized in a clear, concentric %patla.l
format. Kuffler’ first mapped the ﬁrganizatmn_ of
receptive fields in the retina in 1953.7 In the retina
the receptive field of a single ganglion cell can be
defined by mapping the area of a stimulus t.hat m'f*
fects its rate of discharge in electrophysiologic
recordings, A typical ganglion cell responds to an

achromatic (dark-light) stimulus of its receptive

field according to a pattern termed center-surround.
The examples of two particular center-surround
neurons {ON-center and OFF-center) demonstrate
the concept of balanced antagonistic mechanisms
in the retina. Ambient light produces a background
rate of discharge. In ON-center neurons, a tiny spot
of white light focused at the center of the receptive
field produces a burst of discharge. When the cen-
ter stimulus is terminated, a transient decrease in the
rate of background discharge is observed. This tem-
poral pattern of discharge is called an ON-response.
It the light is focused as a discrete annulus sur-
rounding a dark center of the field, the background
discharge is inhibited. When the ring-shaped sur-
round stimulus s terminated, a burst of discharge
is noted. This temporal pattern of discharge 1s
called an OFF-response. In OFF-center neurons,
stimulation of the receptive field center causes an
QFF-response and stimulation of the surround
causes an ON-response, For achromatic stimuli the
sizes of receptive feld centers vary. Receptive field
centers may be approximately 2 minutes of arc in
the fovea and 2 degrees in the periphery. The size of
the surround region 1s similar {approximately 2 de-
grees) throughout the retina.

For color viston, these opponent processes are
also significant because antagonistic color responses
are found at each level of the visual pathway, in-
cluding the retina. In animals with high proportions
of cone photoreceptors, center-surround mecha-
nisms generally exhibit spectral sensitivities. For ex-
ample, the center mechanism, which may be “ON”
or “OFE” might display the spectral sensitivity curve
of M-wavelength--sensing cones. The surround
mechanism, which is antagonistic to the center
mechanism, might display an L-wavelength—sensing
cone sensitivity. Such receptive flelds are classified
according to whether they are ON-center or OFF-
center and whether the center and surround show a
spectral sensitivity approximating M-, L-, or
S-wavelength—sensing cones. Less common are
fields with center and surround mechanisms with
the same, or similar, spectral sensitivities. Rarely, a
receptive field shows no evidence of center-sur-
round organization: A stimulus by light of one
wavelength anywhere in the field causes an ON re-
sponse, whereas a stimulus by light of a different
wavelength produces an OFF response. In general,
the range of color opponency displayed by M- and
L-wavelength—sensing cones is greater than that of
S-wavelength—sensing cones. Color Plate 14 repre-
sents schematically how the three cone systems might

~ contribute to three types of receptive field netirons, -



Chapter 23

Several additional phenomena occur at the level
o1 the retina and influence color perception, in-
cluding optical mixing of small surfaces. For exam-
ple, a color photographic print consists of three lay-
ers of color in a so-called gray screen of small dots
of yellow, magenta-red, and cyan-blue. All other
colors are created at the level of the retina through
optical mixing. Black 1s created where all three dots
overlap, and gray is created when the proportion
and distribution of the three-color dots is equal.
Subtractive mixing of overlapping transparent
color dots in the retina creates violet-blue, green,
and red. Optical mixing is also exploited in glowing
television or computer screens that consist of points
of blue, green, and red light that mix to form a gray
background. As the intensities of the points change,
all other colors are created.

Another example of optical mixing is easily
demonstrated by using a colored disc on a spinning
top, often calied Maxwell’s disc after James Clerk

Maxwell, If the disc is colored half red and half

blue, the perceived color of the spinning disc re-
sernbles magenta, a color that is not present on the
object at all. The spinning disc stimulates red and
blue sectors of the same point of the retina in rapid
SUCCESSI0M.

Color sensation can be caused by colored light
rays and also by the activity of cone cells, princi-
pally by the phenomenon known as negative after-
image, in which an unchanging (adapted) image
impressed on the retina moves when the eyes move
and refocus. Afterimages can influence color per-
ception, but generally not consciously.

Discussions of color adaptation and the influence
of the appearance of color by its surroundings, or so-
called simultaneous alternating effects of colors, are
beyond the scope of this chapter.® However, the key
point to be made is that the appearance of a color de-
pends on its relationship to its surroundings.

MOLECULAR (GENETICS
OF COLOR VISION

Because human trichromatic color vision requires
three classes of pigments with overlapping relative
spectral sensitivities, but not necessarily any one

particular pigment color, it 1s common to refer to

the photopigment classes as short (S)-, middle
(M)-, and long (L)-wavelength sensitive, rather
than blue, green, and red sensitive, The molecular
genetics of human color vision is complex because
one of three distinct genes has to be expressed in a
particular cone cell that is otherwise identical to 1ts
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neighboring cones. The complexity arises in part
because of M- and L-sensitive genes, which are ap-
proximately 98% identical, are juxtaposed on the
X chromosome. Individual X chromosomes con-
tamn variable numbers of M~ and L-sensitive genes
arranged linearly in a tandem repeat array. Gene re-
arrangements including duplication and recombi-
nation have caused a great deal of variability in
these gene arrays in the human population.

Recent advances in molecular biology have al-
lowed remarkable parallel advances in understand-
ing the molecular basis for color perception, espe-
cially at the level of the photoreceptor molecules.’
However, variations in red-green color perception
vary widely even within a particular broad genetic
classification. The most reasonable hypothesis that
links genotype to clinical phenotype may be the
so-called spectral proximity hypothesis, which
states that red-green color discrimination is a
function of the difference between the wavelengths
of maximal absorption of the M- and L-sensitive
pigments. A normal separation of approximately
30 nm {(approximately 560 nm versus 530 nm)
might be optimal.

CoOLOR VISION DEFECTS
AND COLOR VISION TESTING

Red-green color vision deficiency may result from
the loss of an M- or L-wavelength gene, called
deuteranopia and protanopia, tespectively.'®!hi*
Loss of the S-sensitive wavelength gene would re-
sult in fritanopia. Inherited color vision defects that
affect one pigment class are not generally associ-
ated with other visual dysfunction. However, severe
loss of visual acuity may be associated with the ab-
sence of multiple cone types, as in various mncom-
plete or complete achromatopias.’

A short discussion of inherited defects in red-
green, or X-linked, color perception is relevant be-
cause up to 10% of males in the United States are af-
fected. The most severely affected individuals are
called dichromats because the sensitivity of one cone
type is absent—L-sensing cones in protanopes and
M-sensing cones in deuteranopes. The cones’ sensi-
tivities are absent because the corresponding pig-
ment gene has been deleted from the X chrome-
some. Although anomalous trichromacy prﬂduces a.
milder form of color vision defect, which is still
based on the presence of three spectral classes of
functional cone cells, the underlying mala:ular ge-
netics is much more cﬂrnphcatﬂd In the case. of
pmfunamaly the presence. of an L-wavelength—-::
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sensihive pigment with an anomalous absorption
spectrum, the normal L-wavelength—sensing gene is
absent but its function is partially replaced by the
presence of a second M-wavelength—sensing gene
with a shift in its spectral peak relative to the normal
M-sensing gene, The presence of anomalous
M-wavelength—sensing pigment genes can be ex-
plained in terms of the mechanism of genetic re-
arrangements and the observation that a high de-
gree of genetic polymorphism exists within both the
M- and L-wavelength-sensing genes in humans.
Deuteraniomaly, which is the most common
type of color vision defect, may affect ! in 20
males and 3 in 1000 females in the United States.
In analogy with protanomaly, three functional
cone classes exist—normal S- and L-wave-
length—sensing cones and a spectrally anomalous
second L-wavelength pigment. What are the con-
sequences of a defect in red-green color percep-
tion, if any? Dichromacy and severe anomalous
trichromacy result in significant perceptual dis-
abilities. The normal visual perception of more
than 100 different fully saturated hucs may be re-
duced to one or two. Many of the activities of
daily life are based on color images and color cues
designed on a presumption of universal capacity
tor trichromatic color vision. Thus carly diagnosis
of color vision defects might allow for early mod-
ifications in educational and other activities.
Patients with severe cases of protanopia or
deuteranopia confuse red and green, and those with
tritanopia confuse yellow and blue or orange and vi-
olet. A variety of methods to screen for color defects,
particularly protan and deutan defects, have been
devised.""* These include pseudoisochromatic color
confusion charts (e.g., Dvorine, Ishihara, Stilling,
Neitz), hue arrangement tasks {(e.g., Farnsworth-
Munsell 100-hue test, Farnsworth Panel D15,
Lanthony Desaturated D-15), and lantern detection
tests {e.g., Edridge-Green, Holmes-Wright). Despite
the variety of testing methods available, or perhaps
partly because of it, diagnostic testing for detecting
color vision defects is not straightforward. Any test
should ideally distinguish between patients with
normal and abnormal color vision, between protan
and deutan defects, and between congenital and ac-
quired defects. In addition, tests should be easy to
administer and should not require significant active
cooperation on the part of the patient. The most
widely used diagnostic tool is the Ishihara test, a col-
lection of printed pseudoisochromatic plates. The
Ishihara test is one of the best screening tests avail-

able, but it is not ideal because it is difficult to stan-

dardize and insensitive. Many patients with normal
color vision make errors, and the test cannot reliably
characterize a defect as protan versus deutan.
Furthermore, the test cannot distinguish mild from
severe defects or congenital from acquired defects.
Color vision defects identified by a variety of screen-
ing tests, including the Ishihara test, generally re-
quire additional genetic and psychophysical testing
by an experienced practitioner,

Precise follow-up testing is usually carried out
using an instrumnent called an anomaloscope (Nagel
Type 1 anomaloscope) to characterize so-called
Rayleigh matches.! In a Rayleigh matching experi-
ment the subject is simply asked to match a primary
light that is spectral yellow (589 nm) to a mixture of
primary light comprised of spectral red (679 nm)
and spectral green (544 nm). The two variables are
the intensity of the primary yellow light and the rel-
ative intensities of red and green lights that make up
the mix. The rods and S-sensitive cones are excluded
by limiting the viewing field to approximately 2 de-
grees of the fovea. The Rayleigh match is the inter-
section on a plot of the yellow intensity and the
green—red mix ratio, and most normal trichromats
choose a unique match reproducibly. Patients with
defects may choose a match outside of the normal
range, or they may allow more than one matching
green—red ratio, depending on the type of defect. In
summary, the precise phenotypes of color vision
defects broadly called protanopia and deuteranopia
are complex and variable, as are the underlying
genotypes.

Disease or exposure to drugs or toxins also can
affect color perception. Acquired disturbances of
color vision are highly variable, and the clinical
nomenclature tends to be somewhat confusing.
Although the term dyschromatopsia refers to any
disturbance of color perception, it is more com-
monly used in connection with acquired rather
than congenital defects. Chromatopsia, which refers
to the perception of color into a normally white or
achromatic scene, is a particularly important symp-
tom of many types of acquired defects, For exam-
ple, xanthopsia is associated with the use of cardiac
glycosides, and cyanopsia has been associated with
the use of sildenafil citrate. Both of these adverse
drug effects probably occur at the level of the
retina. Dyschromatopsia is often a sensitive early
symptom or diagnostic sign of an associated dis-
ease such as macular degeneration, glaucoma, or
diabetic retinopathy. As such, color vision testing.
may be appropriate as a single noninvasive: diag-

nostic screening test for a variety of disorders:
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